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Abstract: Discovery, Engineering and Application of Self-Sufficient P450s
for Biocatalysis

A thesis submitted to the University of Manchester for the degree of Doctor of Philosophy in the
Faculty of Science and Engineering (School of Chemistry), 2018

Tavanti Michele

Cytochrome P450 monooxygenases (P450s) are a widespread class of enzymes involved in
biosynthetic pathways and drug metabolism. They can catalyse a diverse range of challenging
reactions, including C-H activations. Since these reactions often occur in a regio- and
stereoselective fashion, harnessing the oxidative power of these enzymes for biocatalysis has
attracted pharmaceutical and fine chemical industries. Despite their immense potential, the
implementation of these enzymes as industrial biocatalysts is limited by some issues such as
low expression levels, stability and substrate scope. Catalytically self-sufficient P450s, in
which the heme and reductase domains are fused in a single polypeptide, are of particular
interest for the development of chemical routes to high value-added compounds, as the need

for identification and expression of separate redox partners is negated.

In an effort to enrich the number of P450s with valuable biocatalytic properties and
encourage their utilization, this thesis describes the discovery, characterization, engineering

and application of self-sufficient P450s.

Enzymes from thermophilic organisms were selected as starting point of our investigation, as
thermostable proteins often possess increased stability under process conditions and
mutational robustness. This initial search led to a panel of new and diverse class VIl P450s
displaying not only higher expression levels and thermal stability compared to their
mesophilic counterpart, but also a remarkable substrate promiscuity. From this expanded
panel of characterized enzymes, the first crystal structure of a class VII P450 was also

determined, providing a valuable framework for future protein engineering.

Concurrently, P450-enabled biocatalytic cascades were also developed. Complications
associated with the application of crude enzyme preparations and biocatalysts compatibility
were addressed to demonstrate the applicability of these multi-enzyme systems on a

preparative scale.



Declaration and Copyright Statement

Except where stated, the work referred to in the thesis has not been submitted in support of
an application for another degree or qualification of this or any other university or other

institute of learning.

i) The author of this thesis (including any appendices and/or schedules to this thesis)
owns certain copyright or related rights in it (the “Copyright”) and he has given The University

of Manchester certain rights to use such Copyright, including for administrative purposes.

i) Copies of this thesis, either in full or in extracts and whether in hard or electronic copy,
may be made only in accordance with the Copyright, Designs and Patents Act 1988 (as
amended) and regulations issued under it or, where appropriate, in accordance with licensing
agreements which the University has from time to time. This page must form part of any such

copies made.

iii) The ownership of certain Copyright, patents, designs, trademarks and other
intellectual property (the “Intellectual Property”) and any reproductions of copyright works
in the thesis, for example graphs and tables (“Reproductions”), which may be described in
this thesis, may not be owned by the author and may be owned by third parties. Such
Intellectual Property and Reproductions cannot and must not be made available for use
without the prior written permission of the owner(s) of the relevant Intellectual Property

and/or Reproductions.

iv) Further information on the conditions under which disclosure, publication and
commercialization of this thesis, the Copyright and any Intellectual Property and/or
Reproductions described in it may take place is available in the University IP Policy (see
http://documents.manchester.ac.uk/Doculnfo.aspx?DoclD=24420), in any relevant Thesis
restriction declarations deposited in the University Library, The University Library’s
regulations (see http://www.library.manchester.ac.uk/about/regulations/) and in The

University’s policy on Presentation of Theses



Acknowledgements

This work was accomplished within the European Union’s Horizon 2020 Programme (ROBOX

project) that is acknowledged for funding.

| am especially grateful to Professor Turner and Professor Flitsch for their invaluable support,
trust and guidance throughout my doctoral studies. | feel honoured and privileged to have

worked independently in such a constructive environment.

| must also thank Dr. Mark Corbett and Dr. lan Rowles for managing our projects brilliantly,
and Ms. Paula Tipton for ensuring things ran smoothly. Special thanks go to Dr. Colin W. Levy

for his precious help with crystallography.

| will thank personally all the other people who contributed to this PhD, as | believe that a
sincere hug is worth a thousand words. Nothing would have been possible without their help,
especially in the darkest days. Moreover, they created a friendly and relaxed working

environment which | believe strongly contributed to our achievements.

| greatly hope that this research group will keep doing exciting science, leading biocatalysis to
a wider application through a “genes-to-kilo” philosophy. Moreover, | wish every present and

past group member years of success, fulfiiment and fun.

10



Chapter 1. Introduction

1.1 Oxidation Reactions Catalysed by Cytochrome P450s

Oxygen in the form of O is an abundant component of Earth’s atmosphere. Living organisms
not only use molecular oxygen for oxidative phosphorylation, but also for the
functionalization of organic molecules. Oxidizing enzymes employ oxygen as electron
acceptor to carry out a variety of reactions involved in primary metabolism (i.e. reactions
directly involved in cell growth), xenobiotic metabolism, synthesis of vitamins, hormones and
other compounds.[! Despite its important roles in aerobic life, atmospheric O3 is relatively
inert towards most organic substrates. In fact, molecular oxygen is a triplet in its ground state
(two unpaired electrons), whereas most organic substrates are in the singlet state (no
unpaired electrons). Chemical reactions between triplet and singlet molecules are spin-
forbidden and occur slowly.’?l Thus, the electronic structure of O, prevents undesired
reactions, protecting living organisms against deleterious oxidative stress. This required the
evolution of enzymes capable of activating molecular oxygen in a controlled environment to

carry out selective oxyfunctionalisation.

Most oxygen activating enzymes incorporate transition metals in order to overcome the
barriers associated with the electronic structure of molecular oxygen.!®4 Cytochrome P450
monooxygenases (CYPs or P450s) are probably one of the best studied classes of
metalloenzymes, characterized by the presence of a heme-iron prosthetic group at the active
site. The vastness and diversity of P450 sequence space is well documented by the work of
Prof. Nelson, which assigned nomenclature to more than 41,000 P450 genes, while
sequencing projects have collected more than 300,000 CYP genes.! In order to identify a

specific P450, a nomenclature system has been devised based on sequence identity.!®!

Cytochrome P450s are well known for their pivotal role in xenobiotic detoxification and
biotransformation of endogenous compounds such as hormones and vitamins.!”) These
potent enzymes are capable of catalysing the hydroxylation of saturated C-H bonds,
epoxidation of olefins, dealkylation reactions, aromatic hydroxylation and other less common

reactions using molecular oxygen as oxidant.!®! Overall, P450s insert one oxygen atom from

11



0 into the substrate (monooxygenation) and reduce the other one to water, using two

electrons provided by NAD(P)H via redox partners (Scheme 1).5°

P450
R-H + O, + NAD(P)H + H* = R-OH + NAD(P)" + HO

Scheme 1. Overall reaction scheme for a general P450-catalyzed hydroxylation.

The heme-iron is hexacoordinated in its resting state, with the proximal conserved cysteinate
and water as axial ligands (I, Scheme 2). Ligand binding is a crucial step in the catalytic cycle,
not only because it affects reaction selectivity, but also for its regulatory role in triggering the
electron transfer from redox partners. In fact, axial water is displaced upon ligand binding,
converting the enzyme from its resting, low-spin ferric form to the substrate-bound, high-spin
ferric enzyme, giving rise to an upshift of redox potential (ll, Scheme 2). This regulatory role
of ligand binding is a clever design to avoid wastage of reducing equivalents in absence of the
substrate (uncoupling of electrons to product formation, red branches, Scheme 2). Given the
increased redox potential, the ferric intermediate is reduced by one electron supplied by a
redox partner to its ferrous state, which then binds molecular oxygen (lll and IV). This oxy-
intermediate is reduced by another electron to give the ferric-peroxo intermediate (V) and
subsequently protonated to Compound 0 (Cpd 0, VI). A second protonation step on the distal
oxygen of the complex leads to departure of a water molecule and generation of the highly
reactive porphyrin radical cation Compound | (Cpd I, VIl). Generally, P450 reactions can be
rationalized taking into account the ability of this intermediate to abstract hydrogen from the
substrate to produce a carbon radical and the intermediate Compound Il (Cpd I, VIII),
followed by —OH insertion (oxygen rebound mechanism), product release and regeneration
of the ferric enzyme.[*% More complex P450 reactions may occur due to involvement of

different intermediates in the catalytic cycle.!®!
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abstraction rebound

Scheme 2. The catalytic cycle of P450s. Uncoupling pathways are coloured in red.

As shown in Scheme 2 (red arrows), electrons shuttled by the redox partner can be wasted in
the production of superoxide, hydrogen peroxide and water, instead of being used for
substrate turnover. This so-called uncoupling limits the catalytic performance of P450s,
increasing the cofactor demand and damaging the same enzyme through the generation of
reactive oxygen species (ROS).[* Usually, coupling efficiency (ratio of the product molecules
generated per NADPH molecules used) is close to 100% when P450s are presented with

natural substrates, 2 but in the presence of unnatural substrates or when mutations affecting

13



substrate binding are introduced, typical coupling efficiency values range from less than 10%

to 40%.13!

The extent of the uncoupling of NAD(P)H oxidation from product formation depends on the
nature of the substrate relative to P450 specificity, the efficiency of proton and electron
delivery to reaction intermediates, water positioning into the active site and interaction with
redox partners.['*1% The coupling of desolvation of the active site and redox potential shift
upon substrate binding mentioned above is an elegant way through which the enzyme avoids

uncoupling reactions.

1.2 Structural Features Associated with C-H Bond Activation

1.2.1 Thiolate Ligation

Despite major differences in primary structure, substrate scope and electron transfer
systems, P450s display a highly conserved overall architecture (see Chapter 3 for further
information).[*”) The ability of these versatile enzymes to catalyse the selective oxidation of a
vast array of diverse substrates depends on the fine positioning of various structural elements
(e.g., B’-helix, F-helix, G-helix and F/G loop) involved in substrate recognition and on the
flexibility of this fold, with movements of backbone atoms up to 18 A reported in the

literature.[8]

Unsurprisingly, the most conserved structural elements are found around the heme
prosthetic group, where oxygen activation chemistry takes place. On the proximal side of the
heme, a hydrophobic pocket comprises the absolutely conserved cysteinate axial ligand which
is placed at hydrogen bonding distance with two backbone -NH groups. The electrostatic
interaction between the Cys ligand and these amide protons stabilize heme-iron coordination
and regulate the redox potential of the heme.[’®! Thiolate-ligation is one of the most
fascinating and counterintuitive aspects of P450 chemistry. It is now clear that the critical
function of the thiolate ligand is to afford a catalyst that can promote C-H activation chemistry
while keeping the redox potential low enough to prevent oxidation of the protein
framework.[2% The driving force for C-H bond scission is given by the difference between the

energy of the C-H bond broken and the strength of the O—H bond formed in Cpd II: a stronger

14



O-H bond increases the driving force for C—H bond scission.[?l On the one hand, cysteinate
ligation can reduce heme reduction potential due to the strong electron donor ability of the
proximal ligand, but on the other hand, the “push effect” exerted by the proximal ligand
increases the basicity of Cpd Il (pKa~12).1221 As the strength of the O—H bond formed in Cpd Il
after H-abstraction by Cpd | depends on the one-electron reduction potential of compound |
and on the pKa of compound I, the increased basicity of Compound Il afforded by thiolate

ligation promotes C-H activation at a biologically viable Cpd | reduction potential.[2!]

1.2.2 Proton Delivery

During the P450 catalytic cycle, two electrons are shuttled from NAD(P)H to the heme via
redox partners, while two water-derived protons are delivered to the iron-bound dioxygen.
Structural biology studies on the model P450 CYP101A1 (camphor 5-hydroxylase, P450cam)
provided much of our understanding about proton delivery in P450s. The first crystal structure
of P450cam was quite puzzling, as it revealed a highly hydrophobic active site, lacking acid-
base catalytic residues to facilitate proton transfer.[?3] However, sequence conservation
analyses revealed a high degree of conservation of the signature sequence
(Ala/Gly)GlyX(Glu/Asp)Thr, comprising a hydrogen-bond donor/acceptor (Thr252 in
P450cam) preceded by an acidic residue (Asp251 in P450cam).l™> This sequence motif is
located on the long I-helix (~30 residues), making up the distal side of the heme and the active
site. Indeed, it was later clarified that these amino acids are involved in delivering water-
derived protons to the bound oxygen.?¥ In “closed” P450 structures, the threonine side-chain
-OH is hydrogen-bonded to the backbone carbonyl oxygen of a preceding residue (Gly248 in
P450cam) that would otherwise be involved in establishing regular a-helical contacts. This
deviation from the helical geometry causes a widening of the I-helix that is important for
water binding in the active site. The crystal structure of the oxy-P450cam reveals an even
wider I-helix groove due to disruption of the unusual hydrogen bond between Thr252 and

Gly248 which enables water molecules to move close to the heme.[?3]

In this scenario, a critical role is also played by Asp251: according to the most recent proposal,
the interaction between P450cam and its redox partner (putidaredoxin, Pdx) would break
Asp251 ion pairs with Arg186 and Lys178, allowing the acidic residue to rotate into the active

site to deliver proton from the solvent to dioxygen.!'7:26l Additionally, mutational studies
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suggest that Thr252 would function as hydrogen-bond acceptor to the hydroperoxy

intermediate, promoting the second protonation step.[?4

Although the acid-alcohol pair in the I-helix is a conserved feature in P450 sequences,
exceptions exist. Crystal structure analysis of these enzymes revealed that substrate-assisted
catalysis is exploited for proper positioning of water molecules close to the bound

dioxygen.[?7:28]

1.3 P450s for Industrial Organic Chemistry

Cytochrome P450s have an impressive biotechnological potential, given their ability to
functionalize inert C-H bonds in a regio- and stereoselective manner. Moreover, they can
accept a vast variety of substrates and convert them to high added-value compounds using
oxygen as oxidant under mild conditions. These desirable characteristics make them
exceptional biocatalysts to use in green chemistry.?®! In particular, these enzymes are of
great interest to the pharmaceutical and fine chemical industries.3% For example, P450s could
be exploited for the production of drugs and human drug metabolites, which are necessary
for testing and approval of therapeutics under development.[3! However, many limitations

restrict the applicability of these enzymes for industrial biocatalysis (Table 1).32

Table 1. Limitations associated with the application of P450s in biocatalysis.

Limitations

Expression levels
TOF
Stability
Enzyme-related TTN
Cofactor supply
Need for redox partners

Uncoupling

Oxygen supply

Process-related Substrate uptake/solubility
Substrate/product inhibition

Substrate/product toxicity
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The notorious instability of these enzymes under process conditions, their multicomponent
nature and the requirement of expensive reduced cofactors, means that the use of resting
(metabolically active) whole-cells expressing the desired P450 gene is highly desirable.33!
Even though resting whole-cells regenerate nicotinamide cofactors when provided with a
carbon source, it has been shown that external supply of reduced cofactors and co-expression
of cofactor regenerating enzymes (e.g., dehydrogenases) can improve product formation
rates.343% This suggests that other cellular processes and uncoupling might compete for
reducing equivalents with the P450 biotransformation. Uncoupling reactions have already
been mentioned as a determinant of the poor biocatalytic performance of P450s. These
abortive pathways not only compete for NAD(P)H consumption, but also contribute to
protein/whole-cell instability, reducing the achievable total turnover numbers (TTN, moles of
product(s) formed per mole of P450).1'1 Considering that P450s generally have low turnover
frequency values (TOF, moles of product(s) formed per minute per mole of enzyme, typically
lower than 1000 min1)B3% and poor expression levels, the extension of biocatalyst lifetime
through high coupling efficiency is a prerequisite of crucial importance for the

implementation of these enzymes in industrial processes.

Production of functional P450s in the widely employed E. coli is complicated by the
incompatibility of the prokaryotic translational machinery with membrane signal modules of
eukaryotic enzymes,¥’! insufficient endogenous heme synthesis® and lack of endogenous

redox partners.

Several P450 classes have been defined according to the electron transport system exploited
to complete the catalytic cycle. For many years after the discovery of P450s it was believed
that two major classes (class | and class Il P450s) could account for the diversity of redox
partner systems. Class | includes prokaryotic and mitochondrial (eukaryotic) enzymes: both
systems employ an FAD-containing reductase (ferredoxin reductase) and an iron-sulfur
protein (ferredoxin) to shuttle electrons from NAD(P)H to the P450. In the prokaryotic system
all the components are cytoplasmic, whereas in the mitochondrial systems only the
ferredoxin does not interact with the mitochondrial membrane. Class Il P450s are mainly
eukaryotic enzymes found in the endoplasmic reticulum, composed by a membranous P450
and a membrane-anchored NADPH-dependent FAD/FMN containing CPR (NADPH-

cytochrome P450 reductase). As the number of characterized P450s increases, so does the
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variety of electron transport chains. An array of different redox partner systems has been
observed, with as much as ten classes reported to date.®! Importantly, fused systems have
been described in which the redox partners are linked to the heme domain of the enzyme,
creating multicomponent, self-sufficient systems. The first such system was discovered in
Bacillus megaterium (CYP102A1, P450-BM3, classified as a class VIII P450 according to the
electron transport chain),i®® followed by a distinct system in Rhodococcus sp. NCIMB 9784
(CYP116B2, P450-RhF, class VII).[9 In this context, the use of self-sufficient systems is very
attractive, as the need for identification and production of separate electron transfer systems

is obviated.

Considerable research has been devoted to tackling the above-mentioned limitations through
protein and host engineering.3% However, process engineering is another valuable approach

to address another set of parameters associated with P450 biocatalysis.

Monooxygenases require stoichiometric amounts of molecular oxygen as a substrate for the
enzymatic reaction. However, the solubility of oxygen in water at 30°C and atmospheric
pressure is around 0.24 mM and can be lower in the presence of salts and other
compounds.*l Thus, oxygen is rapidly depleted at relevant enzyme concentrations.
Moreover, oxygen will also be consumed in uncoupling reactions and for cell maintenance if
a whole-cell reaction is carried out. In the latter case, oxygen is preferentially used for
respiration instead of monooxygenation, given the higher oxygen affinity of the respiratory
chain than monooxygenases.[*?l Therefore, oxygen supply is a central aspect for the
development of a P450-based process and the rate at which oxygen is provided (OTR, oxygen
transfer rate) will define the maximum rate of reaction (assuming that no other factors are

limiting the reaction).

Finally, substrate and product related parameters need to be considered carefully as these
compounds are often hydrophobic and their limited transfer across the cell membrane can
limit the performance of the biocatalyst. Furthermore, toxic and inhibitory effects can have
detrimental outcomes. Several permeabilization methods (physical, chemical and genetic
modification) are available today to minimize the effect of mass-transfer limitations across

the cell membrane.*3! For example, co-expression of outer membrane proteins boosted
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linear alkane hydroxylation activities up to 28-fold and enabled a two-fold improvement in

limonene hydroxylation activity in recombinant E.coli.[#44]

The use of biphasic solvent systems has many advantages when there are issues associated
with reactants and products: organic solvents can be employed to facilitate the transport of
hydrophobic substrates to the aqueous phase!*® and to establish a sink for toxic products.”]
However, organic solvents must be chosen carefully given the potential negative effects on
biocatalyst activity.[*®4° Product inhibition/toxicity can be tackled through in-situ product
removal,®® whereas substrate inhibition can be minimized by adopting substrate feeding

strategies.!]

In conclusion, P450s are powerful biocatalysts but many inherent limitations are holding back
their wide industrial implementation. To meet target values for relevant process metrics such
as final product concentration, space-time yield and biocatalyst yield, a joint effort between
chemists, biologists and chemical engineers is needed. Biocatalyst instability remains one of
the major factors that limits the establishment of P450-based processes.[*% Considering the
low TOF values for these enzymes, combined with their poor stability, it has been suggested
that the main target for P450-based process should be high value molecules, such as drugs,
drug metabolites, flavour and fragrance ingredients, for example. If bulk chemicals would be

chosen as targets, then significant biocatalyst improvements would be needed.?
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1.4 Aims and Outline

This PhD thesis is presented in Journal Format as most of the research carried out during the
postgraduate programme constitutes a continuous body of work that has either been
published or due to be submitted in peer-reviewed journals. The goal of the current thesis
project was to address the limitations associated with P450 catalysis and harness their

oxidative power to enable the synthesis of valuable compounds.

Chapter 2 describes our efforts to identify self-sufficient P450s from thermophilic organisms
with higher expression levels, stability and activity compared to their “mesophilic”
homologues. For this investigation, we focused on class VII P450s, given their self-sufficiency
and substrate promiscuity. Importantly, our study revealed that CYP116B64 (P450-AX) is a
good candidate for the preparative scale synthesis of 5-hydroxydiclofenac (5-OH DCF). As
process development is a central aspect for the implementation of P450s on a larger scale,
Section 2.6 describes the investigation of the whole-cell 5-hydroxylation of diclofenac (DCF)

in the controlled environment offered by a stirred tank reactor with relevant mixing and

oxygen supply.

