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Abstract

Cytochrome P450s are haem-monooxygenase enzymes, responsible for the catalytic
hydroxylation of a large variety of organic molecules. The bacterium Mycobacterium
marinum, has a larger genome than its close relatives, the causative agents of human
tuberculosis (Mycobacterium tuberculosis) and Buruli ulcer (Mycobacterium ulcerans),
which have undergone substantial reductive evolution. The genome of M. marinum contains
an unusually large number of P450 genes (47). Twelve ferredoxin genes are associated with
the CYPome and eleven of these are uncharacterised ferredoxins of the 3/4Fe-4S type. In
their iron-sulfur cluster binding motif (CXX?XXC(X),CP), these ferredoxins (Fdx1 — Fdx11)
have non-standard residues at the ? position of the sequence. Instead of the cysteine residue
expected of a [4Fe-4S] ferredoxin, or the alanine/glycine residue expected in a [3Fe-4S]
ferredoxin, they contain histidine, asparagine, tyrosine, serine, threonine and phenylalanine
residues. In the course of this work, they have been purified aerobically and anaerobically.
When isolated anaerobically, three of these ferredoxins were determined, by non-denaturing
ESI-MS and EPR to contain 3Fe-4S clusters. The reduction potentials for the three varied
from +150 mV to -360 mV, which are highly anomalous for [3Fe-4S] ferredoxins. Similar
ferredoxins were found to accompany P450s in the biosynthetic gene clusters of other

bacteria, especially in Actinomycete species.

These ferredoxins were demonstrated to support the activity of a number of the M.
marinum P450s, some of which were from previously uncharacterised families. CYP147Gl,
in combination with the electron transfer partners Fdx3 and FdR1 was demonstrated to act as
a o-1 fatty acid hydroxylase. CYP147G1 selectivity favoured the o carbon when branched
methyl substrates were used. The same ferredoxin reductase, FdR1, was also shown to

support the activity of CYP278A1 (with Fdx2), and CYP150A5 (with Fdx8), both of which



were shown to regioselectively hydroxylate B-ionone. CYP150A5 binds terpenes and
polycyclic substrates. An additional CYP150 enzyme, CYP150A6, was crystallised and

structurally resolved to 1.6 A in the substrate-free form.

CYP268A2, when reconstituted with a non-native electron transfer chain,
hydroxylated the branched fatty acetate derivatives, pseudoionone and geranyl acetate, at the
terminal position. The structure of CYP268A2 with trans-pseudoionone bound in the active
site was solved by X-ray crystallography to a resolution of 2.0 A and from this the selectivity

of the enzyme was rationalised.

Several M. marinum P450s that have close counterparts in M. fuberculosis were
selected for comparison, in order to investigate whether the substrate and inhibitor binding
affinities were preserved between species. The P450s investigated were analogues of the
steroid metabolising P450s in M. tuberculosis. CYP125A6 and CYP125A7 have a single
counterpart in M. tuberculosis (CYP125A1). The sequence identity and cholesterol binding
affinity of CYP125A7 indicates it more closely resembles CYP125A1. However, CYP125A7
interacts differently to CYP125A1 with a range of inhibitors. CYP142A3 bound sterols with
similar affinities as the M. tuberculosis CYP142A1. CYP124A1 from M. marinum was
structurally characterised by X-ray crystallography, and showed a very closely preserved
active site when compared to the M. tuberculosis analogue. These results suggest that
individual P450 enzymes have maintained similar substrate specificities and roles between
Mycobacterium species. However, for effective inhibitor design cross-species differences

should be noted.



Chapter 1: Introduction

1.1: Cytochrome P450s

Monooxygenases are a diverse class of enzymes, responsible for the catalytic selective
hydroxylation of a wide range of organic molecules by molecular oxygen. Cytochrome
P450s (CYP or P450), a family of monooxygenase enzymes, were first isolated from pig
liver cells in 1958, by Garfinkel [1] and Klingenberg [2] and identified as a haem
containing protein by Omura and Sato in 1964 [3]. They are named after the characteristic
Soret absorbance band they exhibit at 450 nm when the enzyme’s haem cofactor is in the
ferrous form and bound to a CO ligand (Figure 1). The haem cofactor consists of an iron
centre, surrounded by four nitrogen ligands of a porphyrin ring, with the distal position

occupied by a cysteine amino acid coordinating via the sulfur.

Cys COOH

450 nm

Figure 1: The haem b cofactor at the centre of cytochrome P450s. The six-coordinate
resting state is the ferric thiolate form, where the sulfur atom of the cysteine residue is not
protonated. The 450 nm shift of the Fe(I)-CO complex is due to the m-acceptor role of
CO, which causes a shift in the Soret band that results from the porphyrin m—n*

transition [4].

Cytochrome P450s were gradually identified in many different organisms, including

humans (which have 57 distinct P450 systems in the genome) [5], mice (102 different



P450s) [6] plants (457 in the tomato Solanum lycopersicum) [7], various bacteria (the
antibiotic producing Streptomyces coelicolor has 18) [8], in some fungal strains (over 150
individual CYP sequences in some species) [9] and even viruses [10]. Their presence
accross all kingdoms of life indicates the enzyme family dates back to prokaryotic
evolution [11]. Indeed, the most obvious evidence for this is the presence of analogues of
a particular enzyme, CYP51, across kingdoms with a conserved function as a sterol a-
demethylase [11-13]. The proliferation of diversity in the human xenobiotic metabolising
CYP enzymes is thought to have arisen from the so-called animal plant warfare 400-800
million years ago [14]. There are now more than 350,000 unique CYP sequences known
and the database of CYP names, maintained by Dr Nelson from University of Tennessee,

contains over 41,000 sequences [15].

CYP enzymes are capable of very high substrate selectivity, and the family collectively
oxidises a wide range of substrates (Figure 2). Within cells CYP enzymes hold a wide
variety of key physiological roles, such as fatty acid hydroxylation [16], steroid synthesis
[17] and drug metabolism [18]. Synthesis of complex natural products in bacterial cells is
also often CYP mediated [19]. The importance of CYP enzymes to the evolution of life
today is hard to overstate: CYP-mediated cholesterol synthesis indirectly made
multicellularity possible, cutins and other plant-waterproofing molecules that allowed life
to survive on land were synthesised by CYP fatty acid hydroxylases, which were also
necessary, via lignin synthesis, for plants to support the weight of their own growth [20].
In plants especially, it is established that the diversity of secondary metabolites, including
the vast number of different oxy-functionalised terpenes, is achieved in large part via
CYPs from various families [21]. In humans a single enzyme, CYP3A4, interacts with an
estimated 45-50% of therapeutic drugs, while CYP enzymes collectively perform 74% of

all drug metabolism [22].



Lignin constituents

Steroids Fatty acids

Alkanes
Vitamins =~ OH terpenes
Eicosanoids NN

Terpenes alkanes

eicosanoids

Figure 2: The main substrate class of CYPs from all kingdoms of life. Structural
examples of each are included, showing the diversity of small molecule substrates. The
analysis excludes xenobiotic metabolism as this function often overlaps with other
substrate classes. Figure adapted from the analysis by Parvez et al [24] using substrate

classes as described in [5].

In the early days of P450 study, individual enzymes were named based on the available
information, which tended to be the substrate class or the species of origin. For example,
the first bacterial CYP studied, P450.,,, was named for the known substrate, camphor
[25]. As genome sequencing was developed and enzyme numbers grew, a more
systematic nomenclature was developed [17]. Individual CYPs are now classified into
families and sub-families. Based on amino acid sequence, enzymes with shared sequence
homology of > 40% are classed into a family, which is given a number, and then, where
sequence similarity is greater than 55%, into a subfamily, which is given a letter.
CYP147G1, for example, is a member of the 147 family, and is the first member of the G
sub-family. Similarity above 80% is sufficient for the two enzymes to share a systematic
name [17]. Family numbers are based on the species of origin; for example bacterial
familes are numbered from 100 to 300 and then 1000 and above. Classifications do not
necessarily indicate that enzyme function will be the same, as similarity is determined by

the homology across the whole sequence, while substrate recognition is controlled by



active site residues [17]. It is therefore possible for the substrate binding site of two
enzymes of the same family to be quite dissimilar, and functions within enzyme families
are often quite diverse. For example, CYP107 family members have roles including fatty
acid cleavage (CYP107H1) [26] and erythromycin biosynthesis (CYP107L) [27]. In
contrast, all currently known members of the CYP153 family are alkane hydroxylases

[28].

As the total known CYP sequences has grown, the number of conserved sequence
elements has decreased. Highly conserved sequence elements such as the acid-alcohol
pair in the I helix, the EXXR motif in the K helix and the haem binding motif (a Phe
seven residues before the Cys) are all altered or missing in some CYP genes [29, 30].
This conserved Phe is thought to be necessary to maintain the reduction potential of the
haem in the physiologically desirable range [31]. The last remaining conserved residue,
the Cys residue that coordinates the haem, was found to be absent in the insect CYP408
family [29, 32]. The overall fold of the enzymes, however, is quite tightly conserved,
even in the absence of these residues, consisting primarily of a-helices (40% a-helix and
10% f sheets in CYP101AT) [33, 34]. The individual helices referred to above are named
based on a system developed using the crystal structure of CYP101A1 (Figure 3). A
common and well-established feature of CYPs is the structural change they exhibit upon
substrate binding [35-39]. In the ‘open’ form, the active site is solvent accessible;
substrate binding triggers a change to the ‘closed’ state. The structural change is most
significant in the regions of the F-G helices and the B-C loop, which together define the
substrate binding channel. Changes to the position of these loops can alter the apparent

shape of the active site significantly[35].



Figure 3: The structure of P450cam (CYP101A1). The enzyme was the first structurally
characterised P450, demonstrating the overall fold of cytochrome P450s and the helix
notation (PDB: 5CP4). The major helices are named A to L beginning from the N
terminus. The prime labelled helices are those that in some P450s form a single helix (for
example B and B"). The kink in the middle of the I helix near the haem is caused by a
highly conserved alcohol residue (Thr252 in P450.,y,) involved in oxygen activation [33].

1.2: The catalytic cycle

While P450s predominantly catalyse hydroxylation reactions, they are often also capable
of further oxidation, converting the alcohol product to a ketone. They are known to
catalyse reactions as wide ranging as C-C bond cleavage, epoxidation, dehydrogenation,
and ring coupling [40]. This versatile metabolite production makes P450s desirable for
enzyme-catalysed synthesis. The selective insertion of an oxygen atom into a carbon-

hydrogen bond is difficult to achieve by standard synthetic methods [41].

In order to be catalytically active, P450s require the presence of the co-enzyme NADPH
or NADH (henceforth NAD(P)H), which supplies its reducing equivalents to electron

carrier proteins and ultimately to the P450.



The overall reaction of P450s is:

R-H + NAD(P)H + O, + H" —» R-OH + NAD(P)" + H,O

The catalytic cycle by which hydroxylation is achieved has been found to be consistent

across CYP families with few exceptions (Figure 4)[42].
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Figure 4: The catalytic cycle of cytochrome P450s (showing steps I — VII). The
transition from VI — 1II is an uncoupling pathway. Some CYPs (known as

peroxygenases) can achieve II —VI, known as the peroxide shunt.



In the resting state, a water molecule is the sixth ligand to the haem (I, Figure 4). The
substrate displaces this and binds to the active site close to the ferric iron of the haem
group (II). The first electron is then transfered to the haem, reducing Fe(IlI) to Fe(II), and
enabling a dioxygen molecule to bind as the sixth ligand (IV). This is immediately
followed by the second electron transfer step, which is accompanied by the protonation of
the oxygen (VI). A second protonation then occurs, leading to the cleavage of the O-O
bond and the release of water. This gives rise to the radical cation intermediate, Fe(IV)
(Compound 1, VII)[43], which undergoes the radical rebound mechanism (Figure 5),
resulting in the insertion of the oxygen molecule into the C-H bond. The radical cation
intermediate abstracts a hydrogen atom from the substrate (Figure 5). The released radical
group reacts with the oxygen of Cpd II, transferring an electron back to the Fe(IV), which
reduces the haem back to Fe(Ill). The newly formed product, R-OH, is then released and

a water molecule binds to the ferric iron regenerating the resting state of the P450.
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Figure 5: The radical recombination mechanism of the ferryl intermediate (Compound I)

of the P450 (expansion of Step VII — I).

There are several pathways by which this cycle can breakdown, leading to so-called
‘uncoupling’, a lack of organic product and consumed reducing equivalents [44]. One
such uncoupling pathway is shown in Figure 4, where the protonation event VI—VII

occurs on the Fe-bound oxygen in the Fe(II)-OOH complex, leading to the release of



peroxide rather than water and returning the Fe to the ferric state. A subset of CYP
enzymes can perform the reverse of this reaction, using H,O, instead of NAD(P)H

derived reducing equivalents to progress directly to the iron-oxo complex [45].

The substrate binding step [—1II involves a transition from a six-coordinate Fe to a five
coordinate state (Figure 6). The removal of the ¢ donating H,O ligand reduces the ligand
field splitting energy, and leads to a shift in spin state from low spin (S = }%) to high spin
(S = %) [46]. This shift can be monitored by UV-Visible absorbance spectroscopy as the

Soret peak shifts (to 390 nm) [46].
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Figure 6: The effect of substrate binding on the coordination state of the Fe-haem

complex and electron configurations for the 3d orbitals of the Fe(Ill). The resting state of
the enzyme is low spin (S = '2). The binding of the substrate in the active site displaces
the sixth ligand, reducing the antibonding nature of the ¢*,2 and m*,, orbitals to give

nonbonding d orbitals [47]. The weakened ligand field decreases the spacing of the d
orbitals and leads to a transition to a high spin state (S = %) and a blue shift of the Soret

peak to 390 nm.

Ligands such as nitrogen-containing azoles, cyanide or thiolates, many of which act as

inhibitors to CYP enzymes, produce a difference spectra known as ‘Type II’ with
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absorbance maxima between 422 — 435 nm (maintaining the low spin state, Figure 7)[48].
The precise wavelength is dependent on the extent to which the ligand acts as a 6-donor
as well as m acceptor [49]. A third binding mode exists, where the substrate coordinates in
the place of the water ligand via a hydroxyl group, maintaining the six-coordinate Fe.
This results in a ‘reverse type I’ spectra, with an absorbance maxima of ~420 nm (Figure
7), which is again a low spin state [50]. With Type II and Reverse Type I binding modes
the Fe remains in a low-spin state, which alters the reduction potential of the haem
complex, and interrupts the subsequent electron transfer step [51]. Ligand interactions
that interrupt critical steps in the catalytic cycle, such as the oxygen binding step (for
example CO binding preferentially over O,) or the reduction of Fe(Ill) to Fe(Il) (an azole

inhibitor), can competitively inhibit the enzyme [48].
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Figure 7: The binding modes of ligands to the haem. The examples include Type II
(imidazole) and Reverse Type I (alcohol containing) ligands, as well as the resting state

(water) with the Fe-porphyrin complex. Type I substrates do not coordinate the haem.

1.3: Electron transfer systems supporting cytochrome P450s

The electron transfer process is tightly controlled by the relative reduction potentials of
the CYP enzyme to the electron transfer partner proteins as well as the complementary
interactions between the electron transfer partner and the proximal face of the CYP
enzyme. Class I ET systems are generally found in prokaryotes, where the P450 and its

two electron transfer partners are soluble, while eukaryotic cells tend to use Class II
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electron transfer systems, where the P450 and its electron transfer partners are membrane
bound (Figure 8) [52]. Class I systems, in either bacterial or mammalian mitochondrial
systems, have three components; a flavin adenine dinucleotide (FAD) dependent
NAD(P)H ferredoxin reductase (FdR), an iron sulfur ferredoxin (often [2Fe-2S], Fdx),
and the P450. The electron transfer chain begins with two electrons passing from the
NAD(P)H to the FAD cofactor of the ferredoxin reductase, and then onward transfer, one
electron at a time, to the iron-sulfur cluster of the ferredoxin. They are then shuttled to the

P450 in two distinct steps, at the appropriate point in the catalytic cycle (Figure 4).
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Figure 8: Varying electron transfer systems of P450 enzymes. Class I, III and IV are

prokaryotic systems and Class II is eukaryotic.

Membrane bound Class II CYP systems feature a single membrane bound electron
transfer partner, containing both FAD and FMN domains. Class III and IV are bacterial
systems which feature fusion between the P450 and their ET system. In Class IV systems
the equivalent of the reductase protein typically has two domains, with a flavin

mononucleotide (FMN) and a [2Fe-2S] domain. Class III systems, the most studied
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example of which is the enzyme P450g\3 (CYP102A1), are comprised of the same
components as Class II systems, but all three are fused together via a polypeptide linker

instead of being membrane bound.

In the CYP catalytic reaction cycle, binding of the substrate and the subsequent transition
to the five-coordinate state triggers the first electron transfer. The thermodynamic
explanation for the preferential reduction of the substrate-bound form is based on the
change in formal potential of the haem when the coordination state changes from six to

five (Figure 9) [51].
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Figure 9: The formal reduction potentials (E”) of the species involved in the catalytic
cycle of a Class 1 CYP electron transfer system. The change in reduction potential of
CYPI01A1 (P450.m) in the substrate-free (-sub) and substrate-bound (+sub) forms
dictates the favourability of the transition from the [2Fe-2S] ferredoxin Pdx to the

substrate-bound form [53]. Arrows show the direction of electron transfer.