Although the demonstrated P450-catalyzed production of 5-OH DCF reached the highest
reported titres for a biotechnological process for selective oxyfunctionalization of DCF to 5-
OH DCF,3 target values for relevant economic metrics have not been met yet.[? Protein
engineering is a common approach employed to overcome limitations associated with natural
enzymes. This process is greatly facilitated when the 3D structure of the enzyme (or of its
homologs) is available. Chapter 3 deals with the determination of the first crystal structure of
a class VII P450 (CYP116B46, PA50-TT), which provided us with a guideline for semi-rational
mutagenesis of P450-AX for improved activity towards DCF. Preliminary data on P450-AX

engineering are given in Section 3.5.

Self-sufficient P450s were also employed in biocatalytic cascades to enable the synthesis of
ketoisophorone via double allylic oxidation of a-isophorone (Chapter 4) and amines from
cycloalkanes through a four-enzyme cascade (Chapter 5). An overall discussion of the project
can be found in Chapter 6, whereas materials, methods and supporting information are

reported in Chapter 7. Additional contributions are highlighted in Chapter 8.
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2.2 Abstract

The ability of cytochrome P450 monooxygenases to catalyse a wide variety of synthetically
challenging C-H activation reactions makes them highly desirable biocatalysts both for the
synthesis of chiral intermediates and for late stage functionalisations. However, P450s are
plagued by issues associated with poor expression, solubility and stability. Catalytically self-
sufficient P450s, in which the heme and reductase domains are fused in a single protein,
obviate the need for additional redox partners and are attractive as biocatalysts. Here we
present a panel of natural self-sufficient P450s from thermophilic organisms (CYP116B65
from A. thermoflava, CYP116B64 from A. xiamenense, CYP116B63 from J. thermophila,
CYP116B29 from T. bispora and CYP116B46 from T. thermophilus). These P450s display
enhanced expression and stability over their mesophilic homologues. Activity profiling of
these enzymes revealed that each P450 displayed a different fingerprint in terms of substrate
range and reactivity covering reactions as diverse as hydroxylation, demethylation,
epoxidation and sulfoxidation. The productivity of the biotransformation of diclofenac to
produce the 5-hydroxy metabolite rose by 42-fold using the thermostable P450-AX (>0.5g L
1 hl) compared to the previously reported P450-RhF system. In conclusion, we have
generated a toolkit of thermostable self-sufficient P450 biocatalysts, with broad substrate

range and reactivity.

2.3 Introduction

Cytochromes P450 (P450s) are a superfamily of heme-thiolate enzymes that are ubiquitous
in Nature and play a primary role in drug metabolism and the biosynthesis of physiologically
important compounds including steroids and vitamins.[*l P450s have the ability to catalyse a
wide range of synthetically challenging C-H activation reactions with high levels of regio- and
stereoselectivity.”) The most common P450 catalysed reactions are monooxygenation
reactions (e.g. hydroxylations and epoxidations) using a single oxygen atom from molecular
oxygen, with the other oxygen atom reduced to water (Figure 1A). Two electrons supplied by
NAD(P)H are shuttled following productive interaction with redox partners to enable
molecular oxygen activation.?* As such, P450s have immense potential as biocatalysts due

to the challenging nature and wide range of chemistry they can facilitate and present a green
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alternative or partner to chemocatalysis.>) However despite these attractive features, the
number of P450s in use industrially is limited.[®! The key factors limiting their widespread
application include low levels of expression, poor solubility and/or stability particularly in

recombinant systems and narrow substrate scope.[®7]

A P450
R/H + 2 + 0, + 2Ht — » R/OH + H0
B CYP1168 (Class VII) CYP102A (Class VIII)
COOH —~ NADPH
— Fes _Co0H FAD ( )
NADP*) S NADP
nappr/ TMN .
NH. FMN ~
-~ Haem 2 «~ Haem NH,

Figure 1. (A) P450-catalyzed oxidations, including C-H activation and (B) structural organization of
CYP116B and CYP102A self-sufficient P450s.

There are two main approaches to overcome these restrictions (i) the use of protein
engineering and (ii) the use of alternative naturally evolved enzymes from Nature’s vast pool
of diverse sequences. The use of natural over engineered enzymes is becoming an increasingly
popular approach, especially in recent years with the advancements in DNA sequencing and
the exponential increase in available sequences in protein and nucleotide databases.!®! Given
this increasing number of diverse, naturally evolved protein sequences available, there are
now answers contained within these databases for many biocatalyst requirements.
Moreover, the ease with which they can be accessed by gene synthesis outweighs the often-
lengthy process of laboratory evolution or the sometimes fortuitous nature of rational
engineering. Of particular interest for the development of biocatalytic processes is the use of
enzymes from extremophiles (e.g. alkaliphiles, halophiles or thermophiles) that have already
adapted to conditions in line with requirements for the target application.® For example,
enzymes originating from thermophilic organisms have been shown to display remarkable
thermal and chemical stability in isolation and in recombinant systems.!1% These enzymes are
of immediate interest due to the crucial role stability plays when assessing the applicability of
enzymes for industrial roles. Moreover, enhanced enzyme stability also creates an important

platform from which to further engineer the catalytic properties of enzymes. 1]
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Previous studies have looked at the genomes of thermophilic organisms in order to identify
more suitable biocatalysts. Nevertheless, the number of P450s from thermophilic
microorganisms that have been studied so far is few, including CYP119A1 from S.
solfataricus,*? CYP119A2 (P450st) from S. tokodaii, 3! CYP154H1 from T. fuscal and
CYP175A1 from T. thermophilus.™> Given that required redox partners are also proteins,
applications require not only thermostable heme proteins, but also the co-expression or
addition of independent thermostable redox partners. In some cases the corresponding
native thermophilic electron transport system has been identified, however their discovery is
no simple task.[*2¢16] More conveniently, mesophilic reductase domains have been employed
but limit the overall stability and coupling efficiency of the system to the stability of the most
labile protein component.[*2> 14 The self-sufficient nature of class VIl (e.g. CYP116B2, P450-
RhF) and class VIII (e.g. CYP102A1, P450-BM3) P450s containing the heme and reductase
domains on a single polypeptide strand makes them desirable biocatalysts, as the need for
identification and separate expression of redox partners is negated (Figure 1B). Isolated from
the mesophilic bacterium Bacillus megaterium, the PA50-BM3 fatty acid hydroxylase is the
best studied self-sufficient P450.171 The subsequently discovered class VIl self-sufficient
enzymes include the mesophilic P450-RhF from Rhodococcus sp. NCIMB 9784,['8 which
displays a varied range of activities,!*! including hydroxylation of the widely used anti-
inflammatory drug diclofenac.l?”) P450-RhF has a unique FMN and 2Fe-2S ferredoxin
containing phthalate dioxygenase-type reductase domain fused to the C-terminus of the P450
to create a monomeric 85-kDa self-sufficient enzyme.[!82 211 The reductase domain has been
exploited to create artificial fusion proteins with various independent heme domains. These
chimeric constructs have been used for benzylic oxidation reactions and the production of
drugs and drug metabolites.[?? For example, the RhF reductase domain was fused to the
engineered P450prava and utilized in the single step fermentative production of the cholesterol
lowering drug pravastatin.??l However, the stability of both the native and artificial constructs
is poor, with previous results showing that upon purification the native enzyme is largely
inactive due to instability of the FMN-FeS reductase domain. 2!

The idea of combining thermostability and catalytic self-sufficiency to create a robust
biocatalyst is very attractive. Recently a fungal BM3 homologue from M. thermophilia has
been isolated and characterized. However CO-binding studies monitoring conversion from

P450 to the inactive P420 form with increasing temperature gave a Tso value of only 43 °C,[24
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which is comparable to the mesophilic BM3.[2°] Alternatively, engineering studies have been
directed towards creating thermostable self-sufficient enzymes. For example, thermostable
P450 chimeras have been generated by exchange of the BM3 reductase domain with the
more stable one from the homologue CYP102A3 or through structure-guided SCHEMA
recombination of the heme domains of CYP102A homologues.!?®! In another study the heme
domain of CYP175A1 was linked to its native redox partners to give an artificial fusion protein
displaying 50 % residual activity after incubation at 80°C for 10 minutes.[?”]

Here, our aim was to identify natural P450s from thermophilic origins that could
outperform their mesophilic counterparts in terms of expression, solubility and stability in
recombinant systems. In particular, we sought self-sufficient P450s to avoid the search for
redox partners with matching thermostability and to simplify protein production. Thus, the
thermal stability and catalytic properties of five class VII P450s have been investigated and
compared to that of P450-RhF. Given that these multi-domain catalysts have evolved in
thermostable organisms, it was also interesting to ask if the observed thermostability would
be the same for all subdomains, or if one of the domains consistently displayed higher stability

in these five systems.

2.4 Results and Discussion

2.4.1 Identification of RhF Homologues from Thermophiles

Initially BLAST searches of nucleotide and protein databases were carried out using P450-BM3
or P450-RhF as the query sequence to identify homologues from thermophilic bacteria.
Several BM3 homologues were identified from thermophilic organisms, however most were
fungal (Table S1, section 7.1.1.2). Due to the interesting range of activity displayed by P450-
RhF, as outlined above, we selected five RhF homologues from thermophilic bacteria for
characterization: CYP116B65 (P450-AT) from Amycolatopsis thermoflava, CYP116B64 (P450-
AX) from Albidovulum xiamenense, CYP116B63 (P450-JT) from Jhaorihella thermophila,
CYP116B29 (P450-TB) from Thermobispora bispora and CYP116B46 (P450-TT) from
Tepidiphilus thermophilus (Table 1). The amino acid sequences were aligned and the amino
acid compositions were assessed (Figure S1, S2 and Table S2, section 7.1.1.3). It has been

commonly observed that thermophilic enzymes have an increased number of hydrophobic
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and aromatic interactions as well as more H-bonding and ionic interactions.[?®! As such, the
amino acid composition of thermophiles can show trends towards larger non-polar, aromatic
and charged amino acids at the expense of small non-polar and polar uncharged residues.!'%
291 Here general trends could be observed with fewer Ala and an increase in lle, Phe and Arg
residues with increasing thermal stability, though it is difficult to rationalize without structural
context. A phylogenetic tree was constructed with the five new sequences and the five
previously characterized class VII CYP116B enzymes (Figure 2). Preliminary data exist for
several proposed class VIl enzymes, 3% however the number of fully characterized class VIl
enzymes is very limited with only five previously published (CYP116B1 from C. metallidurans,
CYP116B3 from R. ruber, CYP116B4 from L. aggregata, CYP116B5 from A. radioresistens and
the previously mentioned CYP116B2 RhF).[18% 311 The most closely related to RhF is P450-AT
with 75 % sequence identity, followed by TB with 69 % identity. In all cases there is closer

homology between the heme domains than the reductase domains.

Table 1. Sequence information for P450-RhF and the identified homologues AT, AX, JT, TBand TT

P450 ('I‘("I;’;’) nuCr:Eer Organism tei‘\‘;:‘r’::::;zm Source

RhF 853  CYP116B2 N’ZI;/(\J//CLOE;Z;’S;;’Q 55 oC <ol

AT 845 cvpiieBes g’;‘;ﬁ’:g;’;‘i@if fava 45 °C Soil, China

AX 86.0 CYP116B64 A'b’g‘s’l‘\’/‘l’l‘i’r’; :;IC;'ZZ;;"SE 55 °C Tseprrrlisgrglu:c;t
T 865 CYP116B63 Jhag;’&egt‘iati’f; ’::f:”" )8 °C Coastil;xz rimmg,

Thermobispora bispora

TB 87.2 CYP116B29 DSM strain 43833 45 °C Decaying manure
Tepidiphilus thermophilus . Terrestrial hot
m 89.4  CYP116B46 DSM strain 27220 >0°C spring, India

8] Cultivation conditions for microorganisms were obtained from the NCIMB or DSMZ catalogues.
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Sequence I.D. to RhF

Full-length  Haem Reductase

CYP116B2 (RhF) | Rhodococcus sp.
4|: CYP116B3 | R. ruber 94 % 97 % 91 %
—— CYP116B65 (AT) | A. thermoflava 75 % 82 % 68 %
CYP116B29 (TB) | T. bispora 69 % 76 % 62 %
CYP116B1 | C. metallidurans 66 % 76 % 54 %
CYP116B4 (LaMO) | L. aggregata 60 % 67 % 53 %
CYP116B64 (AX) | A. xiamenense 58 % 62 % 53 %
CYP116B63 (JT) | J. thermophila 57 % 62 % 54 %
CYP116B46 (TT) | T. thermophilus 57 % 60 % 53 %
] —— CYP116B5 | A. radioresistens S13 53 % 61 % 47 %

CYP102A1 (BM3) | B. megaterium

Figure 2. Phylogenetic tree with new and previously reported Class VIl P450s as well as the Class VI
BM3. The evolutionary analyses were conducted in MEGA7 with sequences aligned using ClustalW
and evolutionary history inferred using the UPGMA method. The evolutionary distances were
calculated using the Poisson correction method and are in the units of number of amino acids
substitutions per site.

2.4.2 Expression, Purification and UV-visible Absorption Properties

The genes encoding P450 AT, AX, JT, TB and TT were cloned from genomic DNA into pET28a
and expressed in Escherichia coli BL21(DE3) with cleavable polyhistidine tags. SDS-PAGE
analysis showed overexpression of the correct size constructs (AT =87.0, AX=88.2, JT=88.7,
TB =90.8 and TT = 93.0 kDa) with good levels of soluble protein (Figure S4, section 7.1.1.4).
The P450 concentration was measured in the corresponding cell lysates with the new panel
of P450s showing up to 5.6-fold better expression and stability during the lysis process
compared to RhF (TT = 315.5 and RhF = 56.1 nmolpaso gcaw*) (Table S4, section 7.1.1.4). The
new panel of enzymes were purified by IMAC (immobilized metal ion affinity
chromatography) following sonication of whole cells expressing the respective P450. The
purified samples were subsequently analysed by SDS- PAGE and showed purification of the

full-length enzymes (Figure S5, section 7.1.1.4).
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The UV-visible absorption features of the newly expressed and IMAC purified P450s were
characteristic of typical P450 hemoproteins (Figure S6, section 7.1.1.4). The oxidized form of
the purified proteins gave spectra with the absorption maximum of the main Soret band at
419 nm and the a and B bands located at 567 and 533 nm respectively for AT. Similarly, the
main Soret band and the a and B bands were located at 422, 567 and 536 nm for AX, 420, 568
and 530 nm for JT, 420, 570 and 532 nm for TB and 420, 568 and 537 nm for TT. Reduction
with sodium dithionite causes a slight shift in the main Soret band (< 420 nm) and for it to
diminish in intensity. The addition of CO to the dithionite-reduced samples causes the
expected shift in absorption to 449-451 nm (449, 451, 450, 449 and 449 nm for AT, AX, JT, TB
and TT respectively) upon formation of an Fe(ll)-CO complex, which is where the P450 name

derives.

2.4.3 Substrate Scope and Nucleotide Cofactor Preference

Prior to investigation of the substrate scope the cofactor preference of the class VII P450s AT,
AX, JT, TB and TT was determined by monitoring the reduction of cytochrome c as the electron
acceptor in steady-state reactions. Both NADH and NADPH were tested as electron donors
but there was a strong preference observed for NADPH over NADH in all cases (Table S6,
section 7.1.1.5). This is consistent with the previously characterized Class VII enzymes
CYP116B1, B2, B3 and B4 all of which also showed preference toward NADPH.[18a 31a, 31c, 31d]
The observed kcat value of 5.6 + 0.7, 8.3 + 0.7 and 40.5 + 0.8 s for NADPH as electron donor
by TB, AX and TT is in the same range as those previously determined for CYP116B1-3 (kcat =
2.5 -39 s1), however AT and JT exhibit higher rates with ket values of 69 + 2 and 70 + 2 s1
respectively.

P450-RhF displays a notable degree of substrate promiscuity, being able to catalyse not
only hydroxylation reactions but also the O-dealkylation, sulfoxidation and epoxidation of a
diverse range of compounds.[*® We assembled twelve such compounds creating a test set
with which to explore the substrate scope of P450-AT, AX, JT, TB and TT. Reactions were run
using soluble cell lysates (the equivalent of 200 mg mL* wet cell weight) (P450 concentrations
determined by CO binding are shown in Table S8, section 7.1.1.6) for 20 h with NADP* and a
cofactor recycling system consisting of glucose and glucose dehydrogenase (GDH) to facilitate

production of the more expensive NADPH. Table 2 shows the total substrate conversions
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catalysed by each enzyme including RhF. In most cases the major product could be identified
by comparison with an authentic standard. The number and approximate distribution of
unidentified products have also been indicated in order to provide a general fingerprint3?! of
the respective enzyme activities (Table 2). A range of activities were observed including
demethylation, epoxidation, hydroxylation, and sulphoxidation. Previously P450-RhF has
been shown to possess good activity towards diclofenac (1) and produce the human
metabolite 5-hydroxydiclofenac (2).12% In this study P450-AT, AX, JT and TT all displayed better
conversions (> 85 %) to the hydroxylated product than RhF (63 %) under the screening
conditions. Furthermore, in terms of total substrate conversion, RhF was outperformed in all
cases by two or more of the new class VII P450s from this study, with the exception of just a-
isophorone (17) and tetradecane (22) where no activity was observed with any P450.
Demethylation was observed for P450 biotransformations with 4-methyoxyacetophenone
(3), 2-hydroxy-4-methoxyacetophenone (5), 4-methoxybenzophenone (7), 4-
methoxybenzonitrile (9) and 7-methoxycoumarin (11) and the demethylated compound was
the major product in most cases. Hydroxylation was observed with fluorene (13) to give 9-
fluorenol (14) as the major product. In addition, benzylic C-H activation of ethylbenzene (15)
resulted in 35 % conversion by AT, 8 % by JT and 13 % by TB, to produce (S)-1-phenylethanol
(16) (90 £ 10 % ee) (Table S10, section 7.1.1.11). Furthermore, the sulfoxidation capability of
AT, AX, JT, TB and TT was demonstrated with methyl phenyl sulphide (18) to give conversions
of 59, 34, 58, 58 and 21 % respectively to the corresponding sulfoxide 19 (predominantly (S)-
methyl phenyl sulfoxide). Epoxidation activity was also demonstrated using styrene (20) as

substrate with conversions of 10-20 % to the corresponding epoxide 21 by AT, JT and TB.
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Table 2. Substrate conversions and product fingerprint from Class VII P450s

Conversions (%)

Substrate Product
RhF AT AX JT TB TT
- o]
& 60 o OH 63 >99 >99 >89 37 86
H N
L. — X O 00000
cl Cl OH
Diclofenac 1 2
9 o 5 >99 11 28 24 32
o = O
o HO
4-Methoxyacetophenone 3 4
i i 56 >99 10 41 95 26
o - 00
o OH HO OH .
2-Hydroxy-4-methoxyacetophenone 5 6
m 0 13 >99 9 12 29 10
—
o . O O
4-Methoxybenzophenone 7 8
=N N 7 56 6 10 12 7
o = O
o HO
4-Methoxybenzonitrile 9 10
22 95 <5 34 55 37
_o (o Mg o] HO 0.0
g W e @ 00
P o
7-Methoxycoumarin 11 12
o 10 29 12 9 43 6
3G 0 @0 @ (e
Fluorene 13 14
b 0 35 0 8 13 0
. - O O @,
Ethylbenzene 15 16
0 0 0 0 0 0
— n/a
o
a-Isophorone 17
@\ 8 59 34 58 58 21
2. e ¢
" : O 000
Methyl phenyl sulphide 18 19
0 16 6 15 15 <5
— «
o s O 0
(]
Styrene 20 21
0 0 0 0 0 0
AN TN TN TN TS TN —— n/a

Tetradecane 22

[ Reactions were carried out using soluble cell lysates. Products fingerprints are indicated in the charts
under the respective conversion value with blue indicating a product identified through comparison
with an authentic standard and grey indicating unknown products (products that accounted for less
than 10% of the final reaction are not indicated in the charts).
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2.4.4 Thermal Stability of the P450 Panel

Previous literature on thermostable P450s placed the major focus on the stability of the heme
domain at high temperatures. However, P450 chemistry depends also on the effective supply
of reducing equivalents from redox partners, the stability of which needs to match the heme
domain. As we were interested in the overall construct stability, the thermal stability of the
P450s was measured in two ways, (i) determining the residual CO binding by formation of the
Fe(ll)-CO complex at 450 nm and (ii) by monitoring the residual activity toward 7-
methoxycoumarin (11). The plots showing P450 concentration determined by CO binding
were obtained using cell-free lysates and include P450-RhF for comparison (Figure 3A). Each
of the P450s from this study displayed greater thermal stability than RhF, which was
encouraging given the previous issues with stability of P450-RhF.[2% P450 AT and JT showed
modest improvements from RhF, while AX, TB and TT showed significant improvements with
increases in Tso of greater than 15 °C. The residual activity experiments shown in Figure 3B
were conducted using purified protein and demonstrate not only thermal stability but also
confirm the self-sufficient nature of these P450s. RhF is not stable during routine purification
and is therefore not included for comparison.?% Similarly to the data shown in Figure 3A, the
P450s exhibiting the greatest stability determined by residual activity were TB, AX and TT.
These operating temperatures are largely consistent with the growth temperatures of their
native hosts (JT < AT =TB < TT < AX) (Table 1).

Values for Tso were extracted by fitting the data to a Hill type equation (section 7.1.1.7)
and are compared in Figure 3C. In most cases there are small discrepancies between the
observed Tso values for the residual CO binding and the residual activity, but for AT, AX, JT and
TT these differences are less than 3 °C. Differences are expected due to the different
experimental setup and the use of lysate for the CO binding compared to the use of purified
protein with a defined buffer composition used for the residual activity. However, in the case
of P450-TB (and AT to a lesser extent) the Tso values determined by each method differ
significantly. The Tso determined by CO binding (TB: Tso = 59.3 £ 0.7 °C) is greater than the Tso
determined by residual activity (TB: Tso =53.1 + 0.3 °C) by 6.2 + 1 °C. The source of difference
can likely be attributed to a less stable reductase domain for TB since the CO binding is

concerned purely with the integrity of the heme domain, while the residual activity requires
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function of the entire construct from electron transport through the FMN-FeS domain to
substrate turnover in the heme domain.
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Figure 3. Thermal stability of P450s assessed by (A) the residual CO binding following incubation of
soluble cell lysates at elevated temperature for 15 min and (B) the residual activity toward 7-

methoxycoumarin following incubation at elevated temperature 15 min. (C) The corresponding Tso
values determined from either method.
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To ascertain the relative stability of the FMN/2Fe-2S reductase domains compared to their
partner heme domains, residual electron transfer was measured using cytochrome c as
electron acceptor following incubation at the individual Tso determined by CO binding (where
residual activity > 50 % would suggest a more stable reductase domain compared to the
corresponding heme domain and residual activity < 50 % would suggest a less stable
reductase domain) (Figure 4). Electron transfer activity of the FMN/2Fe-2S phthalate
dioxygenase reductase from Pseudomonas cepacia with cytochrome c is mediated by the 2Fe-
2S domain.®3! If a similar sequence of electron transfer steps NADPH->FMN->2Fe-
2S—>cytochrome c¢ can be postulated for the phthalate dioxygenase-type reductase domain
of class VII P450s, then the measured residual electron transfer activity would be a reasonable
estimate of the stability of the functional reductase domain.

The residual electron transfer values were in accordance with the residual activities observed
for 7-methoxycoumarin (11). Under these experimental conditions the AX, JT, and TT
reductase domains showed equal or greater stability than their fused heme domains (similarly
to the results in Figure 3C), while as expected the TB and AT reductase domains were mostly
inactive following incubation. This indicates a comparatively less stable reductase than heme
domain and suggests that electron transport is indeed the limiting factor influencing substrate
turnover at higher temperatures. This agrees with previous reports that the reductase domain
of these self-sufficient enzymes may be responsible for reduced stability of the whole

construct.[20. 26a]
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Figure 4. Residual electron transfer monitored by cytochrome c reduction following heat treatment at

the Tso calculated by CO binding, where (---) shows the 50 % residual CO binding at the indicated
temperature.
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The P450 displaying the highest stability through either experimental method was TT. To
assess not only maximum temperature stability but also the stability at moderate
temperatures over longer periods, half-life assays were conducted at 50 and 58 °C (Figure S8,
section 7.1.1.7). TT displayed a half-life of approximately 9.5 h with incubation at 50 °C, while
the half-life was reduced to approximately 2 h at 58 °C. In addition, further studies were
conducted investigating the kinetic parameters of P450-TT. Having already established the
preference for NADPH and determined the kinetic properties at 25 °C (Table S6, section
7.1.1.5), we wanted to see if conducting the reaction at higher temperature yielded an
increase in electron transfer rate (Table S7, section 7.1.1.7). At 50 °C using NADPH as substrate
with cytochrome c as electron acceptor the ket value was 80 + 2 s which is approximately
double the rate when the reaction was performed at the lower temperature of 25 °C (kcat =

40.4 0.8 s4).

2.4.5 Whole Cell Biotransformations of Diclofenac

Diclofenac (1) is a widely used non-steroidal anti-inflammatory drug that along with its 4’-
hydroxy and 5-hydroxy (2) metabolites is persistent in the environment due to low
biodegradability. The P450-RhF catalysed hydroxylation of diclofenac (1) in an E. coli whole
cell system has been previously reported for the regioselective production of 5-
hydroxydiclofenac (2).12% The production levels of P450-RhF were comparable to those of
P450-BM3 and good product yields (0.29 g L) were achieved using a substrate feeding
strategy. However, when high concentrations of substrate were added at the beginning of the
reaction in a single batch, very low conversions were observed. Here our initial screening
experiments (as discussed above) suggested that the present thermostable enzymes would
be significantly better biocatalysts for this reaction (Table 2). To investigate the suitability of
these P450s for the production of 5-hydroxydiclofenac (2) whole cell biotransformations were
conducted (full information regarding P450 content as determined by CO-difference
spectroscopy on the corresponding cell lysates can be found in Table S8, section 7.1.1.6).
Diclofenac (1, 2, 10 or 20 mM final concentrations) was added in a single addition to start the
reactions, which were carried out at both 20 and 40 °C (Figure 5). As a baseline for our

investigations, we observed that P450-RhF catalysed the transformation of diclofenac (1) to
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produce 5-hydroxydiclofenac (2) (~ 0.5 mM) with 1 and 2 mM substrate loading at 20 °C but
not at higher substrate concentrations. Furthermore, for the whole cell biotransformations
conducted at 40 °C with P450-RhF (Figure 5B), there was no appreciable amount of product
detected for any of the RhF catalysed reactions regardless of initial substrate concentration.
When the temperature was raised to 40 °C and when using high substrate loading (10 and 20
mM), AX, JT, TB and TT all outperform RhF in terms of final product titre. P450-AX also
outperforms RhF under its optimum conditions of 20 °C using 1 or 2 mM diclofenac and in
fact performed significantly better than not just RhF but also AT, JT, TB and TT under all of the
tested conditions. It is interesting to note that increasing the temperature of the AX catalysed
production of 5-hydroxydiclofenac (2) from 20 to 40 °C with a 10 mM substrate loading led to

a 100 % increase in product formation.

RhF ®AT ®AX ®JT ©TB =TT

3
A 20 °C
25
2
1.5
1
—
=
E o5
=
2
©
s 0
c
S 1 2 10 20
Q
g 3
S B 40 °C
bt
[&]
3 25
(=]
2
o
2
15
1
0.5
0 |
1 2 10 20

Diclofenac concentration (mM)

Figure 5. Whole cell biotransformations with 1, 2, 10 and 20 mM diclofenac conducted at (A) 20 °C
and (B) 40 °C.

The scale-up of P450 based reactions at gram scale is still a challenge.3¥ The number of
reported preparative and gram scale reactions is low,?% this is especially apparent in

comparison to other enzyme systems. We aimed to assess scalability of the P450-AX whole
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cell biotransformation of diclofenac for comparison with the previous scale-up work with
P450-RhF.[201 Accordingly, the reaction was scaled-up linearly from 0.5 to 100 mL with 10 mM
diclofenac, 200 mg mL* wet cell load (corresponding to 6.2 pM P450 final concentration) and
conducted at 40 °C as before. The reaction was monitored over time (Figure S9, section
7.1.1.8) and after 5-10 h a final product concentration of 5.0 mM (1.6 g L!) was obtained,
corresponding to a conversion of 50 %, with some substrate and/or product loss to the
biomass. Production of the 5-hydroxydiclofenac metabolite (2) was confirmed by *H NMR
spectroscopy, which gave spectral data consistent with reported values.??! The whole cell
system showed good scalability with a greater conversion in the scaled-up biotransformation
than for the initial small-scale reactions (2.9 mM). Product formation plateaued after
approximately 5 h (Figure S9, section 7.1.1.8) at 50 % conversion despite the use of a
thermally stable P450 (AX: Tso = 59.3 + 0.2 °C). This could be due to the use of whole cells
rather than purified protein where mesophilic cellular enzymes are relied upon for cofactor
recycling. Nevertheless, without any optimization, the AX system showed more robustness
with higher substrate loading and an impressive 42-fold improvement in productivity when
compared to the previously reported metrics for the P450-RhF catalysed whole cell system

(Table 3),12% making it a more suitable system for the production of 5-hydroxydiclofenac (2).

Table 3. Comparison of the RhF and AX catalysed production of 5-hydroxydiclofenac

P450-RhF?l  P450-AX

. 1 mM (0 h)
I
S‘(’(';’Zflrvagf Eife';‘g 03mM (8h)  10mM (0 h)
y 0.3mM (23 h)
Average productivity
(g L h) 0.012 0.51
Product yield (g L) 0.29 1.6
Maximum spt_elcn‘lc act_llwty 0.07 118
(mgproduct h MEpaso )
TTN 382 800

8l Values determined from previously published results!?

Uncoupling in P450 reactions is another important parameter to consider as it influences

reaction rate and results in the formation of reactive oxygen species (ROS), which can affect
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the stability and performance of the whole system.[3%"] ROS are side products of P450
reactions occurring due to inefficient coupling of electrons from NADPH to formation of, in
this case, the hydroxylation product. The modified human P450 CYP2C9 catalyses the
oxidation of diclofenac with a coupling efficiency of ~ 30 %.3% Here the coupling efficiency of
the AX catalysed hydroxylation of diclofenacis 51 + 3 %. In comparison with the self-sufficient
BM3 with its native substrates, where coupling is typically > 90 %,3® this value is slightly
modest and could reduce periods of whole cell activity.*8 However for other P450s and with

non-physiological substrates, such high coupling efficiency is rare.

2.5 Conclusions

Since our first discovery of P450-RhF,[18] this class of self-sufficient P450 monooxygenases
has found wide applications and a number of homologues have been identified.3! Here, we
have presented a panel of five naturally self-sufficient P450s from thermophilic
microorganisms. P450-AT (CYP116B65) from A. thermoflava, AX (CYP116B64) from A.
xiamenense, JT (CYP116B63) from J. thermophila, TB (CYP116B29) from T. bispora and TT
(CYP116B46) from T. thermophilus are novel catalytically self-sufficient class VII P450
monooxygenases. The need for identification and production of corresponding thermostable
redox partners and the commonly encountered issues with stability of P450-PFOR constructs,
such as that of P450-RhF, have been successfully overcome by using these self-sufficient
thermostable enzymes. AT, AX, JT, TB and TT can be expressed reliably in a recombinant E.
coli system and have shown considerable thermal stability in comparison with P450-RhF. In
particular, P450-AX and TT showed high levels of soluble expression and excellent robustness
with Tsp values for residual activity of 59.3 + 0.2 and 62.9 + 0.3 °C respectively. TT maintained
activity at 50 °C with a half-life of over 9 h and also displayed a significantly (100 %) enhanced
electron transfer rate at higher temperatures. Furthermore, assessment of thermal stability
has highlighted that stability of the corresponding heme and reductase domains has not
necessarily evolved equivalently. The reductase domains of P450-TB and AT may limit activity
of the overall fusion enzyme at high temperatures, however JT, AX and TT show excellent
stability over the entire multi-domain construct. Activity profiling has shown these new class
VIl P450s to have different substrate fingerprints and to be capable of catalysing oxidation

reactions, including aromatic hydroxylation, demethylation, epoxidation and sulfoxidation. In
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addition, whole cells expressing P450-AX have been used for the biotransformation of
diclofenac to the human metabolite 5-hydroxydiclofenac at preparative scale. The stability,
reproducibility and higher product yields compared to the previously reported RhF system
make P450-AX an ideal candidate for the regioselective production of 5-hydroxydiclofenac
(2), which is required for toxicology studies and as a standard for environmental analysis and
is difficult to access chemically. This panel of robust P450s with differing substrate scope and
product profiles is an important addition to the toolbox of biocatalysts available for

biooxidations using molecular oxygen.

2.6 Subsequent Work

In order to assess the oxygen demand of the scaled-up synthesis of 5-hydroxydiclofenac (5-
OH DCF), batch reactions were carried out in small-scale stirred tank reactors using a whole-
cell biocatalyst expressing P450-AX. Each reactor contained a gas sparger, two Rushton
turbines, as well as mechanisms for temperature and pH control. The reaction volume was

100 mL and the stirring speed and aeration rate were varied.

As outlined in section 1.3, oxygen limitation may arise from a number of phenomena when
using a P450-based whole-cell biocatalyst (limiting OTR, cell maintenance and uncoupling).
Firstly, the oxygen consumption rate (OCR) of cells without the target substrate was
determined (Figure 6). Linear extrapolation to higher cell concentrations shows that the OCR
at a cell concentration of 123 gcww/L (the designated cell concentration for subsequent scale-
up experiments) was estimated to be approximately 80 mmol O, L hl at 37°C (the
designated process temperature for subsequent scale-up experiments). In the employed
experimental setup, the maximum oxygen transfer rate that can be achieved is approximately
21 mmol O, L't h'l sparging air and 103 mmol Oz L' h' sparging pure oxygen (at atmospheric
pressure and 37 °C). From these estimations, the reaction will always be limited by the oxygen
transfer rate when using air, as the OCR of cells without the substrate is higher than the

achievable OTR obtained when sparging air.
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Figure 6. Oxygen consumption rate (OCR) of cells when sparging pure oxygen at atmospheric pressure.
The diffusion of oxygen from the liquid to the air was experimentally determined and subtracted to
all data points. Higher cell concentrations were not tested due to the sensitivity of the oxygen probe
used.

Next, batch reactions were carried out sparging mixtures of oxygen and nitrogen at various
ratios to evaluate whether the reaction was oxygen limited. In this work, each ratio is
represented by the concentration of oxygen in the gas feed (%). For the first batch reaction,
air was supplied (~0.216 mM O solubility at 1 atm and 37 °C) and in the second batch pure
oxygen (~1.03 mM O; solubility at 1 atm and 37 °C) was sparged into the bioreactor. From
the results obtained (Figure 7), it can be concluded that the reaction is oxygen limited when

air is used for sparging, since the use of pure oxygen resulted in a faster reaction rate.
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Figure 7. Oxidation of 5 mM of diclofenac sparging air (aeration rate 0.4 vvm) and pure oxygen
(aeration rate 0.2 vvm). Reaction set-up: 0.2 M KPi buffer pH 8, 123 mg/mL cells wet weight, 10 mg/mL
glucose, stirring speed of 200 rpm, 20 uL Antifoam 204, 37°C and 100 mL reaction volume.

Table 4 shows the process metrics calculated from the results of these batch reactions. Based

on the productivity, the oxygen consumption for product formation (when sparging pure
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oxygen) was estimated to be approximately 2 mmol O, L'* h1. Additionally, since P450-AX has
a coupling efficiency of approximately 50 % (section 2.4.5), it can be assumed that a further 2
mmol O, L' h! was converted to ROS. Recalling that the OCR was estimated to be
approximately 80 mmol Oz L't h'?, it would appear that the majority of oxygen provided to the
reactor is employed for cell maintenance. When pure oxygen was supplied to the reaction,
both the space-time yield (STY) and biocatalyst yield were improved more than 2-fold,
indicating that the enzyme is not used efficiently when sparging air. At constant agitation and
aeration rates, oxygen sparging results in a 5-fold increase in oxygen transfer rate, compared
to air sparging. In this case, the reaction rate increased, but to a lower extent. Therefore, it
appears that the reaction is no longer oxygen limited when sparging with pure oxygen, as a
5-fold increase in reaction rate was not observed. If the reaction rate had increased with the
same factor, it would show that the reaction kinetics are dependent on oxygen concentration.

Table 4. Comparison between the calculated process metrics obtained from experiments carried out
with two different oxygen supply methods.

Gas feed
Process Metric

Air 100% O

Reaction conversion (%) 38 94
Product concentration (g/L) 0.6 1.5
STY (gLh?) 0.24 0.62

Biocatalyst yield (gproduct/8cww) 0.0048  0.012

It is known that the relative concentration of oxygen in the gas feed can affect the lifetime of
the whole-cell biocatalyst.?8 Our results suggest that productivity might not be compromised
if a lower oxygen concentration is used, which is not only desirable for instability issues but
also for economic and safety reasons. To test this hypothesis, initial rate experiments were
carried out at different oxygen concentrations, as shown in Figure 8. The reaction rate was
found to increase as the oxygen concentration in the feed gas was increased to 75%, followed
by a drop in reaction rate at 100% oxygen concentration. Therefore, a lower concentration of

oxygen in the gas feed should be employed to maximize the performance of the biocatalyst.
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Figure 8. Effect of oxygen concentration on initial reaction rates. Different oxygen concentrations
were obtained by mixing nitrogen and oxygen accordingly to the values in the graph. Solubility of
oxygen at 37 °C and atmospheric pressure: 10% - 0.103 mM; 21% - 0.216 mM; 37% - 0.381 mM; 50%
-0.515 mM; 75 % - 0.773 mM; 100% - 1.03 mM.

In summary, this follow-up study on the preparative scale synthesis of 5-OH DCF by whole-
cell expressing P450-AX showed that biocatalyst-related limitations and process parameters
still need to be optimized to reach practical values for the relevant economic metrics. From
the biological perspective, improvements in protein expression levels and coupling efficiency
are needed for the efficient utilization of reducing equivalents and oxygen at low cell
concentration. In terms of process engineering, oxygen supply optimization could further

improve the whole-cell hydroxylation of diclofenac.
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3.2 Abstract

The first crystal structure of a class VII P450, CYP116B46 from Tepidiphilus thermophilus, has
been solved at 1.9 A resolution. The structure reveals overall conservation of the P450-fold
and a water conduit around the I-helix. Active site residues have been identified and sequence
comparisons have been made with other class VIl enzymes. A structure similarity search
demonstrated that the P450-TT structure is similar to enzymes capable of oxy-
functionalization of fatty acids, terpenes, macrolides, steroids and statins. The insight gained
from solving this structure will provide a guideline for future engineering and modelling

studies on this catalytically promiscuous class of enzymes.
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3.3 Introduction

Cytochrome P450 monooxygenases (P450s or CYPs) are a widespread class of heme-
containing enzymes capable of catalysing a diverse array of oxidation reactions with
important roles in biosynthetic pathways and xenobiotic metabolism.[ Since these reactions
often occur with high regio- and stereoselectivity, P450s have recently been targeted for
synthetic applications.?l The most common and synthetically attractive reaction catalysed by
these enzymes is the monooxygenation of unactivated C-H bonds under mild conditions using
molecular oxygen as the sole oxidant. In order to carry out this reaction, two NAD(P)H-derived
electrons are shuttled by redox partners for reductive activation of dioxygen. Two
protonation steps are necessary to generate the ferryl compound | which represents the

catalyst for oxygen insertion.[3!

Cytochrome P450s can be classified according to the electron transport system exploited to
complete their catalytic cycle.[¥l Most of these P450 systems require separate redox proteins
to function. However, P450 classes have been discovered in which the redox partners are
fused to the heme domain of the enzyme, creating multicomponent, self-sufficient systems.
These are attractive biocatalysts, as the need for identification and expression of separate

redox partners is obviated.

Structural data available for P450 enzymes led to the conclusion that an overall-P450 fold is
conserved and large conformational rearrangements are sometimes observed upon ligand
binding.® Even though structural-based standard numbering systems have certainly
improved the quality of P450 sequence alignments,[®! the process of accurately converting
sequence information into a 3D structure is complicated by the low sequence identity among

P450s belonging to different families (10-30 %) and by the diversity within the active site.!”]

Class VII P450s represent a unique class of fused enzymes in which electrons are transferred
by a phthalate family oxygenase-like reductase domain (PFOR)- containing a FMN and a 2Fe—
2S cluster.[l These self-sufficient enzymes have recently received attention for their
remarkable substrate promiscuity, with further efforts made to engineer them through
directed evolution for higher dealkylation activity, to improve the catalytic performance in

the hydroxylation of tetralin derivatives or to carry out anti-Markovnikov oxidation of
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styrenes.[>11 Moreover, benefitting from the rapid expansion of available CYP sequences, we
have recently reported the discovery of a panel of new class VII P450s with desirable
biocatalytic properties such as good expression levels, thermal stability and diverse substrate
scope.213 |n particular, CYP116B46 from T. thermophilus displayed not only better
expression levels but also enhanced thermal stability when compared to the previously

characterized CYP116B2 (P450-RhF).