However, Honeychurch et al considered the thermodynamic barrier to be insufficient to
prevent electron transfer to the substrate-free enzyme, as the speed of the subsequent O,
binding step essentially couples the two reaction steps, leading to favourable reduction

potentials for both the substrate and substrate-free forms in the presence of dioxygen [54].
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Instead, they suggested an alternate kinetic model, in which the higher energy of
reorganisation necessary for the reduction of the six-coordinate substrate-free Fe(Ill) to
the five-coordinate Fe(Il) is more likely to be the barrier to reduction in the absence of
substrate [54]. In either model, it is the coordination state that dictates the favourability of
the reduction step. This then explains the inhibitory effect of molecules that bind directly,
in a Type II or Reverse Type I manner, as they maintain the same number of ligands to
the Fe. Without the substrate binding step, the Fdx—CYP electron transfer is generally
unfavourable in vitro, although both Guengerich and Johnson [55] and Munro et al [56]
report reduction of CYP enzymes in the absence of substrate. There is evidence that futile
cycling does occur in vivo, as demonstrated by Johnston et al, who found significant

populations of reduced haem in intact cells in the absence of substrate [57].

1.4: Ferredoxins in bacterial cytochrome P450 systems

The electron transfer ability of a ferredoxin arises from the iron-sulfur cluster, which
delocalises the electrons over the Fe and S atoms [58] before transferring them onwards
to the P450. In each of the clusters, the iron atoms are ordinarily coordinated by the sulfur
group of cysteine amino acids. The composition of the cluster (the variation in numbers
of Fe and S atoms) and the ligands (in cases where they are not cysteines) can change the
reduction potential of the protein. The cluster type varies between different ferredoxins,
with [2Fe-2S] clusters being the most studied among those that support P450 activity
(Figure 10) [59, 60]. [3Fe-4S] and [4Fe-4S] clusters are also known but less well

characterised in the context of P450 electron transfer [61, 62].
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[2Fe-2S] [3Fe-4S]
high potential

Figure 10: The structures of ferredoxin iron-sulfur cluster variants. They include [4Fe-
4S], [3Fe-4S], [2Fe-2S] and Rieske high-potential [2Fe-2S], showing coordinating
cysteine residues, and in the case of the Rieske [2Fe-2S], histidine residues. Iron: orange

spheres; sulfide: yellow spheres.

The redox couple for each of the clusters differ, with [2Fe-2S]*"", [4Fe-4S]*"" and [3Fe-
4S]H/0 being the physiologically relevant cluster oxidation state [63, 64]. In the [2Fe-2S]
cluster this represents a transition where one of the two Fe(III) atoms is reduced to Fe(II).

The formal charge distribution over the atoms in a [4Fe-4S] cluster is:
[Fe}'Fe;S4]** — [Fe!'Fey'S,]*

with two mixed valent Fe(Il)/Fe(Ill) pairs in the oxidised state and one homo-valent
Fe(IIT) couple and a Fe(II)/Fe(IIl) couple in the reduced state (S = 2 in the oxidised state,

S =Y when reduced). While in a [3Fe-4S] cluster it is:

[Felf's, " — [Fell'Fe''s, ]°
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with one high spin Fe(Ill) and a mixed valent Fe(II)/Fe(IIl) pair in the reduced state (S =
%2 in oxidised state, S = 2 when reduced). This unsurprisingly leads to differences in
reduction potential between ferredoxins with different cluster types (Table 1). However,
large differences in reduction potential can be seen even in clusters of the same type (see
Table 1), which can only be a result of the protein architecture as the cluster geometry
and compositions are conserved. It is not well understood how the protein environment
affects this. Surface charge, hydrogen bonding and aromatic residues near the cluster have
all been proposed as possible causes for the variation seen in reduction potential between
ferredoxins of the same cluster type [64]. The reduction potential of the ferredoxin has an
important effect on the rate of CYP reduction. The second electron transfer step has been
found to be rate limiting for most CYP reactions under physiological conditions [53, 65].
Variation in the reduction potential of the physiological ferredoxins might be a
mechanism of rate control or CYP-ferredoxin specificity in the native cell system.

Table 1: Approximate ranges of reduction potentials for iron-sulfur cluster containing

ferredoxins. Rieske [2Fe-2S] high potential ferredoxins have histidine residues
coordinating the Fe atoms in the cluster.

Cluster Reduction Potential (mV)
[2Fe-2S] -400 to -150
[3Fe-4S] -203 to -85
[4Fe-4S] -715 to -280

[2Fe-2S] high potential +100 to +400 [66]

Ordinarily, the numbers of electron transfer partner proteins such as ferredoxins and
ferredoxin reductases are lower than the number of CYPs in a given bacterial genome
[67-69]. The lower numbers of electron transfer proteins infers that certain electron

transfer systems must be able to support multiple CYPs. CYP enzymes, in particular
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those from bacteria, often display high redox partner specificity [60]. The P450um/Pdx
model system has been characterised in detail and serves as one example of this. The
ferredoxin binding site has been determined to be the proximal face of the CYP, which is
positively charged and can interact with the negative surface of the Fdx [70]. Pdx binding
was first hypthothesised to play an ‘effector role’ by Sligar et al who identified the Trp
residue at the carboxylate terminus of Pdx as critical to the binding interaction to P450,,
[71]. Pochapsky et al showed that Pdx binding to the surface of P450.,, promoted a
conformation change that prevented uncoupling [72]. Various spectral analyses
demonstrated Pdx binding had an effect on the haem environment [73-76]. The theory has
been further expanded on by the work of the Poulos group, who have demonstrated via
crystal structures and analysis of the spin state that the binding of Pdx promotes the open
form of the enzyme [70, 72]. This frees a key aspartate residue (Asp251) to participate in
proton-coupled electron transfer. P450..y, is not active when supported with Arx, another
ferredoxin from Novosphingobium aromaticivorans [77]. However, the structurally and
functionally similar CYP101D1 (also from N. aromaticivorans) can be supported by both
Arx and Pdx (albeit to a lesser extent with the latter) [60, 77], suggesting this strict
‘effector role’ may not be consistent across all CYPs [78]. There is even some suggestion
that in rare cases the product formation of the CYP may be altered by the electron transfer

protein pairing [79].

While bacterial CYP activity can sometimes be reconstituted with commercially available
or alternative redox partners, this is almost always at low levels. Despite this, it is still
often favoured over the process of testing large numbers of possible new CYP/Fdx/FdR
pairings in Class I systems. Native ferredoxins in these systems are commonly used only
when they are easily identified from the genome, for example when co-located with the

CYP (eg. P450..m with Pdx [80]). However co-location of the component proteins is not
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universal, such as in M. tuberculosis [81] or N. aromaticivorans [68]. There have been
few attempts to piece together the electron transfer systems of more complex CYPomes,
as the method of expressing and measuring the activity of all possible proteins is labour-
intensive. The work of Chun ef al is one example, where the possible electron transfer
partners of S. coelicolor A3(2) (six ferredoxins and four ferredoxin reductases) were
tested for capacity to support CYP105D5 activity [82]. The breadth and variety of CYP
electron transfer systems, including different components and electron sources [19],

makes their study key to understanding P450s today as well as their evolution.

1.5: Bacterial CYPs in natural product synthesis pathways

Cytochrome P450s were initially thought of and studied primarily as xenobiotic
metabolising enzymes, particularly common in animals and plants, and while P450s were
found throughout all kingdoms of life, bacterial genomes commonly contained very few
or none at all (for example Escherichia coli and Salmonella typhimurium both have
none). However the sequencing of the first Streptomyces genomes involved in antibiotic
production, S. avermitilis [83] and S. coelicolor [8], revealed larger numbers (33 and 18
CYPs, respectively). It was found that P450s are relatively abundant in Actinomycetes,
and in Streptomyces species in particular. P450s have been frequently identified as part of
biosynthetic operons, where they are generally responsible for late-stage functionalisation
of natural products, commonly adding oxygen-containing or otherwise reactive groups to

the scaffold of the product [84].

These natural products are sometimes referred to as secondary metabolites [85], which
are more properly defined as any molecule that is not absolutely required for life.
Secondary metabolites have functions such as signalling, competition, defence and

nutrient transport. As a result of their inter- or intra-cellular roles, such natural products
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often show biological activity when isolated, including antibiotic, antifungal and
immunosuppressant activity [86, 87]. One example of this is himastatin, a natural product
isolated from Streptomyces hygroscopicus which displays both antibiotic activity against
gram-positive bacteria and antitumor activity in mice [88-90]. In the biosynthesis of
himastatin, the CYP enzymes HmtT and HmtN both catalyse a stereoselective
hydroxylation reaction on the cyclohexapeptide monomer (Figure 11). The HmtT
hydroxylation triggers a subsequent cyclisation reaction promoted by neighbouring N
group attack on the nearby C to the CYP-added electrophilic group. A third CYP, HmtS,
catalyses the dimerisation reaction [91, 92]. The genes for these three enzymes form part
of a 45 kbp gene cluster comprising 20 genes in total which encode a variety of other
proteins that are involved with himastatin production [91]. The genomic location of such
CYPs in known biosynthetic operons sometimes makes the discovery of the endogenous

substrate more straightforward.

Figure 11: The structure of himastatin. CYP catalysed additions are shown in red.

Bacterial CYP enzymes typically perform C-H bond hydroxylations or epoxidations
across alkene double bonds, but less common reactions have also been observed. In the
example of himastatin, the C-N bond formation is achieved via the formation of an

electrophilic group by HmtT hydroxylation. C-N bond formation has also been reported
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where the catalytic cycle of the CYP is altered, as performed by TxtE from pathogenic
Streptomyces spp. Instead of proceeding via hydroxylation, NO reacts with the Fe(III)-
OO directly to form Fe(IlI)-OONO which is cleaved to release NO,, followed by
nitration mediated by the Fe(IV)=0 species [93]. CYP enzymes have also been shown to
be involved in C-S and C-C bond formation, often in the context of complexity adding
reactions such as ring opening or closing. Uncommon P450 reactions vastly increase the

variety of possible natural products [94] and often improve bioactivity [95].

In order to act on such a variety substrates as bacterial natural products, corresponding
diversity in enzyme structure is required. The flexibility in the overall fold of CYP
enzymes is sufficient to allow large differences in substrate size and chemistry. Bacterial
CYP enzymes work on natural products with backbones including peptides, polyketides,
saccharides and terpenoids [84, 95, 96]. The solved structures of bacterial P450s have
offered examples of structural differences in CYPs such as additional recognition
domains (the PCP-domain in P450g, [97] or ACP recognition by P450g;, [98]), 180°
flipped haem group (in CYP121A1 [99], CYP154A1 [100] and several others) and even
secondary active sites performing non-haem catalysed reactions (terpene synthase activity
in CYP170A1 [101]) [84]. There are also examples of key sequence features missing
from some enzymes, for example EXXR (CYP157C1 and similar enzymes) or the
proximal Cys (CYP107AJ1 [102]). The majority of these bacterial systems are supported
by Class I electron transfer systems (in an network analysis of Streptomyces CYPs, >2300
unique sequences were Class I while <400 were Class II/III [84]). The identification of
the electron transfer partners has been more difficult as they are often remote from the

biosynthetic gene cluster [84].
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Consistent with their large numbers of CYPs, Streptomyces species are the source of
many of the natural product biosynthetic gene clusters studied so far, although other
Actinomycetes are also well represented (Figure 12) [84, 87, 103]. Natural products from
the genus Mycobacterium include glycol-phospholipids [104, 105], non-ribosomal
peptides [106] as well as polyketide [107] and terpene scaffolds [103]. Several of these

synthesis pathways have been found to include CYP enzymes.
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Figure 12: Biosynthetic gene clusters of various Actinomycete species. The analysis by
Doroghazi and Metcalf shows the high numbers of biosynthetic gene clusters found in
Streptomyces species, identified by the presence of a key biosynthetic protein. Note
Mpycobacterium marinum M has an unusually large number compared to the other
Mycobacterium species, including the soil dwelling Mycobacterium smegmatis MC2-155.
Colour of the bar on the left indicates habitat type, on the right indicates the class of
secondary metabolite the gene cluster encodes. TOMM, thiol/oxazole-modified microcin;
NRPS, non-ribosomal peptide synthetase; PKS, poly-ketide synthase. Reproduced with

modifications from [103].
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1.6: Mycobacterial CYPs: evolution and characterisation

Genome sequencing identified the species M. marinum as the closest genetic relative of
M. tuberculosis outside of the Mycobacterium tuberculosis complex (MTBC), sharing
85% sequence similarity [106]. It is also a close relative of Mycobacterium ulcerans, with
which is shares a genetic similarity of 97% [106, 108]. M. marinum is genetically similar
to a hypothesised most recent common ancestor of pathogenic Mycobacterium species
such as M. tuberculosis and M. ulcerans (Figure 13). It has undergone substantially less
genome deletion than those species and retains the broad host range and ability of
environmental survival (primarily a pathogen of frogs and fish causing the colloquially
known ‘fish tuberculosis’, it is also capable of opportunistic infection in humans causing
the disease aquarium granuloma) [106, 108]. M. ulcerans is the pathogen responsible for
the Buruli ulcer [108] (also referred to as Bairnsdale or Daintree ulcer) which is a skin
disease mostly located in tropical areas and common in central and western Africa and
northern Australia [109]. M. marinum is commonly used as a model organism for M.
tuberculosis as it is a much faster growing organism (doubling in ~4 hours rather than
>20 leading to colony formation in a few days rather than 2-3 weeks) [110]. Importantly,
it retains key M. tuberculosis cellular features such as the dense mycolic acid cell wall
layer (discussed below) as well as virulence features such as asymptomatic latent
infection and granuloma formation in the infected organism [110]. Zebra fish infections
with M. marinum have advantages over the most common alternative models; offering
faster growth than M. bovis and more pathogenic similarity to M. tuberculosis than the

soil-growing M. smegmatis [111].
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Figure 13: Venn diagrams showing the number of coding sequences that are shared
between five Mycobacterial species. These are M. tuberculosis, M. marinum, M. ulcerans,
M. avium subsp. paratuberculosis and M. smegmatis. Note that M. marinum has the
highest number of shared genes with M. tuberculosis. Numbers in parenthesis also
include paralogous (duplicated) sequences. Figure reproduced from Stinear et al [106]

without modification.

As M. marinum is more flexible in host environment and has not relinquished the ability
to survive outside the host, it is perhaps unsurprising that its genome offers more
customisable virulence and survival mechanisms. As reviewed by Tobin and
Ramakrishnan [110], genes such as the light induced B-carotene-producing cr¢B, which is
important for protection from photo-oxidation damage and necessary only outside the
host, are present in M. marinum but absent from M. tuberculosis [112, 113]. Additionally
M. marinum has been shown to regulate polyketide lipids and sterols differently
depending on host [114]. However, it is thought that the general mechanism of host
colonisation is the same between M. tuberculosis and M. marinum and that pathogenicity
evolved in the common ancestor prior to speciation [115]. Very few of the M.
tuberculosis specific regions of the genome have been identified as fundamental to
virulence [116, 117]. Instead, these genes, a large proportion of which were acquired via
lateral transfer, are more likely relevant to host transmission and organ targeting [110]. M.
marinum therefore contains the majority of genes of general importance to M.

tuberculosis pathogenicity, as well as a large component of genetic material that was
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discarded in specialisation (2.2 Mb) that is the key to understanding the speciation

process.

The publication of the genome of Mycobacterium tuberculosis H37Rv, the pathogen
responsible for human tuberculosis, revealed 20 distinct P450 genes sequences [118],
which have subsequently been the object of much attention and research [81, 119]. The
CYPs of M. tuberculosis belong to 19 different families and make up a total of 0.5% of
the genome. M. ulcerans Agy99 contains 26, with an additional 9 pseudogenes. M.
marinum, in contrast, contains 47 CYP encoding genes (0.9% of the genome), which
belong to 36 different families. Mycobacterium leprae (the causal agent of human
leprosy) contains only 1 CYP. Parvez et al report that the absolute number of CYPs in
Mpycobacterial genomes decreases in the following order; saprophytes (SAP),
Mycobacterium avium complex (MAC), Non-tuberculous mycobacteria (NTM),
Mpycobacterium chelonae-abscessus complex (MCAC), and finally Mycobacterium
tuberculosis complex (MTBC), from average of 50 CYPs down to 19 for MTBC species
[24]. The same pattern is reflected in the CYP content in the genome, with some SAP and

MAC species containing > 1% CYPs. MTBC species contain an average of 0.5% CYPs.

CYPs from M. tuberculosis and M. ulcerans are targets for inhibition of these pathogenic
strains, as they are often involved in key metabolic roles [120, 121] rather than xenobiotic
response. While 2018 marks 20 years since the publication of the genome of M.
tuberculosis, progress on the characterisation of the CYPome has been relatively slow. Of
the enzymes, five have now been structurally and functionally characterised (CYP51B1
[122, 123], CYP121A1 [107], CYP124A1 [124], CYP125A1 [125, 126], CYP142A1
[127]), while three (CYP126A1 [128], CYP130A1 [39] and CYP144A1 [129]) have been

successfully crystallised but their substrates are still uncertain. Another, CYP128A1, has
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a proposed role but no structural or biochemical information has been reported [130].

This leaves 11 ‘orphan’ enzymes for which there is still little to no information about.

Many of the CYP enzymes from M. tuberculosis have been crystallised in the substrate-
free or inhibitor bound forms (Figure 14), but this has not lead directly to their
biochemical characterisation or determination of their physiological function. Indeed,
since the publication of the first structure of a P450, that of P450.,, in 1985 [34], there
has been a proliferation in the number of structurally characterised CYPs. In recent years,
the number of PDB entries for P450s has risen dramatically (numbering 855 in 2018).
However, the conserved overall fold as well as the conformational change in the enzyme

structure that follows substrate binding [131] often limits the use of this structural

information.