Since the discovery of the first class VII P450-RhF in 2002, several more have been reported
and thoroughly characterized biochemically.[**-2°] However, as yet no physiological role has
been determined for these enzymes with the exception of only CYP116B5.1*8! Moreover, X-
ray crystal structures for the heme domain of these proteins are not available to date. In order
to provide a link between the sequence and the 3D structure of this valuable class of enzymes,
we have solved the first X-ray structure of the heme domain of a class VII P450. As thermally
stable enzymes tend to generate protein crystals better suited for X-ray diffraction,?% we
focused on CYP116B46 (UniProt AOAOK6ITW2) to get a first insight into the structure of this

class of self-sufficient enzymes.
3.4 Results and Discussion

3.4.1 Overall Structure
The substrate-free crystal structure of CYP116B46 (P450-TT) was determined at 1.9 A
resolution from residue 28 to 443 by molecular replacement using the recently solved

structure of CYP288A2 (PDB 5GWE) as search model.[?1]

Overall, P450-TT adopts the triangular P450 fold composed of 19 a-helices and 10 B-strands
divided into 3 sheets embedding the heme (Figure 1A, the structural nomenclature of
Hasemann et al. was adopted where possible and secondary structural elements annotated
with ESPrint).[22! Close inspection of the protein surface does not reveal an open tunnel
leading to the heme prosthetic group. Analysis of the structure using the CAVER 3.0 tool
enabled identification of a putative tunnel ~14 A long, with a ~9 A wide entrance and a
bottleneck of ~1.7 A (Figure 1B). This tunnel is mainly lined by hydrophobic residues (Table
S2, section 7.2.2) but its opening appears too small to accommodate organic molecules (for
comparison, methane radius is 1.9 A).13 Unsurprisingly, initial ligand docking experiments

into P450-TT structure did not place the tested substrate (diclofenac) into the active site.
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However, it was possible to obtain docking poses compatible with P450 chemistry after
molecular dynamics simulations (data not shown). Therefore, opening motions might be

needed to accommodate the diverse range of substrates accepted by this class VII P450.12]

C W >

Gly3s7

Leu386

Arg388

Figure 1. A) P450-TT overall fold with helices represented in cyan, B-strands in red and coils in
magenta. B) Surface representation of P450-TT crystal structure showing a narrow tunnel (yellow
dotted line) leading to the heme pocket. C) The cysteine-pocket with the proximal ligand Cys385
interacting with the terminal guanidino nitrogen of Arg388, and the carbonyl oxygen of Phe378. D)
Heme-propionate interactions with surrounding residues. The buried prosthetic group is represented
with sticks.
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The heme-iron is hexacoordinated, with Cys385 acting as the proximal ligand and water as
the sixth ligand (Figure 1C). The proximal ligand is part of the so-called “cysteine-pocket”,
which includes Phe378, Gly379, Tyr380, Gly381, GIn384, Leu386, Gly387 and Arg388. The K-
helix bears the sequence 3%’ IPXAXEECLR3!® in which we can recognize the well described EXXR
motif followed by the conserved Arg369 in the so-called “meander” (the loop between K’-

helix and the cysteine-pocket).[??]

The heme propionates are either coordinated to the protein chain directly through charged
residues or indirectly through water, allowing the insertion of the heme cofactor in the
interior of the molecule (Figure 1D). In particular, the A-ring propionate interacts with N¢ of
His125, and the Arg129 side chain, while the D-ring propionate hydrogen bonds with the main
chain amide group of Tyr380, the carbonyl group of the same residue and the main chain
amide group of His383 through a water molecule, the side chain of Arg326 and finally with

Vall18, Trp324 and Arg326 through a second water molecule.

As in other P450 structures, the region of the I-helix between Ala274 and Thr279 shows a
disruption of the regular a-helix hydrogen-bonding pattern (Figure S3, section 7.2.2).124
Moreover an extensive chain of water molecules hydrogen bonding with Val273, Ala274,
Ala275 (on the “back” of the I-helix) and Glu277 can be observed, the latter being the farthest
from the heme and closest in distance to the bulk solvent. A similar water channel connecting

the active site to the bulk solvent has been observed in other P450 structures.[2%]

3.4.2 Active Site

The X-ray structure of P450-TT reveals that the active site is buried within the protein core,
with 18 residues organized in what could be described as a tiered system above the heme
(Figure 2).1261 The six residues of tier 1 (Val118, Ala274, Thr278, Pro320, Val321 and Trp324)
are located just above the heme, with Ala274 and Thr278 involved in the I-helix distortion and
Trp324 interacting with the D-ring propionate. Four residues form tier 2 (Val91, Thrlle,
Ala270 and Phe424) and lie in a ring above the tier 1 residues. Ala270 is the only residue
located in the I-helix, while the other residues come from neighboring loops. Leu92, Phe206,
Val273 and Glu277 comprise tier 3, which includes the conserved acidic residue (Glu277).

Finally, tier 4 is entirely composed by residues from the F”’-helix (His201, Thr202, Asn204,
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Ala205) and delineate a lid over the active site. Overall, the cone-shaped active site is
dominated by apolar and aromatic residues, with charged residues only populating the upper

tiers.

/ Asn204

His201

Ala205

N
L ~'Phe206
oy
N\
Ala270 ¥ Valol

Ala274 Pro320

Thr278

vall1s .
T val32l  Trp324

Figure 2. The active site of PA50-TT. Four tiers of residues are shown with different colors: green (tier
1), yellow (tier 2), cyan (tier 3) and magenta (tier 4). The heme prosthetic group is also shown.

Guided by the insights gained from the first class VII P450 crystal structure, we proceeded to
analyze local sequence similarities with other class VII P450s. The full heme-domain alignment
of characterized class VIl P450s can be found in section 7.2.2 (Figure S4). Active site residues
and substrate channels are crucial factors determining P450 substrate-selectivity,
identification of these residues is important for the purposes of drug design and for tailoring
enzymes for biocatalysis. In order to carry out a sequence conservation analysis at putative
substrate recognition sites, 96 class VII sequences (subfamily K9GPR5, including
uncharacterized proteins) were analyzed systematically using the 3DM™ system. This type of
analysis is particularly useful when consensus mutagenesis is employed for protein

engineering.[27.28l
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As shown in Table S3 (section 7.2.2), amino acids found in the P450-TT active site are well
conserved throughout class VII P450s (occurrence higher than 87 %), the exception being
Val321 (70 % conserved), which is often substituted by isoleucine. The same systematic
analysis was carried out to evaluate the conservation of residues lining the putative substrate
access channel. Most of these residues are conserved throughout class VII P450s (Table S2,
section 7.2.2). Notable exceptions are observed between helix-B’ and helix-C (Phell3,

Asn114) and in the I-helix (lle271 and 1le272).

At this stage, the absence of general trends in active site diversity does not allow to draw

general conclusions on substrate scope and product distributions for these P450s.

3.4.3 Structural Comparison to Other Bacterial P450s

A DALI structural similarity search was carried out in order to gain more functional insights
based on previously solved P450 crystal structures.?®! As shown in Table S4 (section 7.2.2),
P450-TT showed the highest structural similarity to P450-CreJ) (PDB 5XJN, root-mean square
deviation (RMSD) = 1.9 A), an enzyme involved in the p-cresol biodegradation pathway via
phosphorylated intermediates in Corynebacterium glutamicum.?) As discussed in section 3.3,
the P450 fold is conserved despite low degrees of sequence identity (30% sequence identity)
between CYP families (Figure S5, A, section 7.2.2). The structural superposition is poor at both
N- and C-termini and most significant deviations in the structural alignment can be observed
for aB’ and neighbouring loops and the whole region from aF’ to the N-terminal region of aG
(Figure S5, B). These regions are generally recognized as substrate recognition sites in
P450s.13% Moreover, critical residues for substrate binding in P450-Cre) are not found in the

corresponding position of PA50-TT structure (Figure S6, section 7.2.2).

Similarly, the superposition of PA50-TT and P450cam structures (PDB 2CPP, RMSD = 2.6 A)31
reveals a similar core structure and structural variability for regions involved in substrate
recognition (Figure S7, section 7.2.2). For example, the B’-helix, which houses P450cam
residues Tyr96 and Phe87 involved in substrate access and binding,3% is significantly shifted
away from the heme in P450-TT structure. Consequently, residues located in aB’ are not
found close to the heme. Moreover, the G-helix in P450-TT structure is longer than the one

observed in P450cam and contributes to the shortening of the F-G loop.
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Finally, additional similar structures include P450s acting on fatty acids, bulky substrates, such
as vitamin D3, steroids, terpenes, statins, cholesterol and macrolides (see Table S4, section

7.2.2).

In summary, crystallization and structure determination of the CYP116B46 (P450-TT) heme
domai revealed that the features associated with the P450-fold are well conserved, including
the cysteine-pocket, propionate coordination and the I-helix hydrogen-bonding pattern
disruption. A comparative analysis of the P450-TT structure demonstrated structural
similarity to P450s involved in the oxidation of fatty acids and bulky substrates such as
steroids, terpenes, statins, cholesterol and macrolides. As such, future investigations into
substrate scope of class VII P450s might be extended to bulkier substrates, such as those
accepted by human P450s. Eventually, this could reveal that the versatile framework of these
biocatalysts can be exploited to generate enzymes with human-like activities. To conclude,
the crystal structure of CYP116B46 provides the first glimpse into the structure of class VI
P450s and provides a framework to inform engineering studies and improve our ability to

build 3D models for this class of enzymes.
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3.5 Subsequent Work

The resolution of the first class VII P450 structure provided us with a framework for the
engineering P450-AX for diclofenac hydroxylation (Chapter 2). A model of P450-AX heme-
domain structure was generated from P450-TT structure (PDB ID: 6Gll) as template using
SWISS-MODEL33! (Figure 3). Residues predicted to be in the active site were targeted to
produce 14 saturation mutagenesis libraries using NNK codon degeneracy (Table S5, section
7.2.2). In order not to impair monooxygenase catalysis, residues likely involved in oxygen

activation chemistry were not considered (Ala263, Thr267 and Glu266).
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Figure 3. P450-AX active site model generated with SWISS-MODEL. Residues targeted for site-
saturation mutagenesis are indicated. The heme prosthetic group is also shown.

As the use of a NADPH depletion assay for screening purposes may lead to the selection of
mutants with higher NADPH consumption rates that are uncoupled to product formation, a
fast HPLC screening method (2 minutes) was developed to analyse whole-cell
biotransformations carried out in a 96-deep well format. The first mutagenesis round led to

the selection and characterization of 8 variants in terms of relevant biocatalytic parameters
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(Table 1). Improved turnover frequencies were observed, with TOF values reaching up to 37.1
min for L81l, corresponding to more than fivefold increase compared to the parent enzyme.
All the selected variants supported higher TTN than wild-type P450-AX and displayed a more
efficient utilization of NADPH, with more than 29000 turnovers with diclofenac for variant
L81G and 87.4% coupling for variant H190T. Thermal stability assessment and CO-difference
spectroscopy on lysates revealed that most of the introduced mutations had a slight negative

effect on thermal stability and protein expression levels, respectively (Table S6, section 7.2.2).

The simple combination of beneficial mutations originating from different libraries is a viable
approach,¥ albeit potentially capable of masking epistatic interactions.! Epistasis has a
profound effect on protein evolution, making the effects of mutations not always additive,
but rather dependent on the genetic background.3® As such, a combinatorial library was
generated by overlap extension PCR employing degenerate primers designed to include the
beneficial mutations listed on Table 1 along with the corresponding wild-type residues.
Because of limitations associated with the design of degenerate codons,’*”! the produced
library led to the introduction of mutations not observed during the first round of active-site
testing (see section 7.2.1.2.2). The double mutants L81S/N193E, L81V/N193A and
L81G/N193A were selected for further characterization. Residues L81 and N193 are predicted
to be positioned in the upper part of the active site, with N193 forming a lid above the heme.
Unsurprisingly, these residues are part of regions generally recognized to be highly flexible
and involved in substrate recognition.% In particular, L81 is predicted to be located in a loop
between aB and aB’, while N193 is predicted to be part of a short helical element preceding

the F-G loop.

Interestingly, L81S was not identified as a beneficial mutation during our first active site
testing. This might have been due to inherent screening variability or because the single
mutant was not active enough. For our curiosity, P450-AX L81S was generated by site-directed
mutagenesis to investigate diclofenac hydroxylation activity. As shown in Table S7 (section
7.2.2), modest improvements in product formation rate (TOF=13.1 min!) and in-vivo activity
(0.9 vs 0.7 umolproduct mint geww* for L81S and wild type, respectively) were measured.
Therefore, it is likely that moderate improvements combined with screening variability did
not lead to the selection of this mutant during the first engineering round. However,

introduction of mutation N193E in a L81S background led to significant improvements in both
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in-vivo and in-vitro reaction rates. Notably, these activity-enhancement effects could have not
been predicted from data on single point mutants only, as these do not account for the
contribution of epistasis in shaping protein fitness landscapes.

Table 1. Total turnovers, turnover frequencies and coupling efficiencies for 5-OH DCF production by
selected P450-AX variants.

TOF (min') Coupling (%) TTN

WT 6.7 48.4 7725

N193V 14.5 62.4 8550

N193A 20.8 70.1 10634

H190T 21.2 87.4 15950

Active-site A259G 26.5 68.7 17375
testing L81I 37.1 69.5 26375
L81Vv 43.4 58.9 26463

N193E 28.8 67.9 26500

L81G 36.5 68.0 29375

L81S/N193E 61.1 61.3 7475

Recombination | L81V/N193A 56.3 71.5 11425
L81G/N193A 59.2 51.7 36750

Mean values of at least three independent experiments. Errors estimated to be at most £10%.

Coming to the in-vitro investigation of diclofenac hydroxylation by the selected variants
originating from the recombination library, the purified proteins showed improved turnover
frequency values (TOF=56.3-61.1 min', Table 1), although none of the variants obtained by
recombination displayed higher coupling efficiency than H190T (87.4%). Nevertheless, variant
L81G/N193A supported more than 36000 turnovers with diclofenac, corresponding to almost
a fivefold increase in TTN compared to the parental enzyme. Moreover, in-vivo activity was
enhanced by the mutations introduced following recombination (2.4-2.9 umolproduct mint
geww 1, Table S8, section 7.2.2), which is desirable, considering the envisioned application of
these enzymes in whole-cell format. However, the early introduced mutations led to larger
improvements in the measured parameters compared to mutations introduced after
recombination. These diminishing returns are often encountered during protein engineering
campaigns. In particular, higher coupling efficiency (68%) and about fourfold improved TOF
and TTN values were measured for P450-AX L81G compared to wild type P450-AX, whereas
P450-AX L81G/N193A displayed reduced coupling efficiency (51.7%) and less than a twofold

increase in TOF and TTN values compared to P450-AX L81G. Mutations away from the active-
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site or stabilizing mutations are sometimes needed to “pull out” from unfavourable

trajectories encountered while exploring protein fitness landscapes.!3®!

To test the robustness of the best mutant L81G/N193A under more industrially relevant

conditions, bioreactor experiments have been planned.
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4.2 Abstract

The chemical synthesis of ketoisophorone, a valuable building block of vitamins and
pharmaceuticals, suffers from a number of drawbacks in terms of reaction conditions and
selectivity. Herein, the first biocatalytic one-pot double oxidation of the readily available a-
isophorone to ketoisophorone is described. Variants of the self-sufficient P450cam-RhFRed
with improved activity have been identified to carry out the first step of the designed cascade
(regio- and enantioselective allylic oxidation of a-isophorone to 4-hydroxy-a-isophorone). For
the second step, the screening of a broad panel of alcohol dehydrogenases (ADHs) led to the
identification of Cm-ADH10 from Candida magnoliae. The crystal structure of Cm-ADH10 was
solved and docking experiments confirmed the preferred position and geometry of the
substrate for catalysis. The synthesis of ketoisophorone was demonstrated both as a one-pot
two-step process and as a cascade process employing designer cells co-expressing the two

biocatalysts, with a productivity of upto 1.4 g L™t d™2.

4.3 Introduction

Monooxygenated terpenoids are relevant target compounds for the synthesis of active
pharmaceutical ingredients (APIs), fragrances and nutritional supplements.!!! For instance,
ketoisophorone (2,6,6-trimethylcyclohex-2-ene-1,4-dione, KIP, 3), is one of the key
intermediates to access useful building blocks for the synthesis of carotenoids and a-
tocopherol (vitamin E),!? as shown in Scheme 1. For instance, the biocatalytic conversion of
KIP to the chiral intermediate (4R,6R)-4-hydroxy-2,2,6-trimethylcyclohexanone ((4R,6R)-
actinol, 4), which is an important precursor of several carotenoids, has been recently
demonstrated in a one-pot system employing an engineered Candida macedoniensis old
yellow enzyme (CmOYE) and Corynebacterium aquaticum (6R)-levodione reductase.l!
Moreover, KIP can be used as a precursor of trimethylhydroquinone (TMHQ, 5), the key
building block in the synthesis of vitamin E.[¥ Commercially, KIP is produced from the readily
available 3,5,5-trimethyl-2-cyclohexen-1-one (a-isophorone, a-IP, 1) by isomerization to
3,5,5-trimethyl-3-cyclohexen-1-one (B-isophorone, B-IP, 2), followed by oxidation to KIP.[5-€]
However, the isomerization is a challenging process and requires high temperatures.®

Therefore, the direct oxidation of a-IP has become an attractive alternative route to KIP.
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However, this selective allylic oxidation proved to be a challenging task and currently such
transformation requires toxic heavy metal catalysts,”l generates undesired by-products!®!

and/or requires high temperatures and organic solvents.!

a-IP, 1

[ CAROTENOIDS ]

(4R,6R)-actinol, 4

~ 2 OH

Scheme 1. Current syntheses of KIP from a-IP by chemical oxidation, a gateway to the production of
high-value building blocks for the industry of carotenoids and vitamins.

In general, the regioselective oxidation of non-activated hydrocarbons under mild reaction
conditions remains a “dream reaction” in organic chemistry.'® With this regard, a
biotechnological approach offers a green alternative to traditional chemistry, since
biocatalytic reactions generally feature exquisite selectivity and are carried out under mild
conditions.'™ Cytochrome P450s (CYPs or P450s) are a diverse superfamily of heme
oxidoreductases capable of performing many oxidative reactions, most notably the insertion
of oxygen into a chemically inert C-H bond, using oxygen as a benign oxidant and releasing
water as by-product.[t22bcdefl pyring this catalytic cycle, oxygen activation is enabled by two
electrons supplied by NAD(P)H and shuttled by redox partners.['32b¢d Moreover, the
outstanding diversity of P450s and their wide distribution in all kingdoms of life imply that
their substrate scope and catalytic versatility could be much superior to other enzymes.[14
Overall, P450s should be considered as valuable catalysts in the enzymatic toolbox of the

organic chemist, even if major limitations have to be tackled to implement them in
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biocatalytic processes.[152b<dl Kaluzna et al. have recently reported the production of 4-
hydroxy-a-isophorone (HIP, 6, Scheme 2) from a-IP to a pilot-scale using the well-known
P450-BM3 from Bacillus megaterium (CYP102A1),1* paving the way for a sustainable P450-
based KIP production. On the other hand, several reports deal with the application of P450s
to catalyse the initial C-H activation in one-pot multi-enzymatic transformations: examples
are the oxyfunctionalization of linear hydrocarbons (both in vitro and in vivo),[1725¢ the
production of cycloalkanones or lactones from the corresponding cycloalkanes,[1825¢ the
synthesis of the grapefruit flavour (+)-nootkatone,[*®! the conversion of cyclohexane to
cyclohexanediols,?® and the stereoselective benzylic amination of ethylbenzene
derivatives.?! Therefore, considering these biocatalytic strategies, we designed a cascade
system to access KIP from a-IP via a double allylic oxidation (Scheme 2), employing a P450 in

the first step to afford HIP, followed by further oxidation by an alcohol dehydrogenase (ADH).

02 HO [~ o 7] o

@)
\P45O ADH
/\ > 7—T
OH @)

NADPH+H"  NADP* NADP*  NADPH+H*
o-IP, 1 HIP, 6 KIP, 3

Scheme 2. Proposed one-pot biocatalytic system from a-IP to KIP.