Figure 14: Overlay of the CYPs from M. tuberculosis that have been structurally
characterised in the substrate-free state. Both distal and proximal views are shown, all
coloured red to blue from N to C terminus. The conserved P450 fold is present in all.
These enzymes catalyse distinct reactions such as fatty acid hydroxylation, cholesterol
metabolism and carbon-carbon peptide cyclisation, and yet there are few obvious
structural indicators of this diversity in the substrate-free state. PDB codes: 1H5Z, 1N40,
2WMS, 2X5L, 2XKR, 2UUQ and 5SHDI [39, 99, 122, 124, 127, 129, 132].
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Substrate library screening with common CYP substrates has produced some results,
leading to the identification of a CYP130A1 catalysed N-demethylation reaction at low
levels [133]. However, some of the enzymes catalyse highly specialised reactions, such as
CYPI21A1, which is present in M. tuberculosis and other members of the MTBC and
forms an internal carbon-carbon bond in the cyclodipeptide cyclo(l-Tyr-1-Tyr) to generate
a novel natural product (Figure 15) [107]. These highly specialised CYPs are difficult to
characterise even by screening very large compound libraries. In the case of CYP121A1,
the function was instead discovered via the characterisation of an upstream peptide
synthetase, which produced the cyclodipeptide, after a period of initial study of the CYP

enzyme had failed to identify a substrate [99, 134-136].

: on
OY\/KJ\/\/K/\/\/
OH OH

o)
Mycolactone A and B Cyclodipeptide cyclo(I-Tyr-1-Tyr)  Cholesterol

Figure 15: Products of the Mycobacterium CYP enzymes CYP140A7 from M. ulcerans
[137], CYPI21A1 [107] and CYP125A1 [125] from M. tuberculosis. Red indicates the
bonds formed by the CYP.

Some indication as to whether a CYP enzyme might play a specialised role can be found
via genome analysis. According the analysis of Parvel et al, the members of the CYP121
family are very highly conserved between Mycobacterial species (with 391 amino acid
residues conserved between 23 Mycobacterial family members, Figure 16), second only
to the CYP141 family [24]. When non-Mycobacterial CYP sequences were also
considered, expanding the analysis to over 17,000 CYP sequences from 113 families, the
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CYPI21 family (now with a total of 34 members) is still high among the most strictly
conserved CYP families, after only the CYP141, CYP51 and CYP137 families. The
degree of sequence homology between CYP sequences ordinarily correlates with the
variation in substrate profile between the enzymes, so it would be expected that function
would be more strictly conserved in enzyme families ranked highly in the list. Considered
differently, in an enzyme with a broad substrate range an individual mutation is unlikely
to destroy all substrate activity and so less strict amino acid sequence conservation is
necessary. Hence, substrate variety in a given enzyme family allows more sequence
diversity (and further proliferation). When the substrate profile is narrow, as with
CYPI121 and its single substrate, a greater number of the possibly occurring mutations
would be deleterious to activity without corresponding gains in activity with other

substrates.
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Figure 16: Conserved amino acids from Mycobacterial CYP families. The variation in
the degree of conservation between families is shown. The number of P450s analysed
from each family is in parenthesis next to the CYP family name. Reproduced from Parvez

et al [24].
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Another barrier to their study is the failure to produce several of the Mycobacterial CYPs
in common E. coli expression systems. Mycobacterial genomes are renowned for the high
G-C content which affects E. coli recombinant expression (as the bacteria has a relatively
low G-C content), but even codon optimized gene sequences often produce little to no
protein in such systems. Of the 20 enzymes, some 12 have never been reported as

expressed and purified (despite the efforts of several laboratories).

Additionally, the reductive evolution that has decreased the number of CYPs in M.
tuberculosis to 20 (instead of the 47 present in the NTB M. marinum) has likewise cut the
number of associated electron transfer partners in the genome. Only two M. tuberculosis
CYPs have closely located ferredoxins. These are CYP51, which has a [3Fe-4S]
ferredoxin encoded by Rv0763c¢ [123] and CYP143A1 which is close to RvI786 [138].
None have a closely located ferredoxin reductase. This has lead to reliance on
commercially available electron transfer partners or expressed non-physiological systems
from other bacterial species. Although there have been some attempts to use M.
tuberculosis ferredoxin systems for other CYPs (for instance Capyk et al with CYP125
[125]) it has met with limited success and there is still a general lack of understanding as
to how electron transfer to M. tuberculosis CYPs is achieved in vivo. While many CYPs
have low promiscuous activity with non-physiological ferredoxins, use of non-
physiological electron transfer partners might nevertheless be the barrier to substrate

oxidation in those that have thus far resisted characterisation.

Despite these difficulties, the study of M. tuberculosis CYPs has so far resulted in the
identification of several viable enzyme drug targets [120, 139]. The above mentioned
CYPI21A1 has been subjected to structure-based inhibitor design as it has been found to

be essential for organism survival in vitro [140-142]. Further, M. tuberculosis can survive
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in vitro on cholesterol alone, which has been demonstrated to be due to the activity of the
enzymes CYP125A1 and CYP142A1. Together these were found to be essential for
cholesterol breakdown [125, 127]. In dual-knockout systems the intermediate 4-
cholesten-3-one builds to toxic levels [126] and the organism can be inhibited by the

addition of 4-cholesten-3-one synthesised with degradation resistant side chains [143].

CYP enzymes from other related Mycobacterium species have been studied to cast light
on the evolutionary pathway to virulence, and in particular to explain the factors that
promoted specialisation to the human host over the broad host-independent
Mycobacterium ancestor. For example, the work of the Ortiz de Montellano group
demonstrated that in soil living M. smegmatis the cholesterol breakdown system is
mediated via three enzymes: two CYP125 family members and a CYP142 enzyme [144-
146]. The system as a whole was conserved, but the third enzyme provided additional
redundancy compared to the two in M. tuberculosis. It is particularly important to
understand the roles of these CYPs in other Mycobacterium species, as conservation only
in the MTBC is often taken to mean the enzyme plays a role in virulence or human
infectivity, and vice versa [81]. However, if the roles of CYP enzymes conserved across
species change between those species, then their conservation or lack thereof throughout
Mycobacteria is less reliable as an indicator of their importance. Except for the M.
smegmatis cholesterol system discussed above, CYP enzymes from non-MTBC species
have thus far been investigated only incidentally or where they were known to belong to
families of biocatalytic interest. The later includes the alkane hydroxylase CYP153A16
[147] which is the only M. marinum CYP to have been studied. From M. vanbaalenii
PYR-1 CYP150 enzymes (polycyclic aromatic hydrolases) [148] and several members of
the CYP151 family (saturated heterocyclic amine oxidation) have also been studied [149].

There are a number of entirely uncharacterised enzyme families (>20) present in M.
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marinum that, given the variability of CYP enzymes studied from Mycobacteria so far,

offer interesting possibilities for inhibitory, biocatalytic and mechanistic studies.

Many of the CYP families found in Mycobacterium can also be found in other
actinobacterial species. Tracing this phylogenetic evolution of CYPs can explain
physiological features of species, as well as the role of the CYPs themselves. For
example, within Actinobacteria, the genera Corynebacterium, Mycobacterium and
Nocardia form a taxon called CMN, which is characterised by the presence of the
mycolic cell envelope (Figure 17) [150]. This is a layer of long chain branched fatty acids

known as mycolic acids that covalently bind the peptidoglycan layer.
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Figure 17: A proposed model of the cell wall of M. smegmatis. The mycolic acid layer

(or mycomembrane, MM) is characteristic of all Mycobacteria. This is covalently
attached to the peptidoglycan layer (PG) by arabinogalactan (AG). The phospholipid
bilayer forms the plasma membrane (PM) and the outer leaflet (OL) is comprised of a
variety of proteins and lipids. Note that glycolipids such as PDIM are present in the MM

as well as the OL. Reproduced with modifications from Chiaradia e al [151].
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The density of this wall in M. tuberculosis has been linked to the production of
phthiocerol dimycicerosates (PDIM), the production of which has in turn been linked to
the cholesterol degradation activity of CYP125A1 [152]. Analogues of this enzyme are
found in many Mycobacterium species, as well as Nocardia (at ~70% similarity) and even
Rhodoccocous but not Corynebacterium. Species to species analysis of the roles of these
enzymes might rationalise such differences and explain their variant metabolisms, in
particular those that act as human pathogens. Study of CYPs from M. marinum offers the
possibility of insight into the evolution of the human-specific pathogens, the diversity of
actinobacterial CYPs, as well as the identification of the roles of a number of as-yet

uncharacterised CYP families.

1.7: Electron transfer in Mycobacterium marinum

The CYPome of M. marinum presents a further advantage with regards to the electron
transfer systems. Due to the minimal number of gene deletions, M. marinum has a greater
number of both ferredoxin and ferredoxin reductase proteins than either M. tuberculosis
or M. ulcerans. This makes identifying the physiological electron transfer systems of

these bacteria more achievable.

M. marinum has twelve ferredoxin gene sequences, of which one has been identified as
encoding a [2Fe-2S]-type ferredoxin (Mmar_3155) [147]. This accompanies CYP153A16
(Mmar_3154) and a ferredoxin reductase gene (encoded by Mmar_3153 and henceforth
FdR2) [147]. A second apparent complete electron transfer system exists, with
CYP147G1 (Mmar_2930) immediately beside both a ferredoxin and ferredoxin reductase
FdR1 (Mmar_2932 and Mmar_2931, respectively). This system contains one of the
eleven sequences which have similarities to [3Fe-4S] or [4Fe-4S] ferredoxins. Nine of

these, including Mmar_2932, are closely associated with a CYP in the genome (defined
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here as within five genes distance). The co-location of these nine ferredoxin genes
identifies them as the expected physiological ferredoxin for those systems and provides a
first avenue for study. Given the larger number of CYP enzymes, it is likely that these
ferredoxins will also support additional CYPs in the organism, although determining

these relationships is a more substantial task.

Only three of these ferredoxins are conserved in M. tuberculosis (these are
CYP51/Rv0763c, CYP143A1/Rv1786 and a third, Rv3503 which has no associated CYP).
Importantly, neither of the ferredoxin reductase genes are conserved. The remainder of
these uncharacterised, non-conserved ferredoxins in M. marinum are of greater
importance as the electron transfer systems of CYPs from M. tuberculosis have proven
difficult to establish in most cases. With the absence of closely located electron transfer
partners, searching the M. tuberculosis genome has revealed other possible candidates. A
Mycobacterial NADH-consuming FdR that couples Rv0763c and can support lanosterol
demethylation by CYPS51 has been reported [153]. There is also a NADPH-ferredoxin
oxidoreductase with sequence homology to animal adrenodoxin reductase, FprA, which
was shown to support both [2Fe-2S] and 7Fe ferredoxins from M. smegmatis [154] but it
has not been established as capable of supporting CYP activity as yet. M. tuberculosis
also has a number of other ferredoxins including the 7Fe FdxA type Rv2007c (conserved
in M. marinum as Mmar_2080) and FdxC type RvI177 (conserved as Mmar_4274)
however neither are near CYP genes. Additionally two apparent fusion FdR-ferredoxin
proteins from M. tuberculosis, FprB and FdxB (Rv0886 and Rv3554 respectively) [155],

have analogues in M. marinum.

The cluster type in each of the complement of 11 [3/4Fe-4S] ferredoxins in M. marinum

is not immediately identifiable because they all contain an unusual variation on the
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conserved sequence motif. Ordinarily, the iron-sulfur cluster binding sequence motif
differs between [3Fe-4S] and [4Fe-4S] ferredoxins, being CXXA/GXXC(X),CP and
CXXCXXC(X),CP respectively, and this is used to characterise the proteins [61]. The
three cysteine residues in [3Fe-4S] ferredoxins and four in [4Fe-4S] ferredoxins each
coordinate an iron residue in the iron-sulfur clusters. None of the eleven [3/4Fe-4S]
ferredoxins of M. marinum have either a cysteine, alanine or glycine residue at the second
conserved residue in the sequence motif (Figure 18). Rather, residues at that position
include histidine (4), asparagine (3), tyrosine (1), serine (1), threonine (1) and

phenylalanine (1) [156].

Fdxl

Fdx2

Fdx3

Fdx4

Fdx5 !
Fdx6

Fdx7

Fdx8 !
Fdx9 '
Fdx1l0

Fdxll

[3Fe-4S]{ s-coelicolor

[4Fe-4S] { T-litoralis
C-thermoaceticum

QQFmzZnim =z =im = <

CXX7XXC (X),

Figure 18: The novel ferredoxin sequences of M. marinum at the cluster binding motif.
Typical [3Fe-4S] (Streptomyces coelicolor [67]) and [4Fe-4S] (Thermococcus litoralis
[157] and Clostridium thermoaceticum [158]) ferredoxin sequences included for

comparison. The non-standard amino acid is indicated in the blue box.

Of these residues, all bar phenylalanine could potentially coordinate an iron atom in the
cluster. Precedent can be found for this in other systems. The [4Fe-4S] ferredoxin from
the thermophilic Pyrococcus furiosus contains an aspartate residue that coordinates the
fourth iron in the metal cluster and as demonstrated by Brereton e al, mutation of that

residue to either cysteine or serine also leads to the isolation of a protein that maintained
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the [4Fe-4S] cluster [159]. After cysteine, the most common residue coordinating iron in
such clusters is histidine, as for example the histidine coordination in Rieske clusters
(Figure 10). In the nickel-iron hydrogenase from Desulfovibrio gigas, one of the three
iron-sulfur clusters is a [4Fe-4S] cluster with one Fe coordinated by a histidine residue
[160]. In contrast, there are three examples of similar histidine-containing ferredoxins in
CYP systems which have been characterised aerobically as containing [3Fe-4S] clusters.
These are HaPuxC, from Rhodopseudomonas palustris (Figure 19) [156] and Rv0763c¢
[123] and Rv1786 [138], both from M. tuberculosis. The crystal structure of HaPuxC
shows the histidine residue (His17) lying above a [3Fe-4S] cluster. The imidazole ring of
the histidine is directly above the sulfur indicating the position of this residue is quite
similar even when a cysteine is not present. A comparison of the position of the residue
can be made with the [4Fe-4S] ferredoxin from P. furiosus which has been structurally

characterised with the aspartate residue mutated to a cysteine (D14C variant [161]).

Thus far histidine-containing [3Fe-4S] clusters have only been isolated under aerobic
conditions. As Brereton er al demonstrated, the aspartate-iron coordination was highly
sensitive to oxygen, isolated only by anerobic purification [159]. Thus it is an open
question whether the histidine-containing ferredoxins from Mycobacterium species may
coordinate a fourth iron. The same applies for the other amino acids at that position in the

cluster, where no comparative studies on similar enzymes are available.
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Figure 19: A comparison of the iron-sulfur clusters of two ferredoxins. The R. palustris
ferredoxin HaPuxC, has a histidine residue (His17) at the CXX?XXC(X),CP position of
the ferredoxin binding motif, and was characterised as containing [3Fe-4S] (green, PDB:
40V1) [156] and the D14C (the equivalent position to His17 in HaPuxC) mutant of the
[4Fe-4S] ferredoxin from P. furiosus (blue, PDB: 2Z8Q) [161] are overlaid. Sulfide ions
and cysteine sulfurs are shown in gold and iron ions in orange. The distance between the
N atom of the His17 residue and the sulfur atom is 3.6 A (shown in red). Labels on the

overlay of both structures are given for the coordinating residues of HaPuxC.

However, even if these residues do not directly bind a metal ion in the cluster, they may
have a significant effect on the thermodynamics of the cluster. The closeness of the
residue (as seen in Figure 19) means that hydrogen bonding, differences in charge or
hydrophobic interactions near the cluster may change the reduction potential. Indeed,

Rv0763c, the ferredoxin from M. tuberculosis, was found to have an unusually high
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reduction potential of -31 mV [123], more positive than previously recorded for [3Fe-4S]
clusters coupled with CYP enzymes. In theory, this may contribute a thermodynamic
barrier to reduction of the coupled CYP, and thus a mechanism of modulation of the rate
of monooxygenase activity. However, the effect of varying the residue at this position on
the reduction potential, as well as the importance in electron transfer has not been
determined. Characterisation of the role of the variable residue of the binding sequence,
where it is not a cysteine, and identification of the proteins as either [3Fe-4S] or [4Fe-4S]
ferredoxins would be beneficial to an overall understanding of the electron transfer
mechanism and to the effect of reduction potential on P450 partner specificity. The M.
marinum ferredoxins, presenting six different residues at this position, a large
accompanying CYPome and two identified ferredoxin reductases, are therefore ideal

candidates for study.

1.8: Summary and project goals

CYP enzymes are diverse in function and important in many biological systems. In
bacteria they are responsible for catabolic and anabolic metabolism. Particularly in the
synthesis of secondary metabolites they perform scaffold functionalisation and
complexity addition with high specificity. In Mycobacteria they have been found to
perform critical roles, cholesterol breakdown and fatty acid oxidation. This project aims
to build on the existing knowledge of Mycobacterium CYP enzymes via study of those
from the non-pathogenic close relative, M. marinum. In doing so, the electron transfer
system of the species, containing as it does two full Class I systems and a set of as yet
uncharacterised [3/4Fe-4S] ferredoxins, will also be studied. These ferredoxins have
unusual cluster binding motifs that might affect their electron transfer ability. Hence the
project has a dual focus, on uncharacterised Mycobacterium CYPs and their unusual

physiological electron transfer systems.
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The aims of the present study include:

- Purification of the eleven [3/4Fe-4S] ferredoxins of Mycobacterium marinum both
aerobically and anaerobically.

- Biophysical characterisation of the ferredoxins, including determination of the
composition of the iron-sulfur cluster in each of the ferredoxins, and the role of
the non-standard amino acid at the cluster binding motif.

- Determination of the substrate and product range of M. marinum CYPs, as well as
structural characterisation.

- Comparative study of conserved CYPs of M. marinum and M. tuberculosis,
including substrate and inhibitor binding analysis.

- Phylogenic analysis of these CYP/ferredoxin systems across the bacterial

kingdom.
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Electron transfer ferredoxins with unusual cluster binding motifs
support monooxygenase secondary metabolism in many bacteria

Stella A. Child,? Justin M. Bradley,” Tara L. Pukala, Dimitri A. Svistunenko,® Nick E. Le Brun® and
Stephen G. Bell”

The proteins responsible for controlling electron transfer in bacterial secondary metabolism are not always known or
characterised. Here we demonstrate that many bacteria contain a set of unfamiliar ferredoxin encoding genes which are
associated with those of cytochrome P450 (CYP) monooxygenases and as such are involved in anabolic and catabolic
metabolism. The model organism Mycobacterium marinum M contains eleven of these genes which encode [3/4Fe-4S]

Y

ferredoxins but which have unusual iron-sulfur cluster binding motif sequences, CXX?XXC(X),CP, where ‘?’ indicates a
variable amino acid residue. Rather than a cysteine residue, which is highly conserved in [4Fe-4S] clusters, or alanine or
glycine residues, which are common in [3Fe-4S] ferredoxins, these genes encode at this position histidine, asparagine,
tyrosine, serine, threonine or phenylalanine. We have purified, characterised and reconstituted the activity of several of
these CYP/electron transfer partner systems and show all those examined contain a [3Fe-4S] cluster. Furthermore the
identity of the variable residue affects the functionality of the monooxygenase system and has a significant influence on
the redox properties of the ferredoxins. Similar ferredoxin encoding genes were also identified across Mycobacterium
species, including in the pathogenic M. tuberculosis and M. ulcerans, as well as in a wide range of other bacteria such as
Rhodococcus and Streptomyces. In the majority of instances these are associated with CYP genes. These ferredoxin
systems are important in controlling electron transfer across bacterial secondary metabolite production processes which

include antibiotic and pigment formation among others.

Introduction

Electron transfer is fundamental for all living organisms, being
involved in respiratory processes to produce chemical energy
within the cell, pathways to build large molecules from smaller
substrates (anabolic) and the breakdown of molecules into
species for cellular metabolism (catabolic). The
electron carrier proteins involved in these pathways tightly
regulate the shuttling of electrons between the donor and
acceptor.” > Monooxygenases are an essential set of enzymes
that are intrinsically involved in these anabolic and catabolic
processes and require a supply of electrons in order to
function. They typically catalyse the selective hydroxylation of
a wide range of organic molecules using dioxygen (Eqn. 1)

smaller

R-H +2H" + 2¢” + 0, > R-OH + H,0 Eqn.1

In Nature, monooxygenase enzymes, including cytochrome
P450 enzymes (CYP), show exquisite selectivity. The bacterial

®Department of Chemistry, University of Adelaide, SA 5005, Australia.

b centre for Molecular and Structural Biochemistry, School of Chemistry, University
of East Anglia, Norwich Research Park, Norwich, NR4 7TJ, UK.

© School of Biological Sciences, University of Essex, Wivenhoe Park, Colchester CO4
35Q, UK.

Electronic Supplementary Information (ESI) available: Details of M. marinum

CYPome, Experimental methods and additional Data Tables and Figures. See

DOI: 10.1039/x0xx00000x

53

CYP family has a broad substrate spectrum yet each individual
enzyme can be highly specific. For these reasons many
bacteria, including Mycobacteria, have a large and highly
evolved CYP complement (CYPome) which functions to break
down or synthesise molecules as required by the organism.5
These enzymes are valuable resources for biocatalysis and key
targets for antibacterial drug design.s’8

The two electrons required by CYP enzymes are usually
derived from NAD(P)H and delivered by electron transfer
proteins in two distinct steps. Bacterial CYP enzymes typically
use class | electron transfer systems which normally consist of
a NAD(P)H-dependent ferredoxin reductase (FdR) and an iron-
sulfur ferredoxin (Fdx).9 The reductase most often contains an
FAD cofactor. The best studied ferredoxins in these systems
are [2Fe-2S] types but [3Fe-4S], [4Fe-4S] clusters,
combinations thereof and exceptions such as the FMN
containing cindoxin and self-sufficient PA50Bm3 are known.” %
2 The cYP enzymes have evolved to be highly specific for their
electron transfer partners from the same s.pecies.13 Yet within
a given bacterium the electron transfer systems can support
multiple CYP enzymes and accordingly the number of genes in
a bacterium normally decreases in the order CYP > ferredoxin
> ferredoxin reductase.™™"’
One bacterium which contains many of these systems is
Mycobacterium marinum, a ubiquitous pathogen of fish and

amphibians, which can infect humans causing aquarium



21 .
in extracellular

granuloma.zo‘ M. marinum can survive
environmental conditions and is used as a model organism to
plot the evolutionary pathway of other more specialist
Mycobacterium pathogens.22 It is closely related to the slower
growing human pathogens Mycobacterium ulcerans (97%
nucleotide sequence identity) and Mycobacterium tuberculosis
(85%) which cause Buruli ulcer (Bairnsdale or Daintree ulcer)
and tuberculosis, respectively.m'23 Tuberculosis is a global
epidemic and a major cause of human mortality and is a
growing problem due to the evolution of drug resistant
strains.”® % Buruli ulcer is a serious skin disease prevalent in
Africa, Oceania and Asia.”® The mycobacterial pathogens that
cause these more serious conditions have adapted to the
specific host environment in which they are found and are not
viable in other settings. In comparison to M. marinum, both M.
tuberculosis and M. ulcerans have undergone reductive
evolution. This occurred via genome downsizing and
pseudogene formation, through the introduction of mutations
or insertion sequences.27'29 Another human pathogen,
Mycobacterium leprae, responsible for leprosy, has undergone
extreme reductive evolution and contains less than half the
number of genes of M. tuberculosis. In addition these bacteria
have also acquired certain unique genes which encode
proteins critical to their survival.”>

Here we report that there are substantially more CYP encoding
genes in M. marinum than in M. ulcerans and M. tuberculosis
as a direct result of processes of this reductive evolution. The
genome of M. marinum also contains many genes which
encode atypical ferredoxins. Most of these are located close to
CYP genes and the majority are [3/4Fe-4S] type ferredoxins
containing unusual residues in the iron-sulfur cluster binding
motif. Rather than having the CXXCXXC(X),,CP motif of a [4Fe-
4S] cluster ferredoxin or the CXXA/GXXC(X),CP motif of a [3Fe-
48] cluster ferredoxin, a different amino acid such as histidine
replaces the second cysteine of the [4Fe-4S] motif or the
glycine/alanine residue in the [3Fe-4S] ferredoxin motif
(CXXHXXC(X),CP)."* The majority of these have yet to be
studied and characterised."®

By searching for similar electron transfer systems we find that
other residues are commonly located at this position
(CXX2XXC(X),CP) in ferredoxins of this type from other
bacteria.™ **3** For example, the ferredoxin genes of M.
marinum encode proteins which contain histidine, asparagine,
serine, threonine, tyrosine and phenylalanine. We identify that
these types of ferredoxin genes are prevalent across many
other bacterial species and isolate and characterise several of
the M. marinum suite. We demonstrate that, in combination
reductase, they can support
monooxygenase activity of their associated CYP enzymes. We
characterise the cluster type and importance of the variable
residue by a variety of methods and show that they
significantly alter the properties of the iron-sulfur cluster.
Therefore this residue has a role in controlling the behaviour
of these electron transfer proteins. These ferredoxins have a
critical function in the metabolism of M. marinum and other
bacteria through their support of electron transfer to
monooxygenase systems.

with the same ferredoxin
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Results

Analysis of the CYPome and the potential electron transfer
partners of M. marinum

There are forty seven CYP enzyme encoding genes in M.
marinum and these belong to thirty six different P450 families
and thirty nine subfamilies (see Supplementary Information for
further details; Table S1, S2 and Fig. S1). Comparatively there
are only twenty CYP enzymes in M. tuberculosis and twenty
four in M. ulcerans. This follows from the smaller gene
complement of these bacteria due to reductive evolution
(Table S1 and S3). There is one unique cytochrome P450
encoding gene in M. ulcerans, CYP140A7, which is involved in
the biosynthesis of Mycolactone A.>> There are five unique
cytochrome P450s in M. tuberculosis, of which one, CYP121A1,
is essential for the bacterium’s survival and is responsible for
the formation of an intramolecular C-C bond in the
cyclodipeptide cycIo(I-Tyr-I-Tyr).36 In contrast to these species,
M. leprae contains only one CYP enzyme encoding gene,
CYP164A1.°>7

The CYPome of M. marinum plays a role in the bacterium’s
anabolic and catabolic metabolism. The substrate profiles of
several of the cytochrome P450 enzymes can be understood
from those that have been previously studied in other
mycobacterial species, e.g. CYP51B1 (sterol demethylase),
CYP124A1 (phytanic acid w-hydroxylation), CYP153A16 (alkane
oxidation) and CYP142A3 and CYP125A7 (both cholesterol
monooxygenases).sg’43 The potential functions of other CYP
enzymes from M. marinum, which are hypothesised to include
terpene and polyketide synthesis, are discussed in the
Supplementary Information.

Of the proposed electron transfer partners for the CYPome of
M.  tuberculosis, (ferredoxin and ferredoxin-NAD(P)H
reductase-like proteins) all but two ferredoxin genes, Rv0763
and Rv1786, are located remotely from the CYP genes (Table
S4 and SS).S’ 30,4498 The two ferredoxins are located next to the
genes of CYP51 and CYP143 (Table 1). Equivalent genes to all
of the electron transfer partners of M. tuberculosis are also
present in the genome of M. marinum (Table S5). In addition
there are several other ferredoxin and ferredoxin NAD(P)H
reductase-like proteins which are described below.

The gene for the CYP153A16 enzyme (Mmar_3154) is in a
cluster with genes encoding a [2Fe-2S] ferredoxin
(Mmar_3155) and a ferredoxin reductase (FdR2, Mmar_3153)
which completes a class | electron transfer system in M.
marinum (FAR2/[2Fe-2S] ferredoxin/CYP153A16)."* A second
gene encoding the CYP147G1 (Mmar_2930) enzyme is in a
cluster with genes encoding a ferredoxin reductase (FdR1,
Mmar_2931) and a ferredoxin (Fdx3, Mmar_2932) There are
therefore two obvious complete electron transfer systems in
M. marinum (FdR1/Fdx3/CYP147G1 and FdR2/[2Fe-2S]
ferredoxin/CYP153A16). By analogy with other bacterial
systems these two ferredoxin reductases are likely to be
responsible for the reduction of ferredoxins and therefore
support the CYP enzymes in M. marinum M 47 %8



Iron Sulfur cluster

Gene name ID binding motif pl

Mmar_2667 Fdx1 CXXHXXC(X) CP 3.9
Mmar_2879 Fdx2 CXXTXXC(X) CP 4.0
Mmar_2932 Fdx3 CXXYXXC(X) CP 43
Mmar_3973 Fdx4 CXXNXXC(X) CP 3.7
Mmar_4716 Fdx5 CXXHXXC(X) CP 3.7
Mmar_4730 Fdx6 CXXFXXC(X) CP 4.3
Mmar_4734 Fdx7 CXXNXXC(X) CP 3.8
Mmar_4736 Fdx8 CXXHXXC(X) CP 4.0
Mmar_4763 Fdx9 CXXSXXC(X) CP 3.9
Mmar_4933 Fdx10 CXXHXXC(X) CP 4.4
Mmar_4991 Fdx11 CXXNXXC(X) CP 3.9
Mmar_3155 [2Fe-25] 4.0
Mmar_2931 FdR1 n.a. 5.8
Mmar_3153 FdR2 n.a. 49

AA M. ul M. tb CYP enzyme

63 Mul_5 Rv1786 CYP143A4

63 Mul_4 - CYP278A1

70 - - CYP147G1

62 Mul_6 - CYP269A1 & CYP138A4
65 Mul_1 - CYP188A3

97 - - CYP190A3

62 - - CYP190A3 & CYP150A5
61 - - CYP150A5

63 Mul_2 - CYP105Q4

67 Mul_3 Rv0763 CYP51B1

81 Mul_7 Rv3503c -

105 - - CYP153A16

466 - - CYP147G1

400 - - CYP153A16

Table 1 The potential electron transfer partners of the CYPome of M. marinum (which are located close to the CYP genes). The gene name as per the databases at the National

Center for Biotechnology Information is provided. The sequence of the iron-sulfur cluster binding motif of the [3/4Fe-4S] ferredoxins as well as the predicted pl and length of the

amino acid chain are provided. The equivalent ferredoxin genes in M. ulcerans and M. tuberculosis are given. The neighbouring CYP genes (1-4 genes away) are also shown (Table

s1).

There are also several additional ferredoxin genes associated
with the CYPome of M. marinum. Overall M. marinum contains
a set of eleven genes encoding ferredoxins of the [3Fe-4S] type
(Fdx1-Fdx11), which include the motif CXX?XXC(X),CP without
a cysteine at the ‘?’ position (Fig. 1). These include the
equivalent ferredoxins to Rv0763 and Rv1786 of M.
tuberculosis, Fdx1 and Fdx10 (CXXHXXC(X),CP, Table 1) which
are also associated with gene for CYP143 and CYP51,
respectively (Table S3, Fig. S2). The ferredoxins, Fdx5 and Fdx8,
also contain a histidine residue at the variable position. This
set of ferredoxins also encompasses Fdx3, which has a tyrosine
in its cluster binding motif (CXXYXXC(X),CP) and is associated
with the genes for CYP147G1 and FdR1. The other ferredoxins
of M. marinum contain asparagine (Fdx4, Fdx7 and Fdx11),
serine (Fdx9), threonine (Fdx2) or phenylalanine (Fdx6)
residues at this position of the cluster binding motif (Fig. 1). All
bar phenylalanine could potentially act as a ligand to a metal
ion in the cluster. The M. marinum ferredoxins of this type
range in size from 62 to 97 amino acid residues in length and
all have predicted pl values lower than 7.0 (Table S1). Ten of
the potential ferredoxins of M. marinum, Fdx11l being the
exception, are located next to or close to a CYP gene (one to
four genes away, Fig. S2). Therefore these ferredoxins are
likely electron transfer partners which deliver reducing
equivalents to the CYP enzymes.33

Of these eleven ferredoxin genes, seven are conserved in M.
ulcerans and only three in M. tuberculosis (Table 1 and Fig.
3).22’ 2% 26 The ferredoxins which are conserved in both M.
marinum and M. ulcerans are very similar or identical showing
97-100% sequence identity, while those of M. tuberculosis
show more sequence divergence (78-92% identity, Fig. 2).
Neither of the ferredoxin reductase genes (FdR1 and FdR2) are
conserved in M. ulcerans or M. tuberculosis.
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Extending the search to include more diverse species of
Mycobacteria and other metabolically varied bacteria revealed
the prevalence of analogous ferredoxins (Table S6 & S7, Fig.
S2). With the exception of the threonine containing Fdx2,
many equivalent ferredoxin genes are found across the
Mycobacterium genus. These are, more often than not,
located in gene clusters with associated CYP genes (Table S6,
Fig. S2). They are also found across other bacteria including
the antibiotic synthesising Streptomyces (where variants in the
motif at ‘?” include histidine, serine and tyrosine; Table S7) and
Rhodococcus (where variants in the motif at ‘?” include
histidine, asparagine and tyrosine; Table S7).14 They are also
associated with the CYPome of other diverse bacterial species
including those of R. palustris strains mentioned earlier (Table
S7). To provide insight into the important CYP enzyme
catalysed reactions these ferredoxins support we analysed
biosynthetic gene cluster databases for these types of electron
transfer partners (Table 2). The synthesis of a range of
complex secondary metabolites was found to be supported by
these species mainly in strains of Streptomyces bacteria (Table
2). This gives a small snapshot of the widespread and critical
role these types of ferredoxins have in bacterial metabolism.

Reconstitution of the Activity of CYP147G1 using FdR1 and Fdx3 in
E. coli

Fdx3 (Mmar_2932) is the only ferredoxin of this type from M.
marinum to have both a reductase gene (FAR1, Mmar_2931)
as well as a CYP gene (CYP147G1, Mmar_2930) co-located in
the genome. Of particular interest is that bacterial operon
predictions (operondb.cbcb.umd.edu) show that the CYP147
genes in other bacteria including Methanosarcina barkeri
(CYP147E1), Myxococcus xanthus (CYP147A1), M. vanaabelinii
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Figure 1. Sequence alignment of the eleven ferredoxins of M. marinum (Fdx1 —
41D8) is shown for reference. The three conserved cysteine residues are highlight

For comparison the [3Fe-4S] ferredoxins from Streptomyces coelicolor * and [4Fe-4S] ferredoxins from Clostridium thermoaceticum “ and Thermococcus litoralis

included.

Fdx11). A structurally characterised histidine containing ferredoxin from R. palustris HaA2 (PDB:

ed in red while the location of the variable residue (CXX?XXC(X)nCP) is highlighted in the blue box.