Herein we report the development and optimization of the envisioned cascade using an
improved variant of the chimeric self-sufficient P450cam-RhFRed,??! consisting of the heme
domain of the well-known CYP101A1l (P450cam, camphor 5-monooxygenase, UniProt
P00183) from Pseudomonas putida fused to the NADPH-dependent reductase domain
(RhFRed) of CYP116B2 from Rhodococcus sp. (P450RhF, UniProt Q8KU27),23! in combination
with Cm-ADH10 (GenBank AGA42262.1) from Candida magnoliae.?*) Along with P450-BM3,
P450cam is one of the most studied P450s,[252b.cdel and the plethora of information available
has been exploited to engineer this enzyme mainly targeting active site hot spots Y96, F87,
L244, and V247 in order to generate biocatalysts for terpene oxidation,2622<l to accept small
alkanes[?722<l or industrial pollutants such as large polycyclic aromatic hydrocarbons!?®! and
polychlorinated benzenes.??! Our group has previously reported directed evolution methods

to redesign the P450cam active sitel3%2P<l and recently Kelly et al. have developed a colony-
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based screening based on indigo production from indole which was exploited as a first visual
screen to identify self-sufficient P450cam-RhFRed variants with altered promiscuous
activities.3! It was shown that this activity correlates well with that towards structurally
different substrates such as ethylbenzenes,3?! corroborating the role of neutral mutations in
protein evolution.B33abcdefl Following the same line of thought, we have screened the
developed libraries to find variants for the first allylic oxidation of a-IP to HIP. For the second
step, a broad panel of commercially available ADHs was evaluated, leading to the

identification of Cm-ADH10 as a suitable candidate.

4.4 Results and Discussion

4.4.1 Screening and Improvement of P450cam-RhFRed Variants

The 96 in-house P450cam-RhFRed variants were pooled according to the mutated residues
generating five pooled libraries (A, B, C, D, EFG, section 7.3.1.5) of roughly equal size to screen
for a-IP hydroxylation activity in whole-cell biotransformations. In general, clustering
strategies allow to reduce the screening effort, avoiding the need for screen on a single clone
level.3% In the following step, positive clusters may be broken down to the single clone level
in order to identify mutations improving the desired activity. Figure 1 shows the measured
biocatalytic performance expressed in terms of the total turnover numbers (TTN), that is the
ratio between total product concentration and P450 concentration, calculated over 24 h. In
fact, the variability of P450 expression in E. coli may lead to misjudging the observed yields, 3!
thus, a fast, whole-cell assay was implemented to determine P450 concentration which was
then used to normalize enzyme activity.l*! Finally, the enantiomeric excess values (ee) were
also determined by comparison with synthesized standards. The P450-catalyzed single
oxidation of a-IP may lead to (at least) three major products (Figure 1): HIP (6), the
regioisomeric allylic oxidation product (3-(hydroxymethyl)-5,5-dimethylcyclohex-2-en-1-one,
HMIP, 7) and isophorone oxide (2,3-epoxy-3,5,5-trimethyl-1-cyclohexanone, IPO, 8). Product
7 was identified after scale-up, purification and NMR characterization (section 7.3.1.8). The
formation of isophorone oxide was not observed and (R)-HIP was the preferred product
(Figure 3b), with library D (mutations at residues L244-V247) showing the highest TTNs in the
desired a-IP allylic oxidation. Notably, no activity was detected for mutants in pool C

(mutations at residues M184-T185).
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Figure 1. Possible products of the P450 oxidation of a-IP and comparison of TTNs for HIP (black bars)
or HMIP (grey bars) obtained for PA50cam-RhFRed pooled variants. HIP ee values are also given.

These initial results drove the next step of the investigation towards the single-clone level
analysis of mutants at positions L244-V247. Residues L244 and V247 are positioned over the
heme, with L244 located very close to the heme prosthetic group, and V247 in the upper
section of the active site.[3®] These positions have been often targeted in conjunction with
F87-Y96 in order to affect active site volume and manipulate the regio- and enantioselectivity
of the oxidation of C-H bonds of unnatural substrates, as discussed in the introduction. The
indigo screening adopted previously using P450cam-RhFRed-Y96F as template (indicated as
parent)i3! led to the selection of mutants which carried mainly apolar sidechains at position
247 (the only exceptions being V247N and V247S), while more variability was introduced at
position 244, with polar residues (asparagine, serine, cysteine) and a positive charged residue
such as histidine. Analysis of biotransformation products (Figure 2) demonstrated that
positions 244 and 247 greatly affect TTNs of a-IP. Interestingly, the majority of mutants
bearing the bulky aromatic phenylalanine residue show not only reduced TTNs but also a
decrease in the regioselectivity of the reaction, with the formation of HIP and HMIP in
approximately equal amounts by mutants L244Y-V247F and L244I-V247F. Given the observed

positive effect of the substitution of L244 with small or apolar residues, the mutation L244A
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was also introduced, considering the effect of the L244A mutation on substrate acceptance,
regio- and enantioselectivity.3”] This mutation was studied either in presence of the wild-type
V247 or the substitution V247L, which occurred in many positive hits. The two mutants L244A
and L244A-V247L showed the best TTN values (9419 and 83%11, respectively) and were
selected for further engineering. Similarly to Bell et al.,[?%®! we reasoned that the performance
of the biocatalyst could be enhanced by improving the enzyme-substrate fit, i.e., by pushing
the substrate closer to the heme. With this in mind, the bulky tryptophan was introduced in
place of phenylalanine at position 87, known to be involved in substrate access and
recognition.l?’®2% As shown in Figure 2, the introduction of F87W in the L244A-V247L
background led to more than a 6-fold improvement of TTNs values with respect to the L244A-
V247L mutant (as full conversion was obtained with this variant, the value might be
underestimated), with no HMIP detected and an ee of 99% (R)-HIP, suggesting a better
orienting effect of this substrate towards the highly reactive iron-oxo species. Finally, the best
improved variant (Y96F-F87W-L244A-V247L, now termed P450-WAL) was selected for

subsequent optimization experiments for the designed cascade reaction.

b)

@) Parent(Yo6F F87 L244 v247)*
L244F
L24avy

L244-V247F 4"
L244F-V247L 6
L244N e R 94%
L244S-V247| Jummmmm— ce R 99%
L244N-V247| Jummmm——ce R 99%
L244G-V247| “jmmm——cc R 99%
L2441-V247 L -Ji—— e R 98%
L244C-V247| - ce R 98%
L2441-V247F Jlk cc R 95%
L244Y-V247F e R 939
L244N-V247F Jamme cc R 98%
L244H-V247F - ce R 99% OH
L244G-V247F " cc R 96%
L2441-V247 | Jmmm——ce R 98%
L2441-V247S - cc R 59%
L244A-V247L “Jummm—— e R 97%
L244A “Sem——cc R 84%
F8TW L244A T ee R 82%
F87W L244A V247L e R 99%

1
TTNMM o guce MMp,so =

Figure 2. (a) Comparison of TTNs of a-IP to HIP (black bars) or a-IP to HMIP (grey bars) obtained for
library D. HIP ee values are given, except where the conversions were too low. Variants generated by
site-directed mutagenesis are indicated in bold. (b) Active site of P450cam variant Y96F (generated
with PyMOL from PDB 2CPP[?*¢!) showing the four residues targeted in this study: F87 (green), F96
(yellow), L244 (magenta) and V247 (blue). The heme prosthetic group is represented in orange.

65



The docking of a-IP into the modelled P450-WAL active site revealed several conformations
of which three show an ideal positioning of C4 towards the heme iron (Figure 3). The mutated
residues (Y96F-F87W-L244A-V247L) form a pocket that position the abstracted hydrogen of
a-IP at a distance of less than 3.0 A from the iron-linked oxygen, with an angle formed
between these two atoms and the iron atom between 109°-149°, and AG? ranging from -6.73
k] mol?! (a, Figure 3) to -6.46 kJ mol? (c, Figure 3), satisfying the requirements for
hydroxylation reactions.3® It is very likely that the mutations introduced can reshape the
active site to position a-IP towards its oxidation into (R)-HIP: in these arrangements, the
L244A mutation might create space to accommodate the dimethyl groups of C1 of a-IP, while
the V247L mutation might actually push the substrate closer to and in line with the heme
oxygen. In the conformations shown in Figure 3a and Figure 3b, it is also possible to identify
a hydrogen bond between a-IP and W87, which might justify the lower AG° when compared
with Figure 3c. It is interesting to note that the docking of the P450cam Y96F mutant indicates
that the configurations favoured by a-IP would not yield the oxidation at C4 (Figure S1, section

7.3.2).

Figure 3. Docking of a-IP in the modelled active site of P450-WAL. In the catalytic site, the mutated
residues W87, F96, A244 and L247 are shown in purple with, a-IP in cyan and the heme group in green.
(d) The surface of the pocket created by the mutated residues in the active site shows that C4 faces
the heme group for the oxidation into 4(R)-HIP.
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4.4.2 Selection of HIP-oxidizing Cm-ADH10 and Structural Characterization

A screening kit of 116 wild-type ADHs from very diverse organisms and with a broad range of
accepted substrates was provided by c-LEcta (c-LEcta GmbH, Leipzig, Germany). In order to
identify suitable biocatalysts for the oxidation of (R)-HIP, the panel was screened against this
substrate by HPLC. Several enzymes (>80% of the panel) showed almost no activity, likely
because of the steric hindrance of the substrate, however, among the positive hits, two were
selected for having the highest activity: Cm-ADH10 from Candida magnoliae (GenBank
AGA42262.1) and the NADPH-dependent carbonyl reductase (SSCR) from Sporobolomyces
salmonicolor (UniProt QQUUND9).3725¢ Notably, both ADHs accept NADP(H) as cofactor, which
is desirable to create a self-sufficient cascade with respect to the cofactor.[* The
corresponding wild-type genes were cloned into a pET28a vector to carry out expression
trials, which revealed good expression levels for Cm-ADH10, as opposed to SSCR (Figure S2,
section 7.3.2). For this reason, we selected the former for subsequent characterization and
combination with the P450. To understand better the catalytic properties of Cm-ADH10, we
solved the crystal structure of its complex with NADP* to a resolution of 1.6 A (PDB 5MLN,
Figure S3 and Figure S4, section 7.3.2). After soaking the crystal with a solution of (R)-HIP (10
mM), no substrate was bound to the crystal. However, after docking (performed with
AutoDock Vina),[*! the most favoured calculation for the bound ligand (R)-HIP confirms that
the cavity can accommodate the substrate at a distance and geometry that would favour the
transfer of a hydride from the chiral carbon on the 4-(R)-hydroxy moiety to C4N of NADP*
(Figure 4). In this position, the 4-hydroxy group would be in the right geometry to interact
with the catalytically-important residues S144 and Y157, while the rest of the molecule of
4(R)-HIP is possibly stabilized by interactions with residues H149 and Y189 in the entrance of
the active site. Coincidentally, this area in the crystal structure is occupied by a tetrad of water
molecules that have been reported to be bound to the Tyr-OH and Lys side chain, thus
mimicking substrate and ribose hydroxyl group positions.[*? Previous studies support this
concept, where Y157 would function as the catalytic base, whereas $144 would stabilize the
substrate and K161 would form hydrogen bonds with the nicotinamide ribose moiety and

lower the pKs of the Tyr-OH to promote proton transfer.!*3 Since the docking does not reveal
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any direct interaction with this (or other) residues in the active site, it is very likely that the
Cm-ADH10 activity arises from its spacious active site that would allow the binding of (R)-HIP

in an induced-fit mechanism.

Figure 4. The crystal structure of Cm-ADH10. (a) In the catalytic site four water molecules are within
close distance (3.5 A) of CAN of NADP* (green), where a substrate would be located for hydride
transfer; Tyr157 and Lys161 (yellow, along with other important residues) interact with nicotinamide
ribose to orient the C4N carbon towards the substrate, and Ser144 would stabilize the substrate. (b)
(R)-HIP (light blue) docked in the active site cavity with the chiral carbon pointing towards C4N of
NADP*.

Preliminary biotransformations were carried out with varying (R)-HIP concentrations (10-100
mM) and a constant NADP* concentration (0.25 mM), using 1 mg mL™ purified Cm-ADH10
and 0.5% v/v ethyl acetoacetate as co-substrate for cofactor regeneration by the same ADH
acting as a dual-functional enzyme (see below for further details about co-substrate
screening). With this setup, conversions ranged from 92% with 10 mM substrate, down to
48% with 100 mM substrate (see Figure S5, section 7.3.2). Thus, Cm-ADH10 lends itself to

being applied in the designed bi-enzymatic cascade.

4.4.3 Assembling the System: Initial Unsuccessful Attempts

Initially, we tried to combine the two selected biocatalysts in a one-pot, two-step format,
adding 1 mg mL™ of purified Cm-ADH10, cofactor and co-substrate (see above) directly to the
supernatant of the whole-cell P450 reaction carried out at 20°C with 200 mg mL™ wet cell
load in 50 mM sodium phosphate buffer pH 7.2, 100 mM KCl (indicated as standard

biotransformation buffer) and 10 mg mL™ glucose for cofactor regeneration by E. coli
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metabolism. Unexpectedly, we obtained very low conversion values for the ADH catalysed
reaction, starting from just 10 mM a-IP in the first step. We reasoned that potential inhibitors
for the second step could originate from the growth of the whole-cell biocatalysts in the M9
minimal medium supplemented with glucose. Considering that growth media can influence
the performance of biocatalysts,!** and that glucose is one of the most acidogenic carbon
sources for enterobacteria,* the pH of the supernatant resulting from the first oxidation
step carried out in phosphate buffer with different concentration was measured (Figure 5).
Surprisingly, the pH dropped by 1.5 units when the standard biotransformation buffer was
used, and even with a 300 mM potassium phosphate (KPi) buffer the pH decrease was
significant. Nevertheless, by increasing the concentration of the buffer employed in the first
step, higher conversions ere observed in the second one. Eventually, more than a 2-fold
increase in HIP conversion was observed when the P450 catalysed reaction carried out in
standard biotransformation buffer was titrated to pH 8.0 before the addition of Cm-ADH10.
A similar trend was observed when cells grown in M9 medium where simply resuspended in
buffer without any addition of substrate or glucose, suggesting that the observed pH decrease
is linked to the metabolism of cells grown to ODego ~ 5.0-6.5. Even if no attempt was made to
gain a better understanding of the phenomenon and investigating the effect of washing the
biocatalyst, the latter experiment highlighted the need for a careful optimization of each

individual step before combination.
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Figure 5. Effect of the pH reached after the P450-catalyzed oxidation of a-IP (10 mM) on Cm-ADH10
performance. KP; buffer concentration used in the first step is given on the x-axis. Black bars: HIP
conversion after direct addition of Cm-ADH10 (the pH measured after the first step is indicated above).
Grey bars: HIP conversion when the supernatant of the first reaction was titrated to pH 8.0 before Cm-
ADH10 addition. Detailed reaction conditions are given in the text.
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4.4.4 Parallel Reaction Optimization

Next, we proceeded with the parallel optimization of the two oxidative steps with respect to
buffer concentration, pH and temperature. For the P450 allylic oxidation step, KP; buffer (pH
8.0) was chosen for the unique K* binding site of P450cam, which displays higher stability and
superior camphor binding in presence of K* ions.[*®! The effect of buffer concentration was
examined, along with the temperature optimum. As shown in Figure 6a, conversion improved
with increasing buffer concentration up to 200-300 mM, and by comparing
biotransformations carried out in 50 mM KP; without KCI, with KCl or in 100 mM KP;j, it can be
concluded that buffer capacity seems to have a greater effect on conversion than K*
concentration. Eventually, 200 mM KP; buffer was chosen to investigate the effect of

temperature on conversion, finding the optimum at 28°C (Figure 6b).
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Figure 6. Optimization of the allylic oxidation of a-IP catalysed by P450-WAL. (a) Effect of buffer
concentration. Reaction set-up: 200 mg mL™* wet cells resuspended in KP; buffer pH 8.0 (concentration
given on the x-axis), 10 mg mL™! glucose, 20 mM a-IP, 2% DMSO, 20°C, 1 mL final volume in deep-well
plate, 24 h reaction time. (b) Effect of temperature. Reaction set-up: same as above, with the
exceptions being the buffer adopted (200 mM KP;, pH 8.0) and the substrate concentration (15 mM).
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With respect to the Cm-ADH10 alcohol oxidation, different co-substrates were selected and
tested in order to exploit the biocatalyst as a dual-functional enzyme capable of performing
the whole substrate oxidation-cofactor regeneration cycle (Figure 7a).[*”l As potential
effective co-substrates we tested acetone (9a), as well as activated ketones such as
chloroacetone (9b), ethyl acetoacetate (9¢) and ethyl levulinate (9d), since their reduction
(and hence cofactor regeneration) is favoured by an additional intramolecular hydrogen bond
between the newly formed alcohol functional group and the electronegative moiety. 8
Chloroacetone and ethyl acetoacetate proved to be superior and, even if the latter performed
better during the first six hours of reaction, the former pushed the conversion to 84% with 40
mM substrate after 24 h (vs. 67% with ethyl acetoacetate). Therefore, chloroacetone was
employed as hydrogen acceptor in all the subsequent optimization steps. The pH effect on
Figure 7b partially explains our initial unsuccessful attempts to combine the two enzymes: in
fact, enzyme activity drops below pH 6.0, with an optimum pH range between 7.0 and 9.0.
Moreover, the buffer system employed in the P450 catalysed reaction (200 mM KP;) displayed
perfect compatibility with the second step (see Figure S6, section 7.3.2). Finally, we turned
our attention to temperature optimization, finding the highest conversion at 40°C (Figure 7c).
With these optimized conditions in hand, we moved on to the envisaged bi-enzymatic cascade

concept to carry out scale-up experiments for product isolation and characterization.
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Figure 7. Optimization of the oxidation of (R)-HIP catalysed by Cm-ADH10. (a) Effect of different co-
substrates. Reaction set up: 100 mM KP; buffer pH 7.5, 1 mg mL™ Cm-ADH10, 0.25 mM NADP*, 0.5%
v/v cosubstrate, 40 mM (R)-HIP, 30°C. (b) Effect of pH. Reaction set up: 100 mM indicated buffer, 1
mg mL™ Cm-ADH10, 0.25 mM NADP*, 0.5% v/v chloroacetone, 40 mM (R)-HIP, 30°C, 4 h. (c) Effect of
temperature. Reaction set up: 200 mM KP; buffer pH 8.0, 1 mg mL™ Cm-ADH10, 0.25 mM NADP*, 0.5%
v/v cosubstrate, 40 mM (R)-HIP, 24 h.
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4.4.5 Preparative-scale Double Oxidation of a-Isophorone to Ketoisophorone

In order to simplify the entire process further, the oxidation of (R)-HIP was accomplished using
a concentrated cell-free extract (CFE, corresponding to 1 mg/mL final protein concentration)
of E. coli overexpressing Cm-ADH10, thus avoiding the expensive protein purification step.
The course of the reaction under the optimized conditions was followed over a total reaction
time of 50 h, showing that the P450 catalysed allylic oxidation of 10 mM a-IP reached 94+2%
conversion in 18 h, whereas the second step was much faster, reaching complete conversion
over 6 h (Figure 8). Remarkably, the addition of NADP* was found to be unnecessary to
achieve the highest conversion in the second step, further reducing process costs. Similarly
to Kaluzna et al.[*®], some degree of overoxidation of HIP to KIP was observed during the first
step, probably resulting in the subsequent reduction of the C=C bond of KIP by endogenous

ene-reductases (<5% by-product).[8]
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Figure 8. Time-course experiment for the one-pot two-step double allylic oxidation of a-IP. Reaction
set up: 200 mg mL™ wet cells resuspended in 200 mM KP; buffer pH 8.0, 10 mg mL™ glucose, 10 mM
o-IP, 2% DMSO (first step, 28°C), then addition of 20% v/v Cm-ADH10 cell-free extract and 1.6 eq. of
chloroacetone to the supernatant of the first reaction (second step, 40°C). The arrow indicates the
time of addition.

Given these results, we have also attempted to co-express the P450-WAL variant with Cm-
ADH10 in the same host with a two-vector system to carry out the whole-cell double oxidation

of a-IP (Scheme 3). After 24 h, the conversion reached an average value of 6512%,
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approximately 30% lower than for the one-pot two-step process carried out at screening scale
(Figure S7b, section 7.3.2). However, the co-expression of the two enzymes and cofactor
preferences make this reaction redox-balanced, avoiding addition of a CFE and co-substrate.
Lower conversion can likely be linked to the metabolic burden associated with the co-
expression of multiple biocatalysts:(*! in fact, the fraction of active P450 as determined by CO
difference spectroscopy was reduced 3-fold in the “designer” microorganism (6.0 uM for the
two step process vs. 1.9 uM for the whole-cell process), which accounted for the residual a-
IP. Based on the quantified products after 24 h, a productivityof 1.4 g L' dtand 1.1 gL"1d™?
could be calculated for the two-step and the whole-cell process, respectively. However, the
one-step process displayed higher TTN for the P450 step when compared to the two-step
process (3421 vs. 1567), possibly indicating a more effective cofactor recycling system and/or

a positive effect resulting from the removal of the intermediate HIP.[1&
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Scheme 3. Whole-cell double oxidation cascade of a-IP to KIP using E. coli co-expressing P450-WAL
and Cm-ADH10.