1
31 are also

Natural product Organism Fdx Gene name Fdx Motif CYP gene name
Griseorhodin A Streptomyces sp. JP95 grhO4 CXXSXXC(X),CP grhO4
Salinomycin2 S. albus subsp. albus salF CXXTXXC(X),CP salD
Salinomycin3 S. albus sInE CXXTXXC(X),CP sinF
Tetronomycin Streptomyces sp. NRRL 11266 tmnl4a CXXSXXC(X),CP tmnil4
Rapamycin S. rapamycinicus rapO CXXSXXC(X),CP rapN
Phoslactomycin Streptomyces sp. HK803 plmT4 CXXTXXC(X),,CP plmT6
Filipin S. avermitilis MIA-4680 pteE CXXSXXC(X),CP pteD
BE-7585A[a] Amycolatops(s oric?ntalis subsp. bexO CXXSXXC(X),CP bexk
vinearia

Chrysomycin S. albaduncus chryy CXXHXXC(X),CP chryOlll
Enterocin S. maritimus EncQ CXXSXXC(X),CP EncR
Lysolipin S. tendae lipK CXXSXXC(X),CP lipolv
Xantholipin S. flavogriseus xanK CXXSXXC(X),CP xan02

Cinnabaramide Streptomyces sp. 1S360 ORF11 CXXSXXC(X),CP cinlL

Leinamycin S. atroolivaceus S-140 InmB CXXSXXC(X),CP InmA

Table 2. Characterised gene clusters with a ferredoxin (located close to the CYP genes) which has a ferredoxin motif similar to those identified in M. marinum M. The gene name
as per the databases at the National Center for Biotechnology Information or the gene cluster is provided. The sequence of the iron-sulfur cluster binding motif of the [3/4Fe-4S]
ferredoxin is provided. The neighbouring CYP genes (all next to each other with one exception which is 2 genes away) are also shown. The data was obtained from the Minimum

Information about a Biosynthetic Gene cluster (https://mibig.secondarymetabolites.org/index.html) and DoBiscuit (http://www.bio.nite.go.jp/pks/tutorial/view). Most species are

from strains of Streptomyces.[a] a 2-Thiosugar-Containing Angucycline-Type Natu

ral Product
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https://mibig.secondarymetabolites.org/index.html
http://www.bio.nite.go.jp/pks/tutorial/view
http://www.bio.nite.go.jp/pks/cluster/view/de67a265848288d4206b41b534177d1d4b2bb5dd
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=195040
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http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=1888
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=1081613
http://www.bio.nite.go.jp/pks/cluster/view/5bfeec1ae0772cfb11d3fb55c00d7095da1fa0cb
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=1888
http://www.bio.nite.go.jp/pks/cluster/view/43042cd8252172dde065cb31d883a7fe781d89d7
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=299254
http://www.bio.nite.go.jp/pks/cluster/view/c61c32434e4f31c20cb77f7e3e21f81b58fb39d6
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=1912
http://www.bio.nite.go.jp/pks/cluster/view/c95651f024efba4192cfb3491b7b0ef6c7abc751
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=244967
https://en.wikipedia.org/wiki/Streptomyces_filipinensis

Mul 4
{ {Fdxz
S coelicolor
Mul 2
L Fdx9

r Mul6
| Fdx4
— Rv3503c

] Mul7
4‘Fdx11

Fdx3

[ Rv0763c
| {Mul3
Fdx10

Fdx6

Fdx7
S lavendulae

|

Mul 1
Fdx5

Fdx8

R palustris
Mul 5

Fdx1
— Rv1786

C thermoaceticum

T litoralis
P furiosus

0.2
Figure 2. A phylogenetic tree (phenogram) of the [3/4Fe-4S] ferredoxins from M.
marinum (Fdx1 — Fdx11), M. ulcerans (Mul_1 — Mul_7), and M. tuberculosis (Rv0763c,
Rv1786 and Rv3503c). The ferredoxins from S. coelicolor, S. lavendulae and the
structurally characterised ferredoxins from R. palustris HaA2, P. furiosus C.
thermoaceticum and T. litoralis are included for comparison (see Fig. 2). The grouping
of the ferredoxins from M. marinum and M. ulcerans show they are closely related (97-
100% sequence identity). There is a lower yet significant similarity to the ferredoxins
from M. tuberculosis (78-92% sequence identity, note the low 78% value is unusual and
arises as the gene Rv3503c is shorter than Fdx11 by the equivalent of nineteen amino
acids). For the majority of the ferredoxins there is a low similarity to those from other
bacterial species, for example Fdx1 has only 35% sequence identity with the
structurally charactarised R. palustris HaA2 ferredoxin (PDB: 4ID8). The threonine
containing Fdx2 has the closest relationship with the [3Fe-4S] ferredoxins from
Streptomyces species while the [4Fe-4S] ferredoxins from the thermophiles P. furiosus,

C. thermoaceticum and T. litoralis cluster together.u' “

(CYP147G2, 68% sequence identity to CYP147G1l) and
Streptomyces avermitilis (CYP147B1), are all found next to a
ferredoxin reductase encoding gene.

All of these also have a gene present which encodes a similar
ferredoxin to Fdx3 (Table S8) which, in the case of M. xanthus,
is a ferredoxin-ferredoxin reductase fusion protein. All of these
ferredoxins contain a CXXYXXC(X),CP iron-sulfur cluster
binding motif. Overall the data suggest that these three genes
may form part of an operon with a similar function across
many different species. In order to assess if the ferredoxin
reductase (FdR1) and ferredoxin (Fdx3) electron transfer
proteins could support the activity of the CYP147G1 enzyme,
we constructed a whole-cell oxidation system.33’ 2 The FdR1
and Fdx3 genes were cloned in pETDuet to generate
pETDuetFdx3/FdR1 and the CYP147G1 and Fdx3 genes were
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Figure 3. CYP147G1 oxidation of undecanoic acid to 10-hydroxyundecanoic acid and
the oxidation of B-ionone to 4-hydroxy-f-ionone by CYP278A1 and CYP150A5.

combined with pRSFDuet to construct
pRSFDuetFdx3/CYP147G1. By transforming both vectors into E.
coli we were able to produce all three proteins together and
support substrate turnover by CYP147G1 utilising intracellular
NAD(P)H. When the cells were grown and protein produced,
the culture media took on a blue colouration indicating that
indole generated in the growth media from tryptophan
breakdown was being oxidised to indigo.53 By adding indole to
the growth we were able to generate more indigo (Fig. S3).
When the CYP147G1 was produced in E. coli in the absence of
FdR1 and Fdx3 no indigo formation was observed, suggesting
that the two electron transfer partners from M. marinum are
required to support CYP147G1 activity. The CYP147G1 enzyme
was produced in E. coli and purified by two ion exchange
chromatography steps. After purification, CYP147G1l was
tested for the characteristic absorbance of a P450, the Soret
absorbance (Fig. S4). The binding of CO to the reduced ferrous
form of the heme centre results in the almost complete shift of
the Soret peak to 450 nm (~95%), indicating the viability of the
CYP147G1 enzyme.>

Investigation of the substrate range of the purified CYP147G1
enzyme was undertaken by UV/Vis analysis of the spin state of
the heme iron.>®> Undecanoic acid resulted in the largest spin
state shift (40% high-spin, compared to indole, <5%) and the
dissociation constant was determined to be 25 + 4 uM (Fig.
S5). These results indicated that undecanoic acid is
complementary to the active site of CYP147G1l and this
substrate was chosen for product formation studies.

Attempts at purifying the electron transfer partners, Fdx3 and
FdR1, in a soluble form have not been successful. The yield of
both proteins after cell lysis was insufficient for further workup
or detailed in vitro analysis of activity. As Fdx3 and FdR1 are
required for the creation of a native-like electron transfer
system in vitro it was necessary to use whole-cell oxidation
systems to investigate product formation. Undecanoic acid
was chosen as a substrate and after extraction and
derivatisation with BSTFA/TCMS, the turnovers were analysed
via GC-MS (Fig. S6). The CYP147G1 turnover of undecanoic acid
showed one peak in addition to that of the substrate. Analysis
of the mass spectrum fragmentation pattern for the
hydroxyundecanoic acid products displayed an increase in the
base peak at 117.1 m/z (Fig. S6). This is consistent with
cleavage next to the CHOSiMe; group on the w-1 carbon
(forming a CH;CHOSiIMe;" fragment). NMR analysis confirmed
the product of undecanoic acid turnover was the w-1



hydroxylated acid (10-hydroxyundecanoic acid) from several
diagnostic signals (Fig. S7).

The importance of the Tyr residue in the iron-sulfur cluster motif
of Fdx3

In order to investigate the role of this tyrosine residue of Fdx3,
mutant versions of the genes were generated in which the
polar aromatic tyrosine was replaced with glycine or cysteine.
These two mutations were chosen to mimic the iron-sulfur
cluster binding motifs of a [3Fe-4S] and a [4Fe-4S] ferredoxin,
respectively (Fig. S8). The mutant ferredoxin enzymes were
cloned into both plasmids of the whole-cell oxidation system,
pETDuetFdx3/FdR1 and pRSFDuetFdx3/CYP147G1, and used to
test the activity of the CYP147G1 enzyme coupled with the
mutant and WT forms of the ferredoxin. Samples of the
turnovers taken at 4 hours contained a product (Fig. 4). The
level of product formation when coupled with the WT Fdx
partner was almost double that when coupled with either the
Y12C or Y12G ferredoxins. Both mutant ferredoxins performed
similarly (Fig. 4). These results show that the tyrosine amino
acid in the ferredoxin binding sequence is important for the
regulation of electron transfer to the CYP147G1 enzyme or for
the stability of Fdx3.

Assessing the activity of selected other ferredoxin electron
transfer partners of M. marinum

In order to assess an entire CYP electron transfer chain the
ferredoxin reductase, ferredoxin and CYP enzyme have to be
isolated and the likely substrate for the CYP enzyme has to be
identified. For a bacterium such as M. marinum with so many
potential combinations of CYP enzymes and electron transfer
partners this would be impractical. We therefore chose
pairings of CYP enzymes and ferredoxins which showed
promising levels of protein production in E. coli and were
coupled to ferredoxin genes with different residues at the
variable position (?) of the iron-sulfur cluster motif (data not

shown). Based on the protein production data the
combinations chosen were Fdx2(Thr)/CYP278A1,
Fdx4(Asn)/CYP269A1, Fdx8(His)/CYP150A5 and
Fdx9(Ser)/CYP105Q4. All four CYP enzymes were produced in
good yields.

CYP105Q4, CYP278A1 and CYP150A5 displayed the expected
substrate-free low spin CYP UV/Vis spectra with a Soret
maximum at 419 nm (Fig. S4). CYP269A1 was more unusual in
that it had a spectrum that resembled a high spin ferric heme
spectrum with a Soret maximum at 390 nm (Fig. S5). The
addition of the imidazole antifungal agent miconazole shifted
the heme Soret absorbance maximum of CYP269A1 to 423 nm,
and bound with a K, of 0.050 + 0.007 uM (Fig. S5). CYP105Q4,
CYP278A1 and CYP150A5 showed the characteristic shift to
450 nm for the ferrous-CO bound forms. In the absence of
substrate CYP269A1 had a large peak at 420 nm with a
shoulder at 450 nm (Fig. S4). When miconazole was added the
peak at 450 nm, indicating the ferrous-CO bound form of the
enzyme, was generated in greater quantity (Fig. S4).
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Figure 4. CYP147G1 product formation is reduced when supported by the mutant Fdx
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partners. (a) GC-MS chromatogram of the CYP147G1 turnover of undecanoic acid
(black trace) after derivatisation with BSTFA/TMSCI. Derivatised undecanoic acid (RT
9.2 min, control red trace) and the 10-hydroxyundecanoic acid (RT 13.9 min) are
shown. The chromatogram has been offset along the x and y axes for clarity. (b)
Quantitation of the 10-hydroxyundecanoic acid product from variant Fdx3-CYP147G1
whole-cell turnovers of undecanoic acid. The axis shows the triplicate average of the
area of integrated product peak divided by the area of the internal standard peak. Error
bars show one standard deviation.

CYP278A1 has significant sequence overlap with certain
members of CYP109 family including CYP109D1 (Sorangium
cellulosum, 42% sequence identity) and CYP109B1.*®
Norisoprenoids and fatty acids have been found to be
efficiently oxidised by CYP109 family monooxygenases and the
addition of B-ionone was found to shift the spin state of
CYP278A1 to the high spin form (50%, Fig. S5). The binding
affinity of CYP278A1 for B-ionone was also tight; K, 5.1 £ 1.5
UM, Fig. S5).

The CYP150 enzyme from Mycobacterium vanbalaanii PYR1,
which is in the same family as CYP150A5, has been reported to
oxidise hydrophobic aromatic compounds.57 Screening a range
of aromatic compounds for their ability to bind to CYP150A5
produced low Type | shifts in the Soret peak absorption (Fig.
S5). However we found that addition of B-ionone induced a
60% shift to the high spin form and the binding affinity was
also reasonably high; K; of 41 £+ 3 uM (Fig. S5). None of the
extensive range of substrates tested with CYP105Q4 altered
the spin state from the low spin form. Having identified viable
substrates for CYP150A5 and CYP278A1 and an inhibitor of
CYP269A1 we attempted to produce and purify the associated



ferredoxins, Fdx8, Fdx2 and Fdx4 respectively, as well as Fdx9.
The codon optimised genes of each ferredoxin were obtained
and a 6xHis tag was added to the C-terminus by PCR
(Supplementary Information). Under aerobic conditions Fdx2
and Fdx9 (associated with CYP278A1 and CYP105Q4,
respectively) did not produce significant levels of folded
ferredoxin after cell lysis. However Fdx4 and Fdx8 were
purified in significant quantities using an ion exchange step
followed by affinity chromatography (~1 mg of purified protein
per litre of broth, Fig. S9). The UV/Vis spectra of Fdx4 and Fdx8

showed characteristic absorbances of [3/4Fe-4S] cluster
containing ferredoxins (Fig. 5
We used whole-cell oxidation systems to study the

monooxygenase activity of the FdR1/Fdx2/CYP278Al1 and
FdR1/Fdx8/CYP150A5 systems. GC and HPLC analysis of the
turnovers of both systems showed a single product was
formed from B-ionone oxidation. The product eluted at the
same retention time for both systems. Co-elution experiments
with turnovers of B-ionone using the CYP101B1 and P450Bm3
which generate the 3- or 4-hydroxy products, respectively,
revealed that the sole product from both CYP278A1 and
CYP150A5 systems was 4-hydroxy-B-ionone (Fig. 6). This
demonstrates FdR1 is able to support the activities of the
Fdx2/CYP278A1 and Fdx8/CYP150A5 systems (Fig. 3).
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Figure 5. The UV/Vis absorbance spectra of aerobically purified Fdx4 (Mmar3963,
black) and Fdx8 (Mmar4736, red) from M. marinum. Other spectra are included in the
Supplementary Information.

Further characterisation of the ferredoxins generated under
anaerobic conditions

The purification of a range of these ferredoxins was also
undertaken under anaerobic conditions to assess their redox
activity and stability to oxygen. Fdx2 and Fdx3 yielded very low
levels of folded protein while Fdx4 (Asn), Fdx5 (His) and Fdx9
(Ser) were isolated in (Supplementary
Information).

The ferredoxins were characterised by UV/visible absorbance
and CD spectroscopy (Fig. S11). Fdx4, Fdx5 and Fdx9 were
shown to bind a [3Fe-4S] cluster by a combination of non-
denaturing ESI-MS and standard LC-MS (Fig. S12). They also
exhibited EPR spectra characteristic of [3Fe-4S] centres (Fig
S13) meaning that the cluster observed by mass spectrometry
is unlikely to be the result of degradation during ionisation.”® A

good vyields
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Figure 6. Activity of CYP150A5 and CYP278A1 when supported by native electron
transfer partners in vivo (a) GC analysis of the whole-cell oxidation turnover of
CYP150A5 and B-ionone: blue, B-ionone control (RT 12.3 min); magenta, CYP150A5
turnover supported by FdR1 and Fdx8 (product RT 14.3 min); red, in vitro turnover of B-
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ionone by CYP101B1 (major product 3-hydroxy-B-ionone, RT 14.4 min; minor product
4-hydroxy-B-ionone, RT 14.3min) and black, in vitro turnover of P450Bm3 (CYP102A1)
and B-ionone (sole product, 4-hydroxy-B-ionone). (b) Reverse phase HPLC analysis of
the whole-cell turnover of CYP278A1 and B-ionone (black, RT 14.5 min): red, B-ionone
control (RT 23.4 min). The chromatograms have been offset along the x- and y-axes for
clarity.

sample of Fdx4 purified by ion exchange and size exclusion
methods had optical properties identical to those purified
exploiting the poly-His tag, demonstrating that IMAC
chromatography does not result in loss of a loosely bound Fe
ion from the cluster. Furthermore, the CD and absorbance
spectra of Fdx4 were unaffected by incubation with ferrous ion
(Fig S14). We therefore conclude that each of the ferredoxins
binds a [3Fe-4S] cluster following expression in E. coli and that
in vitro incubation with Fe®" does not lead to incorporation of a
fourth metal ion and reconstitution of a [4Fe-4S] cluster. The
stability of Fdx2 and Fdx4 to oxygen was also assessed by CD
spectroscopy with no significant cluster degradation occurring
on exposure to 120 uM O, for 40 minutes (Fig. S15).

Attempts to cycle the oxidation state of the clusters bound to
anaerobically purified Fdx4, Fdx5 and Fdx9 were suggestive of
large differences in their midpoint potentials on variation of
the residue at position ‘?’ in the binding motif. The CD and
electronic absorbance spectra of Fdx4 were altered by
incubation with either a stoichiometric equivalent of K;Fe(CN)g
or excess EuCl, as oxidant and reductant, respectively (Fig.
S11). This suggests a mixed oxidation state of the cluster in the
protein isolated under anaerobic conditions with the cluster
being readily oxidised by KzFe(CN)g and reduced by EuCl,. EPR



spectra of the chemically poised samples (Fig S13) were also
consistent with oxidation and reduction to the EPR active and
EPR silent forms of the cluster, respectively. Equilibration of
Fdx4 with a 1.5 mM solution of sodium ascorbate resulted in a
CD spectrum readily interpreted as a 50:50 sum of those of the
oxidised and reduced clusters, suggesting a midpoint potential
closely matched to the ascorbate solution potential (+60 mV
vs. SHE). The optical spectra of Fdx5 were invariant following
incubation with EuCl, whilst incubation with a stoichiometric
equivalent of K3;Fe(CN)s produced significant changes that
were reversed upon subsequent incubation with excess EuCl,
(Fig. S11). Therefore Fdx5 isolated under identical conditions
to Fdx4 contains clusters predominantly in the reduced state.
Incubation of reduced Fdx5 with 1.5 mM sodium ascorbate
had no significant effect on the CD spectrum indicating that
the cluster remained reduced at +60 mV, suggesting a
midpoint potential greater than +150 mV. In contrast,
incubation with K;Fe(CN)g had no effect on the optical spectra
of Fdx9 whilst EuCl, led to a reversible loss of CD intensity
demonstrating that the protein was isolated with the cluster in
the oxidised state (Fig S11). The EPR spectra of chemically
poised Fdx9 samples indicated that 50% of the sample
retained oxidised clusters following equilibration with excess
EuCl, (Fig. S13) suggesting a midpoint potential similar to that
of the Eu**/Eu”" couple (-360 mV vs. SHE).

Discussion

The CYPome of M. marinum is larger than that of M.
tuberculosis and the related M. ulcerans. There are also more
electron transfer partner genes in M. marinum and these are
closely associated with the genes of the CYPome. The majority
of the ferredoxins are of the [3/4Fe-4S] type and all have a
non-cysteine residue in their iron-sulfur cluster binding motif,
but not an alanine or glycine residue that commonly replaces
the second cysteine of the motif in [3Fe-4S] ferredoxins. The
identity of this residue varies among the ferredoxins of M.
histidine, asparagine, threonine,
tyrosine, serine and phenylalanine. The character of the non-

marinum and includes
cysteine residues would modify the environment of the iron-
sulfur cluster and would be expected to have significant effects
on the properties and function of the ferredoxin. Many of
these non-cysteine amino acid substitutions have the potential
to act as ligands to metal ions and determine the cluster type
([3Fe-4S] or [4Fe-4S]) as well as control the properties and
redox potential of the protein. With the exception of the
histidine containing version, these types of ferredoxins have
not been characterised previously. Anaerobic isolation of and
characterisation of the ferredoxins showed that all contained a
[3Fe-4S] cluster.

The most studied small ferredoxin of this type is that from the
thermophile Pyrococcus furiosus in which one of the iron ions
of the cluster coordinates to an aspartate residue
(CXXDXXC(X)nCP).lg’ 39, 60 Replacement of the more usual
cysteine residue with aspartate alters the properties of this
ferredoxin, most notably the reduction potential, compared to
typical cysteinate-ligated [4Fe-4S] ferredoxins.”>  This

60

ferredoxin is isolated as a [3Fe-4S] ferredoxin under aerobic
conditions but can be isolated as a [4Fe-4S] ferredoxin when
oxygen is excluded. In common with other thermophilic
ferredoxins, it also contains an additional disulphide bond
which is thought to take part in the redox cycling of the
enzyme. In contrast to the ferredoxins we have identified, the
redox partner for the aspartate containing ferredoxin from P.
furiosus is as yet unknown. This makes an analysis of the role
of this residue in physiological electron transfer reactions
difficult.

The histidine containing ferredoxins from Mycobacterium and
Rhodopseudomonas species have also been isolated
aerobically as [3Fe-4S] ferredoxins.'® 3032 By way of contrast,
histidine coordination to [4Fe-4S] iron-sulfur clusters has been
observed in Ni-Fe and Fe-only hydrogenases and in [2Fe-2S]
Rieske proteins.sl'63 the best characterised
mycobacterial electron transfer ferredoxin of this type is
encoded by the gene Rv0763c and is associated with CYP51 of
M tuberculosis.*® This ferredoxin has been shown to support
the first electron transfer step of CYP51 from M. tuberculosis
(but not the monooxygenase activity). The low activity
observed was rationalised by the high reduction potential of
the ferredoxin which is reported to be unfavourable for the
reduction of the substrate bound CYP51.

The identity of the iron-sulfur cluster, the ligands which
coordinate to the metal ions and the surrounding environment
can have a profound effect on the reduction potential of the
ferredoxins. Cysteine-coordinated [2Fe-2S] containing
ferredoxins (reduction potential -150 to -400 mV versus SHE)
and the histidine Rieske equivalents (reduction potential +100
to +400 mV) contain two Fe(lll) ions in the oxidised form with
one of these being reduced to Fe(ll) in the reduced form.® It is
usual for [4Fe-4S] clusters to shuttle between the [4Fe-45]*"*
state and have reduction potentials ranging from -280 to -715
mV, though high potential iron-sulfur clusters with potentials
of +90 to +450 mV are known ([4Fe-45]*"?*).% Previously
characterised [3Fe-4S] ferredoxins have redox potentials
ranging from -203 to -85 mV.>' The histidine containing [3Fe-
4S] ferredoxin from M. tuberculosis (-31 mV) and the aspartate
version from P. furiosus (-160 mV for 3Fe form and —375 mV
for [4Fe-4S] form) both have significantly different reduction
potentials compared to standard [3Fe-4S] and [4Fe-4S]
ferredoxins. Our results show that the ferredoxins from M.
marinum are isolated in the [3Fe-4S] form and their reduction
potentials vary between —360 to +150 mV. Several, including
the neutral histidine and asparagine containing ferredoxins,
are on the positive side compared to other proteins of this
type. The serine containing ferredoxin (Fdx9) had a
significantly lower redox potential, similar to those of the
cysteine containing species. One interesting observation is that
Fdx4 is associated with an unusual P450 with substrate free
spectra indicating it exists in the high-spin form. It seems
probable that bacteria may use these different motifs to tune
the redox potential in order to control electron transfer to the
different monooxygenases present. As the relative number of
CYP and electron transfer partner genes it is expected that

Previously,



each electron transfer ferredoxin could support multiple CYP
enzymes.

Given that the majority of the types of ferredoxins found in M.
marinum have not been reported previously,
surprised to discover that they are prevalent across a range of
bacteria particular Mycobacterium, Rhodococcus,
Streptomyces and other species of actinobacteria. They are
also found in other bacteria. For example the tyrosine
containing ferredoxins are found in bacteria of the phylum
Chloroflexi. 1t is telling that in many instances these
ferredoxins are associated with CYP genes. It seems likely that
they are involved in controlling the electron transfer pathways
to enable the monooxygenase enzymes to synthesise complex
natural products with a diverse array of biological function.

we were

in in

Conclusions

Overall we have identified, isolated and characterised these
unusual ferredoxins from M. marinum as being [3Fe-4S] cluster
containing proteins. We have used several of them
conjunction with a ferredoxin reductase to reconstitute the
activity of their associated P450 enzyme. Similar ferredoxins
are co-located with the CYPomes of Mycobacteria, as well as in
many other types of bacteria. The identity of the altered
residue of the motif was found to alter the redox potential.
The diversity of these genes in M. marinum make it an
excellent model organism for investigating electron transfer
and its role bacterial secondary metabolism. The
observation of similar CYP systems in pathogenic bacteria such
as M. ulcerans means these could be targets for drug design
resulting in inhibition. The prevalence of these types of
ferredoxins across the bacterial kingdom and their presence in
the gene clusters of complex secondary metabolites highlights

in

in

their importance in prokaryote secondary metabolism. Further
study will lead to a better understanding of the role of the
electron transfer partner proteins for efficient metabolism and
natural product synthesis which in turn will allow the design of
for applications

improved monooxygenase in

synthetic biology.

systems

Experimental

Phylogenetic analysis of the P450s and ferredoxins was carried
in the
Supplementary information. The cloning, protein purification

out using standard methodologies as described

steps, whole-cell turnovers, metabolite characterisation and
the aerobic and anaerobic protein analysis are described in full
in the Supplementary information.
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Abstract

Background

Cypl47G1 is one of 47 cytochrome P450 encoding genes in Mycobacterium marinum M, a
pathogenic bacterium with a high degree of sequence similarity to Mycobacterium
tuberculosis and Mycobacterium ulcerans. Cyp147Gl is one of only two of these cyp genes
which are closely associated with a complete electron transfer system.

Methods

The substrate range of the enzyme was tested in vitro and the activity of CYP147G1 was
reconstituted in vivo by co-producing the P450 with the ferredoxin and ferredoxin reductase.
Results

The substrate range of CYP147Gl1 includes fatty acids ranging from octanoic to
hexadecanoic acid. CYP147G1 catalysed the selective hydroxylation of linear and ®-2
methyl branched fatty acids at the -1 position (> 98%). Oxidation of ®-1 methyl branched
fatty acids generated the o and -1 hydroxylation products in almost equal proportions,
indicating altered position of hydrogen abstraction.

Conclusions

This selectivity of fatty acid hydroxylation inferred that linear species must bind in the active
site of the enzyme with the terminal methyl group sequestered so that abstraction at the C-H
bonds of the ®-1 position is favoured. With branched substrates, one of the methyl groups
must be close to the compound I oxygen atom and enable hydroxylation at the terminal
methyl group to compete with the reaction at the o-1 C-H bond.

General Significance

Hydroxy fatty acids are widely used for industrial, food and medical purposes. CYP147Gl1
demonstrates high regioselectivity for hydroxylation at a sub-terminal position on a broad

range of linear fatty acids, not seen in other CYP enzymes.
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Abbreviations

2xYT, 2 x concentration yeast extract tryptophan broth; BSTFA-TMSCIL, N,O-
bis(trimethylsilyl) trifluoroacetamide and trimethylsilylchloride; CYP or P450, Cytochrome
P450 enzyme; DTT, dithiothreitol; EMM, E. coli minimal media; FAD, flavin adenine
dinucleotide; FdR, ferredoxin reductase; Fdx, ferredoxin; GC-MS or MS, gas-
chromatography mass spectrometry or mass spectrometry; IPTG, Isopropyl pB-D-1-
thiogalactopyranoside; LB, Lysogeny broth (also known as Luria or Lennox Broth),
NAD(P)H reduced nicotinamide adenine dinucleotide (phosphate); RT, retention time; SOC,
Super Optimal broth with Catabolite repression; TMS, trimethylsilyl; PCR, polymerase chain
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1. Introduction

Monooxygenases are a diverse class of enzymes, involved in the selective hydroxylation of
organic molecules using molecular dioxygen. Cytochrome P450 enzymes hold key roles in
the physiological functioning of cells, such as fatty acid hydroxylation, [1] steroid synthesis
[2, 3] and drug metabolism [4, 5]. Such versatility of metabolite production, combined with
their potential for high specificity, makes them desirable catalysts for synthetic processes [6,
7]. Various bacterial CYPs have been studied for their ability to activate fatty acids, which
are readily available from natural sources, into more commercially useful starting materials
by hydroxylation [8-11]. For example, the hydroxylation of fatty acids at the ® terminus
allows further oxidation to a dicarboxylic acid, and from there to a wide range of materials
including fragrances, polymers and adhesives [12]. Hydroxylation at any position increases
the reactivity, viscosity and miscibility of the fatty acid, and as a result hydroxy fatty acids
are utilised widely for both industrial and medical purposes as well as in food [13]. Fatty acid
hydroxylases are commonly divided into carboxyl-terminal (a0 and ), terminal (®) and sub-
terminal (o-1 through y) [14]. For example, the CYP152 family are known o/ hydroxylases
[15], while the CYP153 family, including CYP153A16 from Mycobacterium marinum, are ®
hydroxylases [16]. P450BM3 (CYP102A1) is a highly efficient sub-terminal fatty acid
hydroxylase (w-Ito ®-3 are hydroxylated in roughly equal proportion) but high
regioselectivity at sub-terminal positions is very rare. Enzymes such as PA50BM3 have been
the subject of many mutagenesis studies aiming to improve regioselectivity [14, 17].

In order to catalyse their reactions, the majority of CYPs require a supply of electrons
derived from the co-enzymes NADPH or NADH and delivered via electron carrier proteins.
Bacterial CYP enzymes often display high redox partner specificity with non-physiological
electron transfer partners only able to support low levels of activity, if at all [18]. Identifying

the natural electron transfer partners often increases product formation. Additionally, it
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allows detailed investigation into the mechanisms by which CYP enzymes interact with the
ferredoxins [18, 19].

The Mycobacterium marinum M genome encodes 47 cytochrome P450 enzymes. It is
a pathogenic bacterium which affects frogs and fish and in humans is the cause of aquarium
granuloma. It has a high degree of genetic similarity to both Mycobacterium ulcerans (97%
nucleotide identity) and Mycobacterium tuberculosis (85% nucleotide identity) the human
pathogens responsible for the Buruli ulcer (a tropical skin disease) [20] and tuberculosis,
respectively [21-25]. M. marinum is a less specialised pathogen than either M. tuberculosis or
M. ulcerans, having undergone less genome reduction. Consequently more cyp gene
sequences are present in its genome [21, 26, 27]. Due to the minimal number of gene
deletions, M. marinum also has a greater number of ferredoxin and ferredoxin reductase
electron transfer partner genes than either M. tuberculosis or M. ulcerans and several of these
are located next to or close to the cyp genes [23, 28]. The larger number of CYPs present,
similar to the average number found in soil-living Mycobacteria (50 CYPs) [29], likely
support a more varied range of reactions than those in the specialised pathogens and
presumably are important for the ability of the organism to survive inside and outside of its
host. Previous study has revealed the substrate range of one such enzyme from M. marinum
M, CYP268A2 [30]. CYPs from M. tuberculosis and M. ulcerans have been identified as
targets for inhibition as they are often involved in key metabolic roles [31, 32].

The number of electron transfer partner genes such as ferredoxin and ferredoxin
reductase proteins in a given genome tends to be smaller than the number of CYPs, inferring
they are able to support multiple CYP enzymes [33, 34]. There are 12 gene sequences
encoding small ferredoxin proteins, each containing a single metal cluster, in the genome of
M. marinum M. One of these encodes a [2Fe-2S] ferredoxin and is associated with genes for

the alkane hydroxylase, CYP153A16 and a ferredoxin reductase [35]. The other 11
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ferredoxins have sequence similarities to [3Fe-4S] or [4Fe-4S] cluster ferredoxins but have
alternate amino acids at one position of the iron sulfur cluster motif (which is ordinarily an
alanine or glycine residue in [3Fe-4S] clusters, CXXA/GXXC(X),CP). As we have reported
previously, several of the M. marinum ferredoxins have been determined to contain [3Fe-4S]
clusters with highly variant reduction potentials [36]. In the genome, nine of the CYP genes
from M. marinum M are associated with one of these ferredoxins. CYP147G1 (Mmar_2930)
is the only CYP gene to have both a ferredoxin of this type (Fdx3, Mmar_2932) as well as a

reductase gene (FAR1, Mmar_2931) co-located.

As a result of the sequence similarity between the strains of Mycobacterium and the
more easily interpretable electron transfer protein network, study of M. marinum CYPs could
give insight into the metabolism of the human specific pathogens. We have previously shown
CYP147G1 can oxidise undecanoic to 10-hydroxyundecanoic acid when supported by FdR1
and Fdx3 [36]. This was in contrast to the only other characterised family member
(CYP147F1), from Streptomyces peucetius, which unselectively hydroxylated dodecanoic
acid at the ®-1, ®-2 and ®-3 positions [11]. The established native electron transfer chain
makes CYP147G1 an ideal target for further analysis. Here we report the widespread nature
of this system across different bacteria, characterisation of the substrate range of the enzyme

and the investigation of its selectivity for C—H bond abstraction with fatty acids.
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2. Experimental

2.1 General

All organic substrates, derivatisation agents and other general reagents, except where
otherwise noted were purchased from Sigma-Aldrich, Alfa-Aesar, VWR International or
Tokyo Chemical Industry. Branched fatty acids were from Larodan (Sweden). Antibiotics,
detergents, DTT and IPTG were from Astral Scientific. The media for cell growth and
maintenance (LB, 2xYT, SOC, EMM and trace elements) were prepared as reported
previously [30]. Antibiotics were added to the following working concentrations; ampicillin,
100 pg mL™" and kanamycin, 30 ug mL™". UV-Visible spectra were recorded on a Varian
Cary 5000 or Cary 60 spectrophotometer at 30 = 0.5 °C. GC-MS analysis was performed
using a Shimadzu GC-17A equipped with a QP5050A MS detector and DB-5 MS fused silica
column (30 m x 0.25 mm, 0.25 pm) or a Shimadzu GC-2010 equipped with a QP2010S GC-
MS detector, AOC-20i autoinjector, AOC-20s autosampler and DB-5 MS fused silica column
(30 m x 0.25 mm, 0.25 pm). For both, the injector was held at 250 °C and the interface at 280
°C. Column flow was set at 1.5 mL min™' and the split ratio was 24. For fatty acid substrates,
the initial oven temperature was 120 °C which was held for 3 min, before increasing to 220
°C at 7 °C min™', where it was held for 7 min. NMR was performed using an Agilent DD2
spectrometer at 500 MHz for 'H and 126 MHz for "°C.