The scale-up of P450-catalysed whole-cell reactions is notoriously a challenging task, due to
biological and process limitations.[> In order to evaluate the scalability of our one-pot two-
step double allylic oxidation of a-IP, we carried out a linear scale-up (100 mg a-IP, 65 mL total
volume). After 24 h, a good scalability was demonstrated, with 80% substrate converted, an
excellent 87% recovery and a total isolated yield of 56% after extraction with ethyl acetate

and column chromatography (see Figure S7a, section 7.3.2).
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The calculated amount of HIP produced per biomass (biocatalyst yield) after the scale-up of
the P450-catalysed allylic hydroxylation (0.006 gproduct/8cww) is lower than the corresponding
value obtained using P450-BM3 at high cell density (0.016 gproduct/8cww, 100 L scale-up)i®! or
the three-component P450cam system (0.045 gproduct/Ecww, 200 mL reaction volume).l%
However, a direct comparison between the system reported herein and similar systems for
HIP production is complicated by differences in scale, redox partner systems employed, cell

loading and different process optimization strategies adopted.

4.5 Conclusions

The direct oxidation of inexpensive a-isophorone to ketoisophorone is a sought-after
chemical transformation, in that the latter has found many applications in the synthesis of
carotenoids. As each chemical process leading to KIP is plagued by many drawbacks, here we
demonstrated the first biocatalytic one pot double oxidation of a-isophorone to
ketoisophorone by combining an improved variant of the chimeric self-sufficient P450cam-
RhFRed and Cm-ADH10 from Candida magnoliae. A panel of previously developed P450
variants has been screened and rationally re-designed to improve the enzyme-substrate fit,
generating data that could constitute a valid starting point for modelling experiments. Cm-
ADH10 was identified as a suitable catalyst for the second step and its crystal structure is
provided. Although no substrate is bound, further docking experiments may shed light on key
residues involved in the selectivity towards HIP and confirm the preferred position and
geometry of the substrate for catalysis. This will enable further intensification of the process.
The need for careful and stepwise reaction optimization when designing cascades has been
highlighted once again by our initial unsatisfactory results. Eventually, bottlenecks have been
identified and the designed cascade has been demonstrated in two different systems: a one-
pot, two-step process with Cm-ADH10 acting as a dual-functional enzyme for direct cofactor
regeneration (using just 1.6 eq. of chloroacetone) or a one-pot, whole-cell cascade process
employing a “designer cell” to co-express the two biocatalysts for a redox-neutral reaction.
Despite a lower productivity, the latter system deserves attention in that it allows an easier

and faster preparation of the biocatalyst.
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5.2 Abstract

Here we describe a one-pot, four-enzyme, cascade involving a cytochrome P450
monooxygenase, a formate dehydrogenase, an alcohol dehydrogenase and a reductive
aminase for the synthesis of secondary amines from cycloalkanes. Amine product
concentrations of up to 19.6 mM were achieved. The preparative scale amination of

cyclohexane was also demonstrated with a space-time yield of 2 g L'* d1.

5.3 Introduction

A large number of biologically active molecules contain nitrogen functionalities,’? and
consequently there is demand for the development of efficient synthetic routes to access
these valuable chemicals. Biocatalytic routes have been developed for the synthesis of chiral
amines using transaminases,>* ammonia lyases,>® amine dehydrogenases,!”’ monoamine
oxidases®® and imine reductases.[1%12l Recently, the toolbox of enzymes for amine synthesis
has been expanded by the discovery of an NADP(H)-dependent reductive aminase (RedAm)
from Aspergillus oryzae (AspRedAm). This enzyme is capable of catalysing not only the
reduction of preformed imines, but also the coupling of amines and ketones followed by the
subsequent reduction of the imine intermediate.[*3! All of these enzymes require electrophilic
centres to insert nitrogen atoms, whereas a more elegant route would be the direct

replacement of an unactivated C-H bond with a C-N bond.

In organic chemistry, C-H activation is typically enabled by metal complexes and requires the
presence of auxiliary groups.[2% Rare enzymatic counterparts have been found in nature to
carry out this attractive chemistry,!?! and only recently heme-proteins have been engineered
to perform C(sp3)-H amination reactions. This biocatalytic amination reaction was achieved
through the introduction of mutations at residues essential for the native mono-oxygenation
activity of a cytochrome P450 or through the installation of synthetic metal complexes in
place of the natural heme.l?2?71 Even though these studies have extended the potential for
biocatalytic C-H functionalization, remarkably these novel catalysts either rely on pre-
functionalized molecules possessing both the nitrogen functionality and the target C-H bond

(intramolecular C-H amination), or on pre-activated aminating agents (e.g., tosyl azides).
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Oxidative enzymes have previously been successfully combined with amination biocatalysts
to functionalize C(sp3)-H bonds,[282° glkenesBY or to convert alcohols to amines.[3%:32
Moreover, biocatalytic redox-neutral hydrogen-borrowing processes have been
demonstrated for the conversion of alcohols into the corresponding primary amines.[333435]
Thus far, these studies are limited to the synthesis of primary amines due to the nature and
specificity of the amination biocatalyst. However, recently we have demonstrated the
synthesis of aliphatic and aromatic secondary amines starting from primary and secondary
alcohols via hydrogen-borrowing employing a single alcohol dehydrogenase (ADH) and the

newly characterized AspRedAm.[3®!

Herein, we report a new biocatalytic cascade for the conversion of cycloalkanes to secondary
amines employing a cytochrome P450 mono-oxygenase for the first oxidation step followed
by amination using an ADH in combination with a RedAm (Scheme 1). As a model substrate,
we selected cyclohexane 1 for P450-catalyzed hydroxylation to the corresponding alcohol
cyclohexanol 2 followed by ADH mediated oxidation to cyclohexanone 3 and subsequent

amination with AspRedAm.

R
HN

O

1a-f

H,0
NADPH AspRedAm
R—-NH,

O &

1 3

NADP*

Scheme 1. Biocatalytic cascade for the amination of cycloalkanes.

5.4 Results and Discussion

For the initial C-H activation step, we selected the P450-BM3 mutant R47L/Y51F which was
previously shown to have high activity towards cyclohexane.®” In particular, it was observed
that the hydroxylation of cyclohexane improved when the reaction was carried out in a
biphasic system, with the substrate acting as co-solvent.?8! In order to uncouple the cofactor

dependence of the two steps and avoid competition between the P450 and the RedAm for
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reducing equivalents, the two amino acid substitutions R966D and W1046S were introduced
in the reductase domain of the self-sufficient P450-BM3 to increase its affinity towards
NADH.B3839 Cofactor regeneration for the oxyfunctionalisation step was performed by the
formate dehydrogenase from Candida boidinii (CboFDH).[*%! Finally, for the amination step via
hydrogen-borrowing we selected a variant of the ADH from Thermoanaerobacter ethanolicus

(TeSADH W110A)"Y and AspRedAm, as previously reported by our group.[3¢!

In an attempt to exploit all the selected enzymes in a one-step process, we initially
investigated the effect of amines a-f at different substrate concentrations on the
performance of the P450, expressed as residual total turnover numbers (TTNs, Figure 1). The
negative effect on P450 performance was most pronounced at 250 mM amine, with only
small primary amines, such as ammonia a and methylamine b, being tolerated. At 50 mM
amine, P450 hydroxylation activity was still significantly affected, especially with

propargylamine c.

07 —NH; Hl sommMm
BN 100mMm
304
HoN A~ 250 mM
NH3
204 HoaN

Residual TTNs (%)

Amine donor

Figure 1. Effect of various amine donors selected for the amination cascade on the performance of
the P450. See section 7.4.1.7.1 for full experimental conditions.

In the light of these initial results, we incubated crude enzyme preparations (the exception
being AspRedAm, used in purified form) with 1 in the presence of 1 mM NAD* and 1 mM
NADP*, 250 mM sodium formate and 250 mM methylamine, but unfortunately no amine
formation was detected. We speculated that the cofactors required for the hydrogen-
borrowing step (NADP*/NADPH) were intercepted by endogenous E. coli enzymes, leading to

imbalanced cofactor regeneration.l3334 Thus, the amount of lysate added for the
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hydroxylation step was reduced and, gratifyingly, conditions were found to carry out the
reaction as a one-step process (4.5 mM N-methylcyclohexylamine 1b produced, Table S1,
section 7.4.2). Next, we decided to extend the one-step cascade for the amination of 1 using
a panel of six amine nucleophiles at different loadings (250, 100, 50, 25 and 10 mM, as
reported in Table S1), guided by our initial investigation on the effect of the selected amines
on hydroxylation activity (Figure 2 and Table S1). The outcome of the amination cascade was
observed to be a trade-off between the inhibitory effect of the amine donor on the P450 and
the reactivity of the same amine nucleophile in the AspRedAm-catalyzed reductive
amination.’3¥ 3.6 mM  N-propargylcyclohexylamine 1c¢ and 21 mM N-
cyclopropylcyclohexylamine 1f were produced when propargylamine ¢ and cyclopropylamine
f were used as reacting partners in the one-step process, with 0.7 mM cyclohexanone 3 left.
Interestingly, the highest product concentration was observed with e (8.3 mM), although a
considerable amount of 2 (4.7 mM) and 3 (5.9 mM) remained unreacted. Moreover, 9.6 mM
cyclohexanone 3 accumulated with just 1 mM NADP* when a was employed as the amine
donor, although only a low concentration of cyclohexylamine 1a was produced (0.2 mM,
Table S2). These results suggest that NADP* regeneration might also be supported by the P450

(which can still accept the phosphorylated cofactor)8 and/or by other enzymes in the lysate.

To test the latter hypothesis, experiments with purified proteins were performed using e as
the amine donor, and almost total conversion of 3 to 1e was achieved (92%). This result
indicates that endogenous enzymes in E.coli might compete with AspRedAm for reducing
equivalents (Figure S1, section 7.4.2). Taking into account some of the inherent limitations
associated with a one-step approach and the application of purified enzymes, we decided to
explore the potential of the one-pot cascade as a two-step process with crude enzyme
preparations. This approach made it possible to increase the enzyme loading in the first step
without impacting on the presence of the amine donor for the second step (Table S2, section
7.4.2). With this setup, production of N-propargylcyclohexylamine 1c reached 19.6 mM, and
good results were also obtained with allylamine e and cyclopropylamine f (15.4 and 17.1 mM
product, respectively), with 3 accounting for 19%, 35% and 16% of total products formed
(Figure 2 and Table S2, section 7.4.2). Less pronounced improvements were achieved when
amines a, b and d were employed in the two-step process, with 50%-80% products

represented by 3.
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Figure 2. One-step and two-step cascade for the amination of cyclohexane using a panel of primary
amines. See section 7.4.1.7.3 for full experimental conditions.

The P450 variant employed in this study can accept a variety of cycloalkanes” and, similarly,
TeSADH has already been employed with a range of cyclic alcohols.?®! AspRedAm can also
catalyse the reductive amination of cyclopentanone 8, albeit less efficiently than that of 3.3
Thus, we explored the possibility of expanding the scope of the cascade to other cycloalkanes
(Figure 3 and Table S3, section 7.4.2). When employing amine donors ¢, e and f, product
formation was detected when starting from cyclopentane 4 and cycloheptane 5. For
cyclooctane 10, even though product formation was detected when AspRedAm was
incubated with cyclooctanone 11 and e (40 % conversion, Figure S2, section 7.4.2),

unfortunately, the multi-step amination of 10 was unsuccessful.

When ¢ was reacted with 4, 10.6 mM N-propargylcyclopentylamine 4c was produced (50% of
total products formed), whereas e and f gave only 2.2 mM N-allylcyclopentylamine 4e and 3.0
mM N-cyclopropylcyclopentylamine 4f, with the accumulation of the intermediate oxidized

products, which represented 85 and 79% of total products formed, respectively. Modest
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product concentrations and an excess cycloheptanone 9 (61% total products formed) were
obtained when the bulkier cycloheptane 5 was wused, with 3.3 mM N-
propargylcycloheptylamine 5¢ produced with ¢ and no product detected with both e and f.
We speculate that the reactivity of AspRedAm towards specific carbonyl acceptors and amine
partners influences the outcome of the amination cascade both in terms of yield and

conversion of the intermediate ketone to the amine.

P450-BM3 47-51 NADH

CboFDH NHR
NAD*(1 mM)
HCOONa (250 mM)
+ R—NH, >
(n) TeSADH W110A (n)
AspRedAm
4: n=1 c NADP*(1 mM) 4c, 4de, 4f: n=1
e
5:n=3 f 5c, 5e, 5f: n=3

/ NHz IS ANHz
e f

I

101

Amine product concentration (mM)

0- . l

9 e b

Amine donor

Figure 3. Two-step cascade for the amination of cyclopentane and cycloheptane. See section 7.4.1.7.3
for full experimental conditions.

To examine the scalability of the process, we selected the two-step cascade for the amination
of cyclohexane with ¢ to form 1c. A 2-fold improvement in TTN for the hydroxylation step was
found when the reaction was carried out in a flask with orbital shaking instead of a round-
bottom flask with magnetic stirring (5707 vs. 2976), probably due to a better mass-transfer

and/or oxygenation (Figure S3, section 7.4.2).38 In a similar work, higher but comparable TTN
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values (9620) were obtained when the NADPH-dependent P450-BM3 R47L/Y51F was
employed for cyclohexane hydroxylation.38 Even if it is difficult to identify the reasons behind
the higher observed TTN, the better performance of the biocatalyst may be linked to the

extended reaction time achieved through the addition of stabilising agents.

Following the first C-H activation stage, the RedAm-catalysed amination step yielded 50 mg

of the final product 1c giving a space-time yield of 2 g L'* d* (Figure S4, section 7.4.2).

In summary, we have demonstrated a biocatalytic cascade for the preparation of a set of
secondary amines from cycloalkanes. Unlike chemical approaches for the addition of amines
across aliphatic C-H bonds, the presented cascade is carried out in aqueous buffer, does not
produce any toxic by-products and does not require additional deprotection steps to obtain
the final amine product. The plethora of information available for oxidoreductases, combined
with the broad substrate tolerance of reductive aminases, will allow for a larger application
of the presented cascade to access a variety of different amines starting from

unfunctionalized compounds.
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Chapter 6. General Discussion and Conclusions

The development of methods for C-H functionalization is a matter of central importance for the
chemical industry. Broad substrate scope, safe, sustainable and selective synthetic technologies
are greatly required. In this context, biocatalysis with P450 enzymes is extremely attractive.
Despite decades of research in academia, the major limitations associated with P450 catalysis still

need to be overcome.

Cytochrome P450-BM3 is one of the best characterized P450s and represents an ideal candidate
for biotechnological applications, given its self-sufficiency, fast reaction rates and wealth of
literature available. However, the self-sufficient class VII P450s are gaining increasing attention
for their broader substrate scope compared to wild-type P450-BM3. At the beginning of these
doctoral studies, only five class VII P450s had been characterized and thus our primary goal was
to add diversity to this class of enzymes. Considering the issues associated with P450 stability,
genomes of thermophilic organisms were investigated and five new class VII P450s were added
to the panel of enzymes available (Chapter 2). Interestingly, homologues from thermophilic
organisms were also found when P450-BM3 was used as a query sequence for the initial BLAST
searches (section 7.1.1.2), indicating that there is still room for adding naturally thermostable
enzymes to the array of class VIl enzymes reported. The scalability of the whole-cell hydroxylation
of diclofenac by the newly discovered P450-AX (section 2.4.5) indicates that genomic data
available in databases should be fully exploited to get access to new or improved enzymatic
activities. However, protein and process engineering are still needed to speed-up the
implementation of P450s for biocatalytic processes. As a matter of fact, although P450-AX proved
to be a promising candidate for the preparative scale synthesis of 5-hydroxydiclofenac, process
metrics are still far from being met (J. Lima-Ramos, P. Tufvesson, J. M. Woodley, Green Process.
Synth. 2014, 3, 195-213). Investigation of oxygen limitations led to modest improvements of
relevant metrics and hence protein engineering is needed to increase biocatalyst activity (section

2.6).

The determination of the first class VII P450 structure provides a precious guideline for future and
ongoing mutagenesis studies (Chapter 3 and section 3.5). The structure itself does not add much
to our knowledge on P450 enzymes, but, along with previous research on class VIl P450s, it is
expected to promote a wider use and engineering of these enzymes towards industrial

applications.
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The challenging chemistry carried out by P450s means that there is great potential to use these
enzymes to enable biocatalytic cascades starting from cheap materials. However, additional
complications must be considered when combining enzymes in one-pot, such as compatibility
problems. The realization of the one-pot two-step biocatalytic synthesis of ketoisophorone was
initially hindered by the acidification of the medium employed for the growth of the P450
biocatalyst (section 4.4.3). Eventually, bottlenecks were overcome and the cascade was
demonstrated both as a one-pot two-step process and as an in-vivo cascade, with a productivity
of up to 1.4 g L'* d%. Looking towards industrial implementation of the process, it needs to be
considered that target process metrics for ketoisophorone synthesis are expected to be higher
than for drug metabolites. Again, improvements are especially needed for the P450 reaction in
terms of protein expression, activity and substrate loadings. Considering the great diversity of
ADHs available from various suppliers, it is likely that a more extensive enzyme screening might
reveal better biocatalysts than Cm-ADH10 for the oxidation of 4-hydroxy-isophorone to
ketoisophorone. Moreover, cosubstrate selection should be inspired by an overall economic

evaluation of the process.

Unsurprisingly, the combination of four enzymes for the amination of unfunctionalized
cycloalkanes proved to be even more challenging (Chapter 5). Here limitations such as the
inhibition of the P450 by the amine donor used in the reductive amination step and disruption of
the internal cofactor balancing by endogenous E. coli enzymes, reduced the overall performance
of the one-pot reaction. Similar complications had to be addressed in a comparable cascade for
the synthesis of cyclohexylamine published after our work (H. L. Yu, T. Li, F. F. Chen, X. J. Luo, A.
Li, C. Yang, G. W. Zheng, J. H. Xu, Metab. Eng. 2018, 47, 184—189). In principle, the cascade
presented in this thesis could be adapted to generate valuable chiral amines or could be adapted

to include a P450-alcohol oxidase step to generate a set of different amine products.

Biocatalytic cascades are still in their infancy and their industrial application will certainly be
complicated by their multistep nature. Nonetheless, enzymatic cascades remain a very interesting
approach to build-up complex molecules from cheap starting materials in one-pot. As shown in
this work, a case-by-case optimization might be needed along with fine-tuning of the selected

biocatalysts for the specific task to be carried out in the multi-step process.
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Chapter 7. Supporting Information

7.1 A Panel of New Thermostable CYP116B Self-Sufficient Cytochrome P450
Monooxygenases Catalysing C-H Activation with Diverse Substrate Scope

7.1.1 Experimental

7.1.1.1 Chemicals

Solvents, chemicals and carbon monoxide for CO difference spectroscopy were obtained from
Sigma-Aldrich (Dorset, UK) unless otherwise specified. Gases for GC-FID analysis were
purchased from BOC gases (Guildford, UK) and competent cells and enzymes for molecular

biology were purchased from New England Biolabs (Hitchin, UK).
7.1.1.2 Target Selection and Phylogenetic Analysis

In order to identify suitable class VII or class VIII enzymes, P450 RhF or P450 BM3 were used
as the query sequence to perform BLAST searches with BLASTP, PSI-BLAST and tBLASTn

functions at the NCBI website (http://www.nchi.nlm.nih.gov/BLAST/) using standard

parameters.

Table S1. Sequence information for BM3 homologues identified from thermophilic organisms.

NCBI amino Sequence

acid/nucleotide I.D. to Organism Cultivation Source
. temperature
accession BM3
. . Hot spring,
ACX65034.1 60 % Geobacillus sp. Strain 50°C Yellowstone national
Y412MC10
park, USA
XM_003653681 359 Thielavia terrestris NRRL 37.45 °C Soil
8126
XM_003663599 35 % Myceliophthora 37-45°C Paper compost
- ° thermophila ATCC 42464 p p
Aspergillus flavus NRRL Peanut cotyledons,
0, _ o
XM_002381902 34 % 3357 25-28 °C USA

Note: cultivation conditions for microorganisms were obtained from the ATCC catalogue or from

literature™
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Sequence alignments were performed using Clustal Omega. The evolutionary analyses were
conducted in MEGA7 with sequences aligned using ClustalW within the MEGA7 software and
evolutionary history was inferred using the UPGMA method.?! The evolutionary distances
were calculated using the Poisson correction method and are in units of number of amino
acids substitutions per site. Molecular weights and amino acid compositions of P450 RhF and
its homologues were calculated using the ProtParam program on the ExPASy proteomic

server (http://web.expasy.org/protparam/).

7.1.1.3 Gene Cloning

Genomic DNA for the identified thermophilic microorganisms was obtained from DSMZ
(Brauschweig, Germany). Gene targets were amplified using typical PCR conditions with the
primers listed in Table S3. PCR products were gel purified and cloned into the pET28a vector
using the In-Fusion® PCR Cloning kit from Clontech (California, USA) following the
manufacturer’s instructions. Primer synthesis and DNA sequencing were performed by

Eurofins Genomics (Ebersberg, Germany).
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Figure S1. Sequence alignment of the full-length P450 RhF with homologues AT, AX, JT, TB and TT
using Clustal Omega.
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Figure S3. Heat map highlighting the % sequence identities between class VIl CYP116B enzymes
including the newly characterized panel of AT, AX, JT, TB and TT. Where red is > 90 %, dark orange is
80-90 %, orange is 70-80 %, yellow is 60-70 %, green is 50-60 % and blue is < 50 % sequence identity.
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Table S2. Amino acid composition (%) of P450 RhF and homologues JT, AT, TB, AXand TT

Amino acid RhF T AT TB AX T
Glycine G 6.5 6.5 7.5 7.7 7.4 5.4
Alanine A 12.4 11.3 10.8 12.3 10.5 8.1 4+——
B
= Proline P 6.6 6.9 5.8 5.7 6.9 6.2
2
©
) Valine v 7.8 8.7 6.1 6.0 7.8 8.7
©
(o
é Leucine L 8.9 8.8 8.8 9.0 8.4 8.3
Isoleucine 2.8 3.0 4.3 4.4 4.7 39 —
Methionine M 3.0 1.8 3.2 3.0 2.8 3.0
Serine S 5.3 49 3.5 3.8 4.7 4.7
@n Threonine T 5.0 6.4 4.9 3.8 4.8 4.5
©
S
= Cysteine C 1.8 21 1.8 1.8 1.7 1.9
5
g Asparagine N 2.6 2.2 2.9 2.1 2.2 2.8
Glutamine Q 2.1 2.1 2.6 1.6 2.7 3.5
Phenylalanine F 2.6 2.3 3.2 3.8 2.7 3.7 —»
£
g Tyrosine Y 2.7 2.6 2.7 2.0 2.4 2.4
<
Tryptophan w 1.7 1.6 14 1.6 14 15
Arginine R 8.2 8.3 10.5 11.5 10.5 114 —»
9
é Lysine K 1.6 1.9 1.4 1.7 1.7 1.5
Histidine H 4.0 4.3 3.4 3.1 3.3 3.5
o Aspartic acid D 6.9 7.4 7.1 55 6.9 59
§
Glutamic acid E 7.6 6.9 7.8 9.8 6.6 9.0

Increasing thermal stability
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Table S3. Primers sequences used for cloning genes from genomic DNA.

Restriction
Target Template Primer sequence (5’ -> 3’)
enzymes

Forward CGCGCGGCAGCCATATGAGCACAGGGTCGTGCC

AT DSM 44574 Ndel/Xhol
Reverse GGTGGTGGTGCTCGATCAGAGCCGGAGGGTGATGC
Forward CGCGCGGCAGCCATATGGCCCACGGTGACGAAACC

AX DSM 24422 Ndel/Xhol
Reverse GGTGGTGGTGCTCGATCACAGCCCCAGCACG
Forward CGCGCGGCAGCCATATGGCCACCAGCTCCACCG

T DSM 23413 Ndel/Xhol
Reverse GGTGGTGGTGCTCGATCAGAGCGCCAGCACCAGC
Forward AATGGGTCGCGGATCCATGGGCTCAGAGCCGG

TB DSM 43833 BamHI/Sall
Reverse CCGCAAGCTTGTCGACTCAGAGGCGCAGGGTGATG
Forward AATGGGTCGCGGATCCATGGAAACTGAACTCAAGGAAACGG

T DSM 27220 BamHlI/Sall
Reverse CCGCAAGCTTGTCGACTTACAGATCGAGTACCAGACGCTCG

Note: 5" overhangs designed for In-Fusion cloning are shown in red text. The templates used for
amplification and the restriction enzymes employed to cut the receiving vector are also indicated.

7.1.1.4 Protein Expression and Purification

Chemically competent Escherichia coli BL21(DE3) cells were transformed by heat shock with
a pET28a plasmid bearing the P450 gene sequences according to manufacturer instructions.
Transformants were plated on LB agar supplemented with kanamycin (50 pg/ml) and grown
at 37 °Cfor 16 h. Single colonies were used to inoculate starter cultures of LB medium (8 mL)
supplemented with antibiotic which were grown overnight. The starter cultures were used to
inoculate 2 L baffled flasks containing minimal media (800 mL) consisting of 1x M9 salts, 0.4
% glucose, 0.05 % FeCls, 1 mM MgS04 and 1 mM CaCls,. Cultures were grown at 37 °C to an
ODgoo of 0.6 - 0.8 then cooled to the expression temperature of 20 °C and induced with B-D-
1-thiogalactopyranoside (IPTG) (0.4 mM) and supplemented with 5-aminolevulinic acid (5-
ALA). Protein expression was carried out at 20 °C with shaking at 200 rpm for 20 h. SDS-PAGE
analysis was employed to confirm protein production. Cells were harvested by centrifugation
(2831 g, 20 min, 4 °C) using a Beckman Coulter Avanti J-E centrifuge, cell pellets were washed

with 0.2 M potassium phosphate buffer (KPi) and stored at -20 °C.
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Figure S4. SDS-PAGE of the whole cell lysate and soluble fractions for cells expressing P450s

Table S4. Expression comparison between RhF and the new thermophilic P450 panel.

P450 nmoleaso Geaw Fold improvement (compared to RhF)
RhF 56.1

AT 223.5 4.0

AX 151.1 2.7

JT 61.0 1.1

B 144.2 2.6

T 315.5 5.6

Protein purification was done by immobilized metal ion affinity chromatography (IMAC) and
all steps were carried out at 4 °C. Cells were resuspended in 90% buffer A (0.1 M Tris, 0.3 M
NaCl, pH 8) and 10% buffer B (0.1 M Tris, 0.3 M NaCl, 0.3 M imidazole, pH 8) to a wet cell
concentration of 200 mg/mL. Cells were lysed by ultrasonication (Bandelin Sonopuls
sonicator) with 20 cycles of 15 s on and 45 s off, 40 % amplitude. Cell debris was removed by
ultracentrifugation (48384 g, 30 min, 4 °C). The supernatant was filtered through a 0.20 um
filter then loaded onto a pre-equilibrated 5 mL HisTrap FF column (GE Healthcare). The target
protein was eluted following series of step-wise washes of 30 mM and 60 mM imidazole and

then eluted with 300 mM imidazole on a AKTA Pure system (GE Healthcare) with a flow rate
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of 2 mL min? as described in Table S5. Enzyme elution was monitored at 280 nm and
appropriate fractions were combined concentrated using a 30,000 molecular weight cut-off
filter (Vivaspin column, GE Healthcare) and desalted in 0.1 M Tris, pH 8. SDS-PAGE analysis of
the purified samples showed purification of the full-length constructs (Figure S5).
Determination of P450 concentration was performed on a Cary 50 UV/Visible
spectrophotometer (Agilent Technologies, Santa Clara, USA) according to the protocol by
Omura and Sato,* using an extinction coefficient of €450.400 = 91 mM™1 cm™ for the optical
difference spectrum between the reduced-CO bound and reduced spectra.Absorbance
spectra of the purified proteins are shown in Figure S6. Typically, purified enzymes were
diluted to a final concentration of 2 mg mL! and aliquots were snap-frozen in liquid nitrogen

until further use (no more than 2 weeks).

Table S5. AKTA Pure conditions for protein purification.

Step % Buffer B Column volumes
Wash 1 10 5
Wash 2 20 5
Elution 100 10

Re-equilibration 0 5
Molecular
Weight <

Marker (kDa) E 25 B2 E
250 —
130— vy
100- Wy ™ W e
70- W
55— w
35—
25—
15—
10 -

Figure S5. SDS-PAGE of P450s following IMAC purification
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Figure S6. Absorption spectra of purified P450s and their ferrous-carbon monoxide bound complexes




7.1.1.5 Cytochrome c Assay

Cofactor preference was determined using a standard cytochrome c assay.[® Briefly, electron
transfer from the reductase domain to the external electron acceptor (50 uM final
concentration) was carried out in 0.1 M Tris, pH 8, with 9 nM enzyme and cofactor
concentrations varying across the appropriate ranges (0.5 - 300 uM for NADPH and 0.06 - 2.4
mM for NADH). The change in absorbance was monitored at 550 nM (Agsso = 28,000 Mt cm-
1) employing a Cary 60 UV-visible spectrophotometer. Measurements were performed in
duplicate (NADH) or triplicate (NADPH) at 25 °C (Table S6) or 50 °C (Table S7). Km and Kkcat
values were determined by fitting the data to the Michaelis-Menten equation by nonlinear
regression of the initial cytochrome c reduction rate using GraphPad Prism 6 and the error is

the standard deviation.

Table S6. Kinetic properties of AT, AX, JT, TB and TB using NADH and NADPH as reductants and
cytochrome c as electron acceptor with temperature control at 25 °C

Cofactor Preference
P450 Reductant Kwm (IJ.M) Keat (S '1) kcat/KM (M-l 5-1) (Ratio kcat/KM
NADPH/NADH )

NADH 1232 +£100 20.4+£0.8 1.7+0.2x 10*

AT
NADPH 8.4+0.7 69+2 8.2+0.7 x 10° 495
NADH 213 +15 5.7+£0.1 2.7+0.2 x 10*

AX
NADPH 1.1+£0.1 83+0.1 7.5+0.7 x 10° 282
NADH 640 £ 50 7112 1.1+0.1x10°

JT
NADPH 54+04 70+ 2 1.3+0.1x 107 117
NADH 2.7+0.3 43+0.1 1.6+0.1x10°

i NADPH <1 5.6+0.7 n/a
NADH 482 £+ 50 28.8+0.1 6.0+0.6 x 10*

TT
NADPH 2510.2 40.4+£0.8 1.6+0.1x 107 270

Table S7. Kinetic parameters for TT using NADPH as reductant and cytochrome c as electron acceptor
with temperature control at 50 °C

P450 Reductant Kwv (LM) Keat (s 72) keat/Km (M s2)

T NADPH 33+0.2 802 3.2+0.3x10’
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7.1.1.6 Biotransformations

The lysate reactions displayed in Table 2 were conducted with a final lysate concentration
equivalent to 200 mg mL! wet cells, corresponding absorbance spectra and P450
concentrations of the lysates are given in Figure S7 and Table S8 respectively. Reactions were
run in 0.2 M KPi + 0.4 % glycerol, pH 8 with D-glucose (10 mg mL™?), glucose dehydrogenase
(1 mg mL?) (CDX-901, Codexis) and NADP* (1 mg mL1) to a final reaction volume of 400 pL.
Substrates were added from 50 mM stocks in DMSO (2 % v/v final concentration). Reactions

were typically carried out at 20 °C with 200 rpm orbital shaking, unless otherwise specified.
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Figure S7. Absorption spectra of the cytochrome P450 soluble cell lysates and their ferrous-carbon
monoxide bound complexes.
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Table S8. P450 concentrations from cell lysates

P450 P450 Concentration in Lysates (uM)
RhF 1.8

AT 7.2

AX 4.8

T 2.0

B 4.6

T 10.0

Note: P450 concentrations are from the lysates used in the biotransformations in Table 2, this is
equivalent to the lysate obtained from 200 mg mL* wet cells.

Whole cell biotransformations with diclofenac were carried out with 440 uL of re-suspended
cells (200 mg mL? final concentration) and the addition of glucose (50 pL of 100 mg mL™).
Substrate was added (10 pL) from an appropriate stock solution in DMSO (10 % v/v final
concentration) to give the required substrate concentration. The reactions were conducted
at 20 °C in deep 48-well plates with gas permeable seal or at 40 °C in 2 mL tubes, both with
shaking at 180 rpm for 24 h.

HPLC was used to analyze biotransformations with diclofenac (1), 4-methoxyacetophenone
(3), 2-hydroxy-4-methoxyacetophenone (5), 4-methoxybenzophenone (7), 4-
methoxybenzonitrile (9), 7-methoxycoumarin (11) and fluorene (13) substrates. GC-FID or GC-
MS was used to analyze biotransformations with ethylbenzene (15), a-isophorone (17),

methyl phenyl sulfide (18), styrene (20) and tetradecane (22) as substrates.

For HPLC analysis, equal volume of MeCN was added to the biotransformation. The sample
was mixed and centrifuged. The supernatant was filtered for HPLC analysis. For GC analysis,
the same volume of methyl tert-butyl ether (MTBE) was added to the biotransformation

mixture, the organic layer was dried with MgSQO4 and filtered for GC analysis.
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7.1.1.7 Assessment of Thermal Stability

Thermal stability was assessed in two ways; the first was by the residual 450 nm CO-binding
band in soluble cell lysates and the second was by residual activities of purified proteins
towards 7-methoxycoumarin (11) following incubation at elevated temperatures for 15
minutes. Clarified cell free extracts were produced by sonication of cells resuspended in
biotransformation buffer (0.2 M KPi + 0.4 % glycerol, pH 8) to 200 mg/mL wet cells using a
Soniprep 150 ultrasonicator (MSE, London, UK), employing 20 cycles of 20 s on and 20 s off.
Cell debris was removed as described previously (section 7.1.1.4). Aliquots of the supernatant
(50 pL) obtained after centrifugation were dispensed in 0.2 mL PCR tubes and incubated at
various temperatures using a Mastercycler Gradient thermal cycler (Eppendorf). The residual
450 nm CO-binding peak was determined as described in the above section (section 7.1.1.4)
by comparing P450 concentrations in non-incubated (retained at 4 °C) and incubated samples.
The data were fitted to a Hill type equation (Eq. 1)!®! to extract Tso values, where Tso is defined
as the temperature at which 50 % of CO-binding is retained after 15 min heat treatment.
Single measurements were taken (due to the volume and time required for each

measurement) and the error is the fitting error.
y=Yo—(yo T") / (Tso" + T") Eq. 1

Similarly, residual activities of purified proteins were determined by comparing
demethylation activities of not incubated and incubated samples towards 7-
methoxycoumarin. Product formation (7-hydroxycoumarin) was monitored directly by
fluorescence spectroscopy using a microtiter plate reader (Infinite M200 Pro, Tecan,
Mannedorf, Switzerland). Assays were carried out in black 96-well plates (FluoroNunc) with
0.3 mM NADPH, 1 mM 7-methoxycoumatin and 1.8 uM purified protein (final
concentrations). The fluorescence intensity was recorded employing Aex= 397 nm; Aem = 466
nm and a manual gain of 45. Slopes were calculated using the Magellan evaluation software
and data from triplicate measurements were analyzed using GraphPad Prism 6 and fit Eq. 1
to extract Tso values, where Tso is defined as the temperature at which 50 % of the initial
activity is retained after 15 min heat treatment. The error is the standard deviation between

the three data sets.
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Stability of the reductase domains was assessed by heating purified protein to the Tso of the
heme domain (calculated by CO binding), then measuring the residual activity of the
reductase domain using cytochrome c as the electron acceptor. Samples were incubated at
the appropriate temperature (AT at 45.4, AX at 57.3,JT at 41.8, TB at 59.3 and TT at 60.3 °C)
then assays were conducted with the addition of 50 uM cytochrome c and 32 uM NADPH to
a total volume of 200 pL. Cytochrome ¢ reduction was monitored at 550 nm on a microtiter
plate reader at 25 °C. Data were obtained in triplicate and the error is the standard deviation.
Residual activity above 50 % indicates the reductase domain is more stable than its fused
heme domain, results below 50 % indicate a less stable reductase domain under these
experimental conditions. The half-life of P450-TT (Figure S8) was determined at 50 and 58 °C
by measuring the residual activity toward 7-methoxycoumarin as above at various time points

during incubation.

A 100 58 °C

(0]
o

o]
o

Residual activity (%)
SN
o

N
o

0 ®
1.0 15 20 25 30 35 40 45 50 55
Time (h)
120
B 50 °C
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60

40

Residual activity (%)

20

0 4 8 12 16 20
Time (h)

Figure S8. Half-life of P450 TT at (a) 58 degrees and (b) 50 degrees measured by monitoring activity

toward 7-methoxycoumarin over time. Data were obtained in triplicate and the error is the standard
error.
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7.1.1.8 Diclofenac Scale-Up

Whole-cell biotransformations of diclofenac were scaled up linearly to 300 mg substrate (10
mM final concentration, 200 mg mL*! wet cell weight, 10 mg mL* glucose, 100 mL final
volume) in order to characterize the product and follow the reaction over time (Figure S9).
Reactions were carried out at 40 °C with 150 rpm orbital shaking in a 500 mL sealed baffled

flask. The product 5-hydroxydiclofenac was isolated by flash-chromatography as previously

reported.l’]

10

-4 -Diclofenac

8 ¢ 5-Hydroxydiclofenac

Concentration (mM)

Time (h)

Figure S9. Time course of scaled-up hydroxylation of diclofenac at 40 °C using whole cells expressing
P450 AX.

'H NMR spectroscopy of the purified product was performed on a Bruker Avance 400
spectrometer operating at 400 MHz; *H NMR (400 MHz CD30D, TMS): 8 ppm 3.64 (s, 2H; CH2),
6.31(d, ) = 8.6 Hz; 1H; 3-H), 6.49 (dd, J = 8.6, 2.8 Hz, 1H; 4-H), 6.65 (d, J = 2.6 Hz, 1H; 6-H), 6.91
(t,J = 8.1 Hz, 1H; 4’-H) and 7.29 (d, J = 8.0 Hz, 2H; 3’ and 5’-H).
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7.1.1.9 Determination of Coupling Efficiency

The coupling efficiency the P450-AX catalysed conversion of diclofenac with NADPH cofactor
utilization was determined by comparison of NADPH oxidation with formation of the 5-
hydroxydiclofenac (2) product. Reactions were performed in triplicate with 0.2 mM NADPH,
0.25 mM diclofenac (1) and 1 uM purified P450-AX. NADPH oxidation was measured to
completion on a microtiter plate reader (Tecan) then reactions were quenched with MeCN

and analyzed by HPLC to determine formation of 2. The error is the standard deviation.

7.1.1.10 Analytics

Reversed-phase HPLC was carried out on an Agilent System (Santa Clara, CA, USA) equipped
with a G4225A degasser, G1311A quaternary pump, a G1313A autosampler unit, a G1315C
diode array detector and a G1316A column compartment with temperature control. Analyses
were carried out using a Phenomenex KINETEX® column (C18, 5 um particle size, 4.6 mm
diameter x 250 mm) with a gradient solvent system of H20 + 0.1% TFA (A)/ MeCN + 0.1% TFA
(B) at a flow of 1 or 0.5 mL min! as indicated in Table S9 at 25 °C. Injection volume was 20 or
2 puLfor 1 mM and 10 mM biotransformations, respectively. Chromatograms were monitored
at 210, 240, 250, 280 and 320 nm. Conversion values were calculated based on substrate
depletion measured by comparison with control reactions set up with cells carrying an empty

pET28a vector.

Table S9. HPLC/ LCMS gradient elution conditions

Time (min) % B
0 15
20 90
20.01 100
22.01 100
22.10 15
34 15
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GC-FID analysis was performed on an Agilent 6850 GC (Agilent, Santa Clara, CA, USA) with a
flame ionization detector equipped with an Agilent HP-1 column (30 m x 0.32 mm x 0.25 um),
with helium carrier gas. The inlet temperature was set at 200 °C, detector temperature at 250
°C and pressure maintained at 6.8 psi. For analysis of 14, 17 and 19 the column oven was set
to 50 °C and increased to 200 °C at a rate of 10 °C min and held isothermally for 1 min. For
analysis of 16, the oven temperature was increased to 220 °C and held isothermally for 2 min
from the same starting temperature. Conversions were calculated based on the relative peak

areas of the product and remaining substrate.

GC-MS analysis was performed on a 7890B GC system coupled to a 5977B MS detector
(Agilent Technologies) and was used to determine the major product from
biotransformations with 2-hydroxy-4-methoxyacetophenone (5). An Agilent HP-1 MS column
(30 m x 0.32 mm x 0.25 um) with helium carrier gas at a flow rate of 2 mL min"* was used for
separation. The inlet temperature was set to 270 °C, with the column oven set to 50 °C and

held for 1 min then increase at a rate of 10 °C min2.
7.1.1.11 Determination of Enantiomeric Excess

Biotransformations with ethyl benzene (15) and methyl phenyl sulfide (18) were analyzed on
a B-DEX-325 chiral column (Supelco) while styrene (20) biotransformations were analyzed on
a CP-ChiraSil-DEX CB column (Agilent). Commercial standards of (R)-1-phenylethanol, (S)-1-
phenylethanol, (R)-styrene oxide and (S)-styrene oxide were used to determine the
stereochemistry of the respective biotransformation products. Racemic methyl phenyl
sulfoxide was used to establish if separation of enantiomers could be achieved, then AT, AX,
JT, TB and TT biotransformations were compared to RhF, which has previously been

determined to be (S) selective.[8!

For GC analysis of 1-phenylenthanol (16) and methyl phenyl sulfoxide (19) the column oven
was set to 130 °C and held isocratic for 20 min then increased by 2 °C min™ to 150 °C then
further increased to 200 °C at a rate of 20 °C min™L. For analysis of styrene oxide (21) the oven
was set to 100 and increased to 120 °C at a rate of 10 °C min, held for 2 min then increased

to 180 °C at a rate of 10 °C min™L.
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Table S10. Enantiomeric excess determined for products 16, 19 and 21

ee (%)

Methyl phenyl sulfoxide

1-Phenylethanol (16) Styrene oxide (21)

(19)*

RhF® n/a 89 n/a
AT 90+ 10(S) >90(S) rac
AX n/a >90 (S) rac
JT 90+ 10(S) 85+10(S) rac
T8 90+ 10 (5) 80+ 10 (9) rac
T n/a >80 n/a

? Full baseline resolution of racemic standard could not be achieved.

b Values were obtained from literature!® and were used to assign the stereochemistry of the AT, AX,
JT, TB and TT methyl phenyl sulfoxide products.

7.1.2 HPLC and GC-FID/MS data

The HPLC, GC traces and MS data obtained from the P450 activity profiling screen are

provided below.

108



mAU
1000

800
600
400
200

mAU
1000

800
600
400
200

mAU
1000

800
600
400
200

mAU
1000

mAU
1000

800
600
400
200

mAU
1000

800
600
400
200

Cl " OH Cl " OH
ci “oH ci
L2 | 1
E| o
E s
E ~
] ﬁ pET28a
] ‘
T S A L . —————
75 10 12.5 15 17.5 20 22.5 mn
E < RhF
] B 3
E ¥ N
; L
7‘ T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T ‘
75 10 12.5 15 17.5 20 225 mn
E o
E 5 JT
E 3
7‘ T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T ‘
7.5 10 125 15 17.5 20 225 mn
E 3
E © AX
] ¥
] —————
75 10 12.5 15 17.5 20 22.5 mn
E 5 B
] =
E ©
| [e2]
] w0
E 3
3 IWARN
7‘ T I T I T T I T T I T T I T I I T ‘
75 10 12.5 15 17.5 20 225 mn
; g T
] wn
E <
3] N R
i Yol
m| (5]
E ﬂ =
1 A A
7‘ T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T ‘
7.5 10 125 15 17.5 20 225 mn
E © AT
E| <
| w
E 3
7‘ T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T ‘
75 10 12.5 15 17.5 20 225 mn

HPLC traces for the P450 catalysed biotransformation of diclofenac (1)
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7.2 The Crystal Structure of P450-TT Heme-Domain Provides the First Structural
Insights into the Versatile Class VIl P450s

7.2.1 Experimental

7.2.1.1 Materials

Chemicals, solvents and carbon monoxide for CO difference spectroscopy were obtained from
Sigma-Aldrich (Dorset, UK). Chemically competent cells and enzymes for molecular biology
were purchased from New England Biolabs (Hitchin, UK). M9 Minimal Salts Base (5X) were

purchased from Formedium (Hunstanton, UK).

7.2.1.2 Molecular Biology Methods

7.2.1.2.1 Generation of Constructs for Crystallography Trials

A pET28a vector encoding the full-length N-terminal polyhistidine tagged CYP116B46 (P450-
TT) from Tepidiphilus thermophilus was obtained from our previous work.™ Inverse PCR was
carried out to obtain a pET28a vector encoding the N-terminal polyhistidine tagged P450-TT
heme domain. Primer synthesis and DNA sequencing were performed by Eurofins Genomics

(Ebersberg, Germany). Genes and primers employed in this work are given below.

Primer 5’->3’ sequence
TT full for, Tm=59°C TAAGTCGACAAGCTTGCGGC
TT full rev, Tm=60°C GGGATCGCGCCGTTCAG

> P450-TT 6XHis heme domain

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGCTAGCATG
ACTGGTGGACAGCAAATGGGTCGCGGATCCATGGAAACTGAACTCAAGGAAACGGCACGCGGGACCTGTCC
CGTCGCCCATGGTGGGCAGAGCTCTGTGGGCGGCTGCCCCGTGCATCGTCTGGCAGAGGACTTCGATCCATT
CCAAGACGCTTATATGGCCGATCCGGCGCAATTCGTTCGTTGGGCACGCGAGCAGGTACCCATTTTCTACGCA
CCAAAGCTCAACTATTGGGTGGTGACACGCTACGACACGATCAAACAGATCTTCCGCGATCCGGTCACCTTCA
GCCCATCCAACGTCCTGCAATCCTTCGCCCAGCCTTCTGCCGAAGTGCGCCAGGTACTCGAGCGTTACGGCTAC
GCTTTCAACCGCACCCTGGTCAATGAAGACGAGCCGATGCACCTGGAGCGGCGGCGCGTGCTGATGGAACCC
TTCGCCTCCGAGCACCTGGCGGAACACGAGCCGATGGTGCGCGAGCTGGTGCGCCGCGCCGTTAATCGCTTC
ATCGACACGGGGCGAGCCGACCTCGTCGATCAAATGATATGGGAAGTTCCTTTCACCGTCGCCCTGCACTTTC
TCGGAGTGGATGACGACGACCGGGAGAAGATGCGCCGTTTCGCCATCGCCCACACCGTGAATGCTTTCGGTC
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GGCCTTCTCCCGAAGAACAGCTCGCTGTGGCCGAGACGGTAGGGCAGTTCTGGCAGTTTTGTGGGGAAGTGC
TTGAGAAGATGCGGCGCACTGCTGATGGTCCTGGCTGGATGCGCTATTCGATCCGCCAGCAAAAGCTCTATCC
TGACGTCGTCACCGATTCGTATCTGCACTCGATGATGCAGGCGATCATCGTCGCGGCCCACGAGACGACGGTG
TTTGCCACCACTAACGCCCTCAAGACTCTGCTGGAGCACGAAACCGTCTGGCGCGAGATCTGCGCCGATCCTT
CCCTCATCCCAGCGGCGGCCGAAGAATGCCTGCGCTACAACGGGCCGGTGGLCGGGGTGGAGGCGCCGCACC
ACGCGGGAGGTGGAAGTGGAGGGAGTGCGCCTGCCGGTCGGGGCAAACATTCTCATGGTCGTCGCCTCGGC
CAACCACGATTCCGCGCATTTCGACGATCCAGAGTTCTTCGACATTGGCCGCAGCAACGCCTCCGAGCATCTCA
ACTTTGGCTATGGGGCGCACCAGTGCCTCGGCAGGAACCTCGGTCGGATGGAAATGCAGATCATGATCGAGG
AACTCTCCCGCCGCTTGCCGCACATGCGCCTAGCCGAGCAGCGGTTCGACTACCTGCACAACGTCTCCTTCCGC
GCACCGCGTCATCTGTGGGTCGAATGGGATCCAGCACAGAATCCTGAACGGCGCGATCCC

7.2.1.2.2  P450-AX Library Generation

P450-AX libraries were generated by MEGAWHOP cloning? using the cloned wild-type gene
as template.l'! Custom DNA oligo were prepared by Eurofins Genomics. Ordered primer

sequences are given below:

Ala8ONNKfw CTTCTCCCCGCGAATCNNKCTCGAAAAGATCACCC
Leu81NNKfw CTTCTCCCCGCGAATCGCGNNKGAAAAGATCACCC
Thr105NNKfw CAATCTCCAGCGCNNKATGGTGAACGAGGACG

Vall07NNKTfw

His190NNKfw

CCAGCGCACCATGNNKAACGAGGACGAGC

TTCGCCGCCGCCNNKACGCTCAACACC

Thr191NNKfw TTCGCCGCCGCCCACNNKCTCAACACCTGG
Asn193NNKfw CACACGCTCNNKACCTGGGGCC
Thr194NNKfw CACACGCTCAACNNKTGGGGCCGGCCGACG
Trp195NNKfw CACACGCTCAACACCNNKGGCCGGCCGACG
Ala259NNKfw GCGCTCGATGATGATGNNKATTCTCGTCGCCG

Val262NNKfw

GATGGCGATTCTCNNKGCCGCGCATGAGACC

Ser309NNKfw CGCATGGGCGGCNNKATCATCGCCTGG
lle310NNKfw CGCATGGGCGGCTCGNNKATCGCCTGGCGG
Phe414NNKfw GCAACATCGCCNNKCGCGGCCCAAAGAGC
80/81 rev GTGATGTTGTCGCGGAAGACGGC
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Thr105rev TAGCCGTAGCGCTTCAGGATCGC

Vall07rev AGATTGTAGCCGTAGCGCTTCAGG
190/191rev GCGGGTAAGCTCATCGGCATCTTCC
193/194/195rev GGCGGCGGCGAAGCGGGTAAGC
Ala259rev ATGTAGCTCTCGGGCACGATGTCGG
Val262rev ATCATCGAGCGCATGTAGCTCTCGG
309/310rev CAGGCATTCCTCCACCGCG
Phed41l4rev ACAGCCCCTCGAAGCTCTGACC
AX mid rev TGGTGAAATACTCGAAGTGCAACGCCC
Leu81VKC fw CCCCGCGAATCGCGVKCGAAAAGATCACCC
His190Asn193rev GGCGGCGGCGAAGCGGGTAAG

) CTTACCCGCTTCGCCGCCGCCMMCACGCTCRHMACCTGGGGCCGGCCGA
His190Asn193 fw

CG
Ala259GSA rev ATGCGCGGCGACGAGAATTSCCATCATCATCGAGCGC
Primer Position Degenerate codon(s) Encoded amino acids
Leu81VKC fw 81 VKC R,G LS,V
His190Asn193 fw  190/193 MMC/RHM N,H, P, T/A,N,D,E I,K T,V
Ala259GSA rev 259 GSA A G

For the first round of protein engineering, 14 megaprimers were synthetized by PCR reactions,
using primer 309/310rev and the corresponding mutagenic primer for positions 80, 81, 105
and 107, primer Phe414rev and the corresponding mutagenic primer for positions 190, 191,
193,194, 195, 259, 262 and finally primer AX mid rev and the corresponding mutagenic primer
for positions 309, 310 and 414. Primers were designed to have similar melting temperatures
and to generate amplicons of ~1 kb. PCR reactions were carried out in thin-walled 200 uL PCR
tubes (final volume of 50 uL) employing Phusion DNA Polymerase and the provided GC-buffer
following the manufacturer’s instructions. For each single NNK library three PCRs were carried

out employing a different annealing temperature (65, 68, 72°C), in order to try to get the
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highest quality libraries.3! PCR products were then mixed, purified using a PCR clean up kit
(Qiagen) and used as primers in the subsequent whole-plasmid reaction, following the original
MEGAWHOP protocol. Template was digested following Dpnl treatment for 6 h, the mixture
purified once again using a PCR clean up kit and 5 ul transformed into NEB-5-alpha competent
cells according to manufacturer instructions. All colonies were scratched from agar plates and

plasmid DNA isolated to assess library quality.®!

For the construction of the recombination library, degenerate codons were designed with

SwiftLib (http://rosettadesign.med.unc.edu/SwiftLib/) to include the beneficial mutations

identified at four positions and wild-type amino acids at those positions. Mutations were
introduced by overlap extension PCR. First, mutations at position 81 were introduced using
primers Leu81VKC fw and His190Asn193rev. The overlapping fragment bearing mutations at
positions 190, 193 and 259 was produced using primers His190Asn193 fw and Ala259GSA rev.
PCR products were purified (QlAquick Gel Extraction Kit) and the overlap extension PCR
carried out employing 50 ng of each overlapping fragment and Leu81VKC fw/Ala259GSA rev
as external primers (final reaction volume of 50 uL). The produced megaprimer was purified
(QlAquick Gel Extraction Kit) and the recombination library generated following the original
MEGAWHOP protocol using 0.5 pug megaprimer, 50 ng plasmid template and a final reaction

volume of 50 pL. All the subsequent steps were carried out as described above.

7.2.1.3 Protein Expression and Purification

Protein expression was accomplished as reported previously.[!l Protein purification for
crystallization trials was carried out resuspending cells in 50 mM HEPES buffer, 300 mM NaCl,
20 mM imidazole, pH 8.0 (buffer A) to a wet cell concentration of 200 mg/mL. The crude cell
extract was prepared by ultrasonication (Bandelin Sonopuls sonicator) with 20 cycles of 15 s
on and 45 s off, 40 % amplitude. Cell debris was removed by ultracentrifugation (48384 g, 30
min, 4 °C). P450 concentration was determined using a Cary 50 UV/Visible spectrophotometer
(Agilent Technologies, Santa Clara, USA) according to the protocol by Omura and Sato,! using
an extinction coefficient of €450-490= 91 mM™*cm for the optical difference spectrum between

the reduceCO bound/reduced spectra.

129


http://rosettadesign.med.unc.edu/SwiftLib/

Immobilized metal ion affinity chromatography (IMAC) was employed as first purification step
using Ni-agarose resin (Qiagen) in a gravity flow column following the manufacturer’s
instructions. To ensure maximal removal of protein impurities, the ratio of clarified
supernatant to resin was adjusted so that the amount of P450 added exceeded the resin
capacity (50 mg/mL) by 10 %. After 1 h incubation at 4 °C on a rotating mixer, the protein
bound resin was loaded in a gravity flow column and washed with 20 CV (column volumes)
buffer A before elution with 5 CV of 50 mM HEPES buffer, 300 mM NaCl, 300 mM imidazole,
pH 8.0. Red coloured fractions containing purified P450 were collected, concentrated and
desalted in 50 mM HEPES pH 8 (buffer C) using a PD-10 column (GE Healthcare) following the

manufacturer’s instructions.

Anion-exchange chromatography was carried out using a 6-mlIRESOURCE Q column
(GE Healthcare) on a AKTA Pure system (GE Healthcare) operated at 4 mL/min (4 °C). After an
initial water wash (5 CV), the column was charged with 50 mM HEPES, 1 M NaCl, pH 8 (buffer
D, 5 CV), equilibrated in buffer C (5 CV) and the sample loaded. A first column wash with buffer
C (10 CV) was followed by elution with increasing concentration of buffer D (from 0 to 50 %
over 20 CV) and a final wash (buffer D, 5 CV). Enzyme elution was monitored at 280 nm and
red fractions displaying at least 50 % maximal absorbance of the main peak at 280 nm were

collected for size-exclusion chromatography (SEC).

Enzyme solutions were concentrated to 1 mL using a 30,000 molecular weight cut-off filter
(Vivaspin column, GE Healthcare) and loaded onto a HiLoad 16/600 Superdex 200 pg pre-
equilibrated with 50 mM HEPES, 300 mM NacCl, pH 8. Size-exclusion chromatography was
performed at 1 mL/min (4 °C) on a AKTA Pure system. Enzyme elution was monitored at 280
nm and red fractions displaying at least 50 % maximal absorbance of the main peak at 280
nm were analyzed by SDS-PAGE analysis (Figure S1), collected, concentrated and desalted in
buffer C using a PD-10 column. Before carrying out crystallization trials, protein solutions
were concentrated to 20 mg/mL, as determined by NanoDrop (Thermo Scientific), using €2s0=
67755 M cm™ and stored overnight at 4 °C. Typically, 4 mg of purified P450-TT were obtained

per liter of culture following this procedure.

P450-AX variants were purified following a protocol similar to that described previously.[

IMAC was carried out using Ni-agarose resin (Qiagen) in a gravity flow column, employing 2
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mL stationary phase per 800 mL broth (~9 g of wet cells) following the manufacturer’s
instructions. Enzyme solutions were concentrated and desalted in 0.1 M Tris, pH 8 using a PD-
10 column (GE Healthcare). Protein aliquots were snap-frozen in liquid nitrogen and kept at -

80°C overnight prior to characterization.

7.2.1.4 Expression and Screening of P450-AX Libraries in 96-well plates

Chemically competent BL21 (DE3) cells were transformed with the desired library (0.5 pL, 50-
100 ng/uL DNA concentration) following the manufacturer’s instructions and 30 pL of the
resulting solution spread on a large petri dish containing LB agar supplemented with 50 pg/mL
kanamycin for selection. Individual colonies were picked with sterile toothpicks and grown
overnight in 96-deep well plates covered with a gas-permeable membrane (Breathe Easier,
Sigma-Aldrich) into 150 pL LB supplemented with 50 pg/mL kanamycin. After overnight
growth, expression cultures were inoculated with 40 pL of preculture into 960 uL of M9
prepared as previously described.[t! Glycerol stocks were prepared by adding 40 uL of 21%
sterile glycerol to the reminder of the preculture before transferring at -80°C. Cell growth was
carried out in an Infors Multitron Pro for 2h 20 min at 30°C, 950 rpm and 75% relative
humidity. When the ODggo reached 0.8-1, gene expression was induced (0.4 mM IPTG and 0.5

mM 5-aminolevulinic acid, final concentration) and growth continued for 20 h.

Afterwards, cells were harvested by centrifugation (4000 rpm, 20 min, 4 °C) using a Beckman
Coulter Avanti J-E centrifuge (JS-5.3 rotor) and cell pellets resuspended in 160 puL of 0.2 M
potassium phosphate buffer (KPi), pH 8. A diclofenac/glucose mixture was added to the cell
suspension (40 pL, 3 mM diclofenac, 10 mg/mL glucose, 5% DMSO, final concentration), and

plates were incubated at 30°C in an Infors Multitron Pro incubator for 40 minutes.

Reactions were quenched with 300 pL methanol with 0.1% trifluoroacetic acid and spun down
(4000 rpm, 30 min, 4 °C). Supernatants were filtered into Verex™ vials (Qsert) using 1 mL filter
tips and subjected to HPLC analysis. For the first round of protein engineering 1302 clones
were screened to ensure 95% coverage. The best variants of each library were selected and

re-screened in triplicates.

For the second round of protein engineering, cell pellets were resuspended in 320 uL of 0.2

M KP; buffer and volumes adjusted accordingly to keep the final concentration of components
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unchanged. A total of 1192 clones were screened to ensure ~85% coverage (the oversampling
required for 85% coverage was calculated using CASTER 2.0). The best variants were selected

and re-screened in triplicates.

Reversed-phase HPLC was carried out on an Agilent System (Santa Clara, CA, USA) equipped
with a G4225A degasser, G1311A quaternary pump, a G1313A autosampler unit, a G1315C
diode array detector and a G1316A column compartment with temperature set at 25°C.
Analyses were carried out using a Thermo Scientific™ HyPURITY™ column (C18, 3 um particle
size, 2.1 mm diameter x 50 mm length) operating the system in isocratic mode (65% methanol
with 0.1% TFA and 35% water with 0.1% TFA) at a flow of 0.5 mL/min for 2 minutes. Injection

volume was 0.5 pL and chromatograms were monitored at 280 nm.

7.2.1.5 Turnover Frequencies, Coupling Efficiency, Total Turnover Numbers, Whole-Cell Activity
and Thermal Stability Determination

Initial rates of 5-hydroxydiclofenac formation and NADPH depletion were determined in 200
puL 0.1 M KPi buffer, pH 8, 500 nM purified enzyme, 0.3 mM NADPH, 2.5 mM diclofenac and
2.5% DMSO (final concentrations). Assays were carried out in 96-well plates using a microtiter
plate reader (Infinite M200 Pro, Tecan, Mannedorf, Switzerland). Purified protein was added
to an aliquoted mixture containing buffer/substrate and the reaction started after addition of
the reduced cofactor. The mixture was rapidly shaken by pipetting up and down and NADPH
depletion followed at 340 nm. Reactions were quenched after 4-8 minutes by adding 150 plL
of methanol with 0.1% TFA to 150 pL of reaction mixture. Initial rates of NADPH oxidation
were determined using an extinction coefficient of 6.22 mM*cm™ at 340 nm for NADPH and
a pathlength of 0.55 cm. Product formation rates were determined by HPLC analysis. The
coupling efficiency is defined as the ratio between product formation rates and NADPH

oxidation rates in presence of the substrate.

Total turnovers were determined in 0.1 M KPi buffer, pH 8, 25 nM purified enzyme, 1 mg/mL
glucose dehydrogenase (CDX-901, Codexis), 1 mg/mL NADP*, 10 mg/mL D-glucose, 2.5 mM
diclofenac and 2.5% DMSO (final concentrations). Reactions were carried out in 2 mL
Eppendorf tubes (400 pL final volume) at 20°C and 250 rpm (New Brunswick