2.2 CYP147G1 production and purification

CYP147G1 was produced and purified from E. coli as reported previously [36] and stored at -
20 °C after addition of an equal volume of 80% glycerol. Before use, glycerol in stored
protein samples was removed via buffer exchange into 50 mM Tris (pH 7.4) using a PD-10
desalting column (5 mL, GE Healthcare). The CYP147G1 concentration was determined

using €419=111£4 mM ' cm’! [36].
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2.3 Spin-state shift assays and dissociation constant determination
CYP147G1 was diluted to approximately 1 pM using 50 mM Tris buffer (pH 7.4) and the
spectrum was recorded between 600 and 250 nm on a UV-Vis spectrophotometer at 30 °C.
Aliquots (1 to 5 pL) of substrate stock solutions (50 mM to 100 mM, DMSO or EtOH) were
added and the spectrum recorded until the shift from 420 nm to 390 nm reached a stable
point. The ratio of high spin to low spin CYP (390 nm peak to 420 nm peak) was estimated
(to = 5%) as described previously [36].

To measure the binding affinity, CYP147G1 was diluted to 2 uM in a volume of 2.5
mL in the same buffer and this sample was used to baseline the spectrophotometer. Varying
aliquots (1 to 3 puL) of substrate stock solutions (1 mM, 10 mM or 100 mM concentrations)
were added via a Hamilton syringe. The sample was mixed and the difference spectrum was
recorded between 300 nm and 600 nm. Aliquots of substrate were added until no further
change in the peak-to-trough ratio at 420 nm and 390 nm for a Type I spectrum (or 410 and
430 nm for a Type II spectrum) was observed. The difference in absorbance versus substrate
concentration was fitted to the hyperbolic function (Equation 1):

A = AApgy X [S]

Ky + [S]
where K, is the dissociation constant, [S] is the substrate concentration, AA the peak-to-
trough ratio, and AA,,, the maximum peak-to-trough absorbance. In the instances where the

substrate exhibited tight binding (K4 < 10 uM, less than five times the concentration of the

enzyme), the data were instead fitted to the tight-binding quadratic equation:

[E1+ [S]+ Kg —/([E] + [S]+ Kq)? — 4[E][S]

AA = AA x
2[E]

where K, is the dissociation constant, [S] is the substrate concentration, AA the peak-to-
trough ratio, AA,. the maximum peak-to-trough absorbance and [E] is the enzyme

concentration [37].
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2.4 Whole-cell oxidation turnovers

Whole-cell turnovers with the enzymes CYP147G1, Fdx3 and FdR1 were performed in E.
coli with the substrates added to a final concentration of 1 mM over 24 hours, as per the
method previously reported [36]. After extraction, the fatty acid samples were derivatised
with BSTFA/TMSCI before analysis by GC-MS. For the larger scale extraction of
dodecanoic acid, 200 mL of the supernatant was acidified with 3 M HCI to pH 2, extracted
three times with an equal volume of ethyl acetate. Extracts were washed with water and
saturated brine solutions, combined and dried over MgSQO,4 and the solvent was removed
under reduced pressure.

2.5 Product analysis

Enzyme turnover analysis was performed by GC-MS. Where GC-MS indicated a
product:substrate ratio of >95%, reverse phase solid phase extraction (SPE) DSC-18 SPE
tubes (Supelco) were used to isolate all fatty acid compounds, using the method described by
Horak et al with minor modifications [38]. SPE columns were activated with methanol (3
mL), washed with water (5 mL) and the extract was dissolved in the minimum amount of
methanol and water (200 pL) and loaded onto the column. The column was washed with 5
mL 10% v/v methanol solution followed by 5 mL of 20% v/v methanol:water. The acid
products were eluted with 600 pL methanol and the elution was dried under a flow of
nitrogen and dissolved in deuterated chloroform, 0.8 mL, before characterisation by NMR.
2.6 Phylogenetic analysis

Sequences were obtained from the databases at the National Centre for Biotechnology
Information (NCBI) or Dr Nelson P450 homepage for bacterial P450s [39]. Sequence
alignments were performed using ClustalW [40]. The evolutionary history was inferred by
using the Maximum Likelithood method based on the Jones-Taylor-Thornton (JTT) matrix-

based model [41]. Initial tree(s) for the heuristic search were obtained automatically by
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applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated
using a JTT model, and then selecting the topology with superior log likelihood value. The
tree is drawn to scale, with branch lengths measured in the number of substitutions per site.
All positions containing gaps and missing data were eliminated. Evolutionary analyses were

conducted in MEGAG6 [42].
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3. Results and Discussion

3.1 Phylogenetic analysis of CYP147G1
The CYP147 family of enzymes is prevalent in bacteria with CYP147A1 being first
identified in Myxococcus xanthus and the subsequent discovery of enzymes from other
subfamilies; CYP147B1 (Streptomyces avermitilis), CYP147C1 (Streptomyces tubercidus),
CYP147D1 (Magnetospirillum magnetotacticum), CYP147E1 (Methanosarcina barkeri),
CYP147F1 (Streptomyces peucetius) and CYP147G1, the subject of this manuscript from M.
marinum [39]. The only CYP147 family member to be characterised so far is CYP147F]1,
from Streptomyces peucetius which was reported to be a fatty acid hydroxylase [11].
CYP147Gl1 shares 43% sequence identity with CYP147F1. A BLAST search revealed
several CYP enzymes from the CYP147G subfamily, mostly from other strains of
Mycobacteria including M. vanbaalenii PYR-1 (68% sequence identity), M. kansasii (84%),
M. rhodesiae (72%), and M. liflandii (97%). While no copy of the gene is present in M.
ulcerans Agy99, an enzyme of high similarity is present in the strain M. ulcerans subsp.
shinshuense (98%). However no subfamily homologues are present in M. tuberculosis or M.
smegmatis and CYP147G1 shares no more than 34% similarity with any enzyme from M.
tuberculosis. Many of the CYP147 enzymes found in the BLAST search were from Nocardia
(all had sequence similarity between 70 and 65% e.g. Nocardia vinacea 70%, Fig. 1 and
Table S1) and Streptomyces species (all had 50% similarity and below, e.g. S. tubercidus
50%, Fig. 1). A phylogenetic tree revealed CYP147G1 clustered mostly with other
Mycobacterium enzymes, with the CYP147C subfamily the closest of all the others (Fig. 1).
The closest structurally characterised CYP homologue to CYP147G1 is CYP164A2 from M.
smegmatis (35%) which is a homologue of the only CYP gene retained in M. leprae [43]. The
next closest structurally determined analogue is P450Biol, a fatty acid cleaving CYP enzyme

(32%) [44].
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CYP147G1 M. marinum
{ CYP147 M.ulcerans subsp. shinshuense
_— —— CYP147 M. kansasii
CYP147 Nocardia vinacea
CYP147G2 M. vanbaalenii PYR-1
CYP147C1 Streptomyces tubercidicus
CYP147E1 Methanosarcina barkeri
CYP147A1 Myxococcus xanthus
CYP147B1 Streptomyces avermitilis

CYP147F2 Streptomyces bingchengensis

CYP147D1 Magnetospirillum magnetotacticum
CYP147B2 Rhodococcus jostii RHA1

EYPM?F’& Streptomyces bingchengensis
CYP147F1 Streptomyces peucetius
CYP164A2 M. smegmatis

b CYP124A1 M. tuberculosis
CYP107H1 Bacillus subtilis

0.2

Figure 1: A phylogenetic tree (phenogram) of CYP147G1 and analogous enzymes, including
the CYP147 enzymes from M. vanbaalenii PYR-1 (Mvan_0401) and M. ulcerans subsp.
shinshuense (Shtp 2364), and other members of the CYP147 family (Table 1, see also Fig.
S1 and Table S1). For comparison the closest structural homologues from the Protein Data
Bank CYP164A2 from M. smegmatis and P450Biol (CYP107H1) from Bacillus subtilis and
CYP124A1, a branched fatty acid binding CYP enzyme from M. tuberculosis have been
included (Table S1). The scale shows number of substitutions per site.

Like CYP147G1, the CYP147 genes in M. barkeri, M. xanthus, M. vanbaalenii and S.
avermitilis are all found next to a ferredoxin reductase encoding gene (Fig. S2) [45]. All of
these, with the exception of M. xanthus, also have a gene which encodes a similar ferredoxin
to Fdx3 present, containing a CXXYXXC(X),CP iron sulfur cluster binding motif. Many
Nocardia and other Streptomyces species also have a similar arrangement of genes (Table 1,
see also Table S2 and Fig. S3). The M. xanthus ferredoxin reductase gene is fused to a
ferredoxin domain, which retains the Tyr residue in the cluster binding motif. The other
exception is in M. liflandii and M. ulcerans subsp. shinshuense, where the FdR1-like gene has
undergone a frame-shift and does not encode a full length protein (Table 1, Fig. S2). The

retention of this operon across species, including several instances where the two
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accompanying electron transfer proteins have fused together, indicates that it is likely that the
CYP enzyme will demonstrate high specificity for the native electron transfer chain.

Table 1: Sequence identities of the CYP, Fdx and FdR equivalents of the
CYP147G1/Fdx3/FdR1 operon from Mycobacterium species and elsewhere. All the
ferredoxins listed contain the Tyr residue replacing the seccond Cys of the iron-sulfur cluster
motif (CXXYXXC(X),C).

CYP CYP | Associated | Associated Fusion
Species % name” Fdx % FdR % Fdx/FdR
identity identity identity

M. ulcerans subsp. shinshuense 98 - 99 P
M. liflandii 128FXT 97 - 99 b
M. bohemicum 85 - 94 90
M. saskatchewanense 85 - 93 90
M. kansasii ATCC 12478 84 - 94 94
M. gastri 84 - 94 91
Nocardia vinacea 70 - 77 79
M. rhodesiae DSM44223 69 - 94 82
M. aromaticivorans 69 - 93 83
M. vanbaalenii PYR-1 68 147G2 84 81
Nocardia fusca 67 - 78 75
Streptomyces tubercidus 50 147C1 62 74

Myxococcus xanthus DK 1622 47 147A1 62 61 Y
Streptomyces avermitilis 45 147B1 66 63
Streptomyces bingchenggensis 45 147F2 66 59
Rhodococcus jostii RHA1 45 147B2 61 61
Ktedonobacter racemifer 44 - 70 63
Streptomyces bingchenggensis 44 147F3 69 60

Frankia sp. CN3 44 - 67 60 Y
Streptomyces peucetius 43 147F1 60 61
M. kansasii ATCC 12478 42 - 69 60
Methanosarcina barkeri 42 147E1 62 57
M. gastri 41 - 72 64

* CYP name given in accordance with the NCBI database and Dr Nelson P450 homepage for bacterial P450s
where listed [39] ° pseudogene is present in both species, sharing 99% similarity with the FdR1 gene from M.
marinum M.

In M. marinum, M. liflandii and M. kansasii, the CYP operon is just downstream of a PE-
PGRS protein (a family of Mycobacterial proteins with possible roles in fibronectin binding
[46] or as antigens [47]), and a cutinase (o/f hydrolases of the plant polymer cutin, but also

other substrates such as triaglycerol [48, 49]) (Fig. S2). The CYP147 family members retain
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the heme binding residues (EXXR) (Table S4). In CYP147Gl1, CYP147G2 and other
Mycobacterium CYP147 enzymes, the acid alcohol pair is an aspartate and serine (D261 and
S262), instead of the glutamate and threonine residues in the rest of the CYP147 family
analysed (Fig. S1, Table S4). The CYP147G1 enzyme does not retain the highly conserved
phenylalanine located seven residues before the proximal cysteine, instead encoding a
tryptophan (W361) as does CYP147G2. This change in residue is of interest as the broad sub-
terminal hydroxylase CYP267A1 from Sorangium cellulosum, contains a leucine at this
position. Mutation of this residue to a phenylalanine shifted the hydroxylation pattern of the

enzyme with fatty acids, and increased the selectivity for the ®-1 to ®-3 positions [50].

3.2 Substrate binding studies

We have previously shown that CYP147G1 can oxidise indole to indigo and undecanoic acid
to 10-hydroxyundecanoic acid. However, the addition of indole and related substances such
as indanone did not result in any significant shift in the spin-state of CYP147G1 (Table 2).
Bhattarai et al. demonstrated that dodecanoic acid, myrsitic acid and palmitic acid bound to
and were oxidised by CYP147F1. CYP147F1 displayed the strongest binding affinity to
dodecanoic acid (with a reported spin state shift of > 95% and a K, value of 0.22 uM) [11].
The CYP147G1 enzyme was produced in E. coli and tested with a range of fatty acids from
Ca2.0 to Cso (Table 2 and Scheme 1). Addition of dodecanoic acid resulted in a spin state shift
equal to that of undecanoic (40% high spin for both). A lower shift was observed for acids
with successively longer or shorter chain lengths. Decanoic acid induced a 30% high spin
state, whereas only a 15% shift was observed with octanoic acid. Similarly, tetradecanoic
acid and hexadecanoic acid, resulted in 35% and 30% shifts, respectively. Unsaturated
substrates were equally as effective at inducing the high spin state as their saturated

counterparts. 10-Undecenoic acid showed a spin state shift of 40%, equal to that of
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undecanoic acid. Octadec-9-enoic acid (Cis.1) and octadecanoic acid (Cig.0) also recorded the

same spin state shift (20%).

=1 Octanoic acid
n=3 Decanoic acid /\/\WJ\
n=4 Undecanoic acid n OH
n=5 Dodecanoic acid
n=7 Tetradecanoic acid *
n=9 Hexadecanoic acid n OH

n=11 Octadecanoic acid R2 =4 or5 R, ,=Me or H
n=13 Eicosanoic acid ’

o)
7 OH
HO/\)\/\)\/\)\ n

farnesol n=6 10-undecenoic acid
(0] o
/ /M:M/\)J\
/\/\WJ\O o nz OH
n=5 methyl laurate n;=6 n,=5 Octadec-9-enoic acid
COOH COOH H
2-naphthoic acid indole 2-indanone

R=Et, R,=H, R3=H; n-propylbenzoic acid

Ri Rs R,=Me, R,=Me, R;=Me; t-butylbenzoic acid

Rz

Scheme 1: A selection of the substrates tested on CYP147G1. * Indicates a chiral centre in
the substrate when R, = Me.

A range of methyl-branched fatty acids and derivatives were also tested with the
enzyme, as they are known substrates of other Mycobacterial CYPs such as CYP124A1 and
CYP268A2 [30, 51]. 10-Methylundecanoic and 11-methyldodecanoic acids both gave spin
state shifts equal to that of the non-branched acid of the same length (40%). A methyl branch
at the -2 position, as in 9-methylundecanoic and 10-methyldodecanoic acids, reduced the
proportion of the high spin state of the enzyme induced on substrate addition (15% for both)
relative to undecanoic and dodecanoic acid. 3,7-Dimethyloctanoic induced almost no shift
(~5%). Longer multiply-branched substrates such as farnesol (55%) and phytol (60%) were
also effective at displacing the coordinating water ligand, despite not having an acid
terminus. Similarly, farnesyl acetate induced a spin state shift of 60% in CYP147Gl.
Additionally, dodecyl acetate gave a shift of 35% but dodecanol, 1-dodecene and dodecamide

all failed to generate any spin state shift in CYP147G1. Dodecyl amine gave a red shifted
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Soret absorbance (417 to 421 nm) and Type II difference spectrum (Fig. 2). We also tested
aromatic benzoic and naphthoic acid substrates such as 4-isopropylbenzoic and 2-naphthoic
acid but the binding of these substrates resulted in low shifts of CYP147G1 to the high spin
state (Table 2). The hydrophilic terminal moiety appears to have a strong effect on the
enzyme’s substrate affinity.

Table 2: Substrate binding and product formation data for CYP147G1. The results are
presented in descending order of the magnitude of the induced shift to the high spin state.
Spin state shifts recorded as the percentage of CYP in the high spin (HS) state. The
dissociation constants, K, are also reported where measured.

Substrate % HS K, (uM) Major
product(s)®

Farnesyl acetate 60 1.2+0.3 -
Farnesol 55 2.0+0.3 -
Phytol 50 * -
10-Methylundecanoic acid 40 55+ 18 o, o-1
10-Undecenoic acid 40 25+4 -
11-Methyldodecanoic acid 40 57+6 o, o-1
Dodecanoic acid 40 19+2 o-1°
Undecanoic acid 40 25+3 o-1°
Dodecyl acetate 35 25+03 -
Tetradecanoic acid 35 * -1
Decanoic acid 30 32+6 -1
Hexadecanoic acid 30 * -1
Methyl laurate 20 - o-17
Octadecanoic acid 20 - -1
10-Methyldodecanoic acid 15 - -1
9-Methylundecanoic acid 15 - -1
Octanoic acid 15 - -1
3,7-Dimethyloctanoic acid ~5 - o, ®-1
Dodecyl amine Type 11 1.8+0.1 -
Econazole Type 11 1.0+ 0.1 -
Miconazole Type Il | 0.3£0.08 -

(*) indicates a dissociation constant could not be accurately determined. (—) not determined (}) uncertain if this
product arose from enzyme oxidation of this substrate, see main text for details * @-1 is present at >98%; o, ®-1
together make up >98% of the total product in roughly equal amounts (see main text for details) ® ©-2 is present
as the minor product (<2%).
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Significant spin state shifts (>30%) indicated the substrate may be complementary to the

active site of CYP147G1, and hence binding of these substrates was further investigated by

determining the dissociation constant (Fig. 2).
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Figure 2: A selection of substrate dissociation constants for CYP147G1. The inset represents
a typical substrate binding titration. Substrates shown are (a) dodecanoic acid (b) 11-
methyldodecanoic acid (c¢) decanoic acid (d) dodecyl amine. The peak to trough difference in
absorbance was measured from 420 nm to 390 nm in each, except with dodecyl amine (410
to 430 nm) where a Type II shift was recorded.

Dodecanoic acid (K; = 19 + 2 uM) had a higher binding affinity than the C,;.0 and Cy;.; acids,
undecanoic and 10-undecenoic (25 = 3 uM [36] and 25 + 4 uM respectively). All three had
higher binding affinity than decanoic acid (32 = 6 uM). The determination of an accurate

dissociation constant for the longer hexadecanoic and tetradecanoic acids was prevented by
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substrate insolubility at the higher concentrations necessary for an accurate fit (suggesting
low affinity binding). Dodecyl acetate (2.5 + 0.3 uM) bound tightly as did farnesol (2.0 + 0.3
uM) and farnesyl acetate (1.2 £ 0.3 uM). 11-Methyldodecanoic acid (57 + 6 uM) bound less
tightly than its linear C, counterpart, as did 10-methylundecanoic acid (54 = 18 uM).

In addition to dodecyl amine, known azole inhibitors econazole, ketoconazole and
miconazole were tested. While ketoconazole did not appear to bind to CYP147G1, both
econazole and miconazole generated Type II shifts with the enzyme (the Soret absorbance
was shifted to 423 nm and 420 nm, respectively), and were further investigated as potential
inhibitors. Miconazole bound more tightly than econazole (0.2 £ 0.06 uM and 1 £+ 0.2 uM,
respectively), while dodecyl amine also bound with high affinity (1.8 £ 0.1 uM).

3.3 Product characterisation

As the electron partner proteins Fdx3 and FdR1 are not able to be produced and purified in
significant quantities by standard procedures using E. coli, it was necessary to use whole-cell
oxidation systems to investigate product formation. As previously reported, all three enzymes
were produced in E. coli using Duet vectors [36]. CYP147G1 product formation was
undertaken with the same method used previously [36]. Fatty acids varying from 8 to 16
carbons in length were tested with the enzyme. We also tested several non-physiological
electron transfer partners with CYP147G1 and all displayed significantly reduced or no
metabolite formation (Fig. S4). Octanoic, decanoic and dodecanoic acids all generated a
single major metabolite in good yield (Fig. 3). In all instances the MS indicated that this arose
from hydroxylation (a mass of doubly-derivatised TMS metabolite -15, -Me, was observed,
Fig. S7). As with undecanoic acid, the major product in each case can be assigned as the ®-1
hydroxylation metabolite due to the presence of the mass spectrum peak at 117 m/z
(corresponding to the loss of a CH;CO(SiMe;)" cation). Furthermore, the major product of

the turnover of dodecanoic acid was purified and characterised by NMR to confirm the
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assignment (Fig. S14). A minor product (< 2%) was detected in the dodecanoic acid turnover
which could be assigned as the -2 hydroxylation product, due to the peak at 131.05 m/z,
indicating the loss of a terminal CH;CH,CO(SiMes)" group. A small peak with a similar
mass spectrum was also present in the turnover of undecanoic acid (Fig 3). Turnovers of
tetradecanoic and hexadecanoic acid formed only a small amount of product. However GC-
MS analysis showed that tetradecanoic (RT 14.1 min, Fig. S9) was converted to 13-
hydroxytetradecanoic acid (18.2 min) and hexadecanoic (17.0 min, Fig. S10) to 15-
hydroxyhexadecanoic acid (20.7 min). CYP147G1 hence maintains its selectivity for the w-1
position no matter the length of the fatty acid, and is capable of oxidising acids of chain
lengths from 8 to 16 carbon atoms (Scheme 2). There was a preference shown for those
which were 10-12 carbons long. The level of product generated decreased with fatty acids
above 14 carbons in size in line with the reduced spin state shift, though this could be due to

decreased solubility and uptake by the cells during the whole-cell turnovers.

O CYP147G1
O:| (0]
n H -1 Y~ OH

n=1 Octanoic acid n=1 7-Hydroxyoctanoic acid
n=3 Decanoic acid n=3 9-Hydroxydecanoic acid
n=4 Undecanoic acid n=4 10-Hydroxyundecanoic acid
n=5 Dodecanoic acid n=5 11-Hydroxdodecanoic acid

Scheme 2: CYP147G1 oxidation of octanoic acid, decanoic acid, undecanoic acid and
dodecanoic acid to 7-hydroxyoctanoic acid, 9-hydroxydecanoic acid, 10-hydroxyundecanoic
acid and 11-hydoxydodecanoic acid, respectively. * Indicates a new chiral centre from the
reaction.

The selectivity of the enzyme for the -1 position was greatest for the shorter fatty acids (8 —
10 carbons long), where no minor product peaks were detectable. The only other hydroxyl
metabolite detected with any of the linear fatty acids was -2 (< 2%), with no o, ®- 3 or ®-4

hydroxylation products observed in any of the turnovers.
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Figure 3: GC-MS chromatogram of in vivo turnovers of CYP147G1 after 4 hours with (a)
octanoic acid, (b) decanoic acid, (c¢) undecanoic acid and (d) dodecanoic acid with substrate-
only controls for each. Retention times are as follows: octanoic acid substrate 4.3 min, ®-1
product 9.1 min; decanoic acid substrate 7.5 min, -1 product 12.4 min; undecanoic acid
substrate 9.25 min, ®-2 minor product 13.7 min, ®-1 major product 13.9 min; dodecanoic
acid substrate 11.0 min, ®-2 minor product 14.5 min, ®-1 major product 15.4 min. * Indicates
an impurity as determined by GC-MS as (a) decanoic acid (RT 7.5 min) (b) undecanoic acid
(RT 9.25 min) (d) decanoic acid hydroxylation product (RT 12.4 min) and tetradecanoic acid
(RT 14.1 min, Fig. S9) or unidentified.

CYPI147F1, in contrast, was found to hydroxylate fatty acids at multiple sub-terminal
positions and the product distribution varied with the chain length. For example, dodecanoic
acid was oxidised at ®-1, ®-2 and ®-3 (favouring the ®-2), while a greater number of

metabolites were observed for tetradecanoic acid (»-1 through to -5 in approximately equal
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proportions). The site of oxidation changed and moved away from the w-terminus with

hexadecanoic acid (»-5, ®-6 and »-7) [11].

To further probe the selectivity of the enzyme for C—H bond abstraction, the methyl
branched fatty acids were tested as substrates. 11-Methyldodecanoic and 10-
methyldodecanoic acid (o-1 and ®-2 methyl groups) were both hydroxylated by CYP147G1
(Fig. 4(a)). 10-Methyldodecanoic acid gave only one product, the w-1 hydroxy metabolite,
which was identified by GC-MS (RT 15.4 min, Fig. 4 and S7). 11-Methyldodecanoic acid
was turned over to two products in almost equal amounts (a ratio of 47% to 53%; RT 15.35
and 16.0 min, Fig. 4 and S7). These were determined to be the -1 (the characteristic
fragment is 131.05 m/z from a CH;CCH;0SiMe; " fragment) and the o (characterised by a
103.0 m/z fragment of CHOSiMe;"), respectively. Similar results were recorded with 10-
methylundecanoic and 9-methylundecanoic acid (Fig. 4(b) and S7). The major product of 9-
methylundecanoic acid (RT 14.1 min) was the ®-1 hydroxylation product, although a small
peak (RT 14.4 min, < 3% total product) corresponding to a methyl hydroxy metabolite could
be seen (note that it is not possible to determine if this is hydroxylation at the methyl branch
or the ® terminus, which are undistinguishable by MS alone). 10-Methylundecanoic acid
gave two products, at RT 14.0 and 14.75 min, being the -1 and the ® hydroxy metabolite.
The product ratio was comparable to that found for 11-methyldodecanoic acid, with a slight
preference for the  position (47% to 53%). With 3,7-dimethyloctanoic acid, two product
peaks were observed by GC-MS (RT 10.1 min and 11.0 min) compared to the sole peak
arising from the turnover of octanoic acid. These were also characterised as the ® and ®-1
products, respectively, with a ratio of 41% to 59% again in favour of w-hydroxylation.
Collectively the results demonstrate that the additional methyl group at the ®-1 position

promoted the formation of the ® product (Scheme 3).
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Figure 4: Expansion of the region where the products elute in the GC-MS chromatograms of
the in vivo turnovers of CYP147G1 with (a) dodecanoic acid (-1, RT 14.7 min), 10-
methyldodecanoic acid (o-1, RT 15.4 min) and 11-methyldodecanoic acid (o-1 and ®, RT
15.35 and 16.0 min), and methyl dodecanoate (®-1, RT 14.7 min) (b) undecanoic acid (®-2
and -1, RT 13.2 and 13.4 min), 9-methylundecanoic acid (o-1 RT 14.1, T is probable o,
14.4 min), 10-methylundecanoic acid (»-1 and ®, RT 14.0 and 14.75 min) and (c) octanoic
acid (o-1, RT 9.2 min) and 3,7-dimethyloctanoic acid (o-1 and ®, RT 10.1 and 11.0 min). *
Indicates an unidentified impurity as determined by MS.

From the regioselectivity of the enzyme with the linear fatty acids, it can be inferred
that the o terminus of the substrate is held close to the heme. The methyl group may be
sequestered in a cleft, preventing w-hydroxylation, and arranging the rest of the fatty acid

chain to promote C-H bond abstraction at the w-1 carbon. The lack of hydroxylation products
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at the energetically equivalent secondary carbons along the chain (-2, ®-3 etc) infers that
these are further from the heme-iron. For the methyl branched (w-1) fatty acids, if the
terminal methyl group is sequestered in a cleft near the Fe of the heme, the other methyl
group would be positioned close enough to compete with the w-1 carbon. The product
distribution with the ®-1 methyl branched fatty acids shows a slight preference for CHj
hydroxylation, despite the decreased reactivity of this position owing to the higher C-H bond
strength of the primary carbon (104 kcal mol™ compared to 92 kcal mol™ for a tertiary carbon
[52]). It is possible that the product distribution for these prochiral -1 branched fatty acids
could be rationalised by the binding of the different terminal methyl groups in the active site
cleft as each would place either the C-H or C-CHj bonds of the -1 carbon closer to the
heme. The ® hydroxylation products would be chiral and the determination of the
enantioselectivity would be informative.
X=octanoic undecanoic dodecanoic

HO
)\%x }\%X 41 % 47 % 47 %
—
-1
HO\)>,<\}§X 59 % 53 % 53 9%

« OH
/\F‘z — %\"‘(EX i >97% 100 %
®-2

Scheme 3: CYP147G1 oxidation of 3,7-dimethyloctanoic acid, 10-methylundecanoic acid, 9-
methylundecanoic acid, 11-methyldodecanoic acid and 10-methylundecanoic acid to their
respective products. A methyl group at the w-1 position on the substrate promotes the
formation of the ® hydroxylation product by CYP147G1 while a methyl group at ®-2 does
not alter the regioselectivity of the enzyme. * Indicates a chiral centre either in the substrate
or introduced after hydroxylation by the enzyme. The stereoselectivity of these fatty acid
metabolites have not yet been determined.

In general, the yield of product formation decreased with the methyl-substrates. The
combined integrated product peaks of 10-methyl and 9-methylundecanoic acid amounted to
53% and 32%, respectively, of the products of undecanoic acid, while the 11-methyl and 10-

methyldodecanoic acid products totalled only 11% and 13% of the dodecanoic acid product
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(all run on equivalent aliquots of the same cell growths and presented relative to an internal
standard, Fig. 4)." The reduced product formation is consistent with the increased steric
imposition of the additional methyl group in the substrate, at what appears to be a tightly
controlled position near the heme. The binding analysis of the ®-1 branched fatty acids
supports this, showing weaker binding than with the linear chain acids.

The -2 branched fatty acid substrates contain a stereocentre and were supplied as a
racemic mixture. Therefore hydroxylation of these substrates at the ®-1 carbon could
generate diastereomers (Scheme 3). The binding affinity and oxidation of one of the
enantiomers of the ®-2 methyl branched fatty acids could be preferred over the other. Only
one peak was visible in the GC-MS analysis of the turnovers, although it is possible that
multiple diastereomers were present but not separated.

A range of other substrates were tested for activity with the enzyme whole-cell
system. Methyl dodecanoate (the methyl ester of dodecanoic acid), gave a major product
from the in vivo turnover with the same retention time and mass spectrum as that of
dodecanoic acid (Fig. 4(a) and S7), suggesting the methyl has been lost from the acetate
group. However, it is not clear if it was cleaved in vivo before hydroxylation or after, during
extraction or derivatisation. Additionally, the whole-cell system reactions with substrates
such as 3,7,11-trimethyldodecanoic acid and dodecyl acetate (the dodecyl ester of acetic acid)
resulted in no product formation. The turnovers of the other tightly binding substrates,
including farnesol, farnesyl acetate and phytanic acid were attempted but no product could be
detected. When tested in vivo there was also no evidence of any mono-oxygenation product

from 10-undecenoic acid. Undecanoic acid and 10-undecenoic acid displayed almost

' The reduced product formation of the enzyme with the methyl branched substrates was calculated by

comparing the branched substrates to the non-branched of the same chain length (ie. 10-methyldodecanoic to
dodecanoic acid). To account for possible decreased solubility of the branched substrates given their increased
mass, 9-methylundecanoic and 10-methylundecanoic acid were additionally compared to dodecanoic acid. They
generated 48% and 81% of the total products of dodecanoic acid, respectively.
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identical binding affinities to CYP147G1 and epoxidation or allylic hydroxylation products
often result from the oxidation of alkenes by CYPs. However, terminal alkenes have also
been reported to act as mechanism-based inhibitors of monooxygenases such as CYPs [53].
These data strongly suggest the @ end of the fatty acid is sequestered close by the
heme of CYP147G1, regardless of chain length, promoting the regioselective hydroxylation
at the o-1 position. In the case of a tertiary -1 methyl branched carbon, one of the methyl
groups remains sequestered, while the other must be positioned close to the iron-oxo
complex, allowing hydrogen abstraction from the primary carbon and formation of the ®
product. The strict regioselectivity of the enzyme may limit the substrate range. However,
such selectivity for a single sub-terminal position on a saturated fatty acid is unusual, with
few equivalents in the literature [14]. CYP2M1 and CYP2M17 hydroxylate dodecanoic acid
solely at the -6 position [54]. Fungal CYP505A30 from Myceliophthora thermophila, which
is a CPR-fused CYP similar to P450BM3, has demonstrated selectivity for the ®-1 position
of the fatty acid chain (88% and 63% ®-1 product with dodecanoic acid and tetradecanoic
acid, respectively) [55]. Selective oxidation of unsaturated fatty acids is more common. Two
CYPI102 enzymes from Ktedonobacter racemifer selectively hydroxylate unsaturated fatty
acids. Krac 9955 produces only the -2 hydroxy metabolite of 10-undecenoic acid, while
Krac 9936 strongly favours the w-1 position of cis-9-hexadecenoic acid (93%) [56]. Several
CYPs can mediate the selective hydroxylation of cis-9-octadecenoic acid to 12-hydroxy-cis-
9-octadecenoic acid, and similar unsaturated substrates [14, 57]. Terminal ® hydroxylases
(such as the CYP153 family) are often very regioselective. CYP153A33 from Marinobacter
aquaeolei hydroxylates Cj to C;g fatty acids with >95% selectivity for the ® position. The
substrate range of this enzyme was increased to incorporate octanoic acid by the G307A
variant while the L3541 mutant shifted the selectivity to 76% ®-1 [16]. The equivalent

residues in CYP147G1 are A257 and V304, respectively. PAS0BM3 and other CYP102
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enzymes have been targeted with a range of methyl-branched fatty acids, which improve
regioselectivity up to 85% for w-1 in the case of 12-methyltetradecanoic acid with P450BM3
[58]. CYP102A2 oxidised 13-methyltetradecanoic acid at the -2 position with 91%
selectivity [59]. However, to our knowledge no CYP enzyme with selectivity for the same
sub-terminal position across such a range of substrates as CYP147G1 demonstrates has been

characterised previously.
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4. Conclusions

Members of the CYP147 family are found as part of a highly conserved operon containing a
ferredoxin and ferredoxin reductase in many Mycobacterium and other bacterial species
(CYP147Gl1, Fdx3 and FdR1). The tyrosine residue in the cluster binding motif of Fdx3 is
highly conserved in the ferredoxins found alongside other CYP147 family members. In the
instances where the equivalent cyp/47G1 and ferredoxin genes had not been removed from
the genome of the pathogenic Mycobacterium species, the gene for the ferredoxin reductase
was compromised. The substrate range of CY147G1 was determined to include fatty acids.
The CYP147G1 enzyme has an optimal substrate chain length of ~11-12 carbons. Branching
methyl groups at the ®-2 position of the substrate disfavoured substrate binding more than
when at the -1 position. The activity of fatty acid oxidation by CYP147G1 was
reconstituted in vivo using an electron transfer system consisting of the native partners.
Dodecanoic acid, undecanoic acid, decanoic acid and octanoic acid were selectively
hydroxylated at the -1 position by CYP147G1. The regioselectivity of the enzyme differed
with -1 methyl-branched substrates, with hydroxylation occurring on one of the terminal
CHj; groups in addition to the ®-1 C-H bond. These data suggest the preferred orientation of
the substrate in the CYP147G1 active site is with an ® methyl group sequestered near the
heme promoting hydrogen abstraction at the -1 position. The hydrophilic group at the other
terminus appears to be less rigidly bound as the enzyme can accommodate substrates ranging
in length from 8 to 16 carbons long and with different functional groups (acid, ester, alcohol).
In contrast to CYP147F1, the substrate range reported here for CYP147G1 is broader, and the
demonstrated regioselectivity is not seen in the related enzyme. In addition, dodecyl amine,
10-undecenoic acid and the azoles econazole and miconazole were all identified as potential

inhibitors of CYP147G1.
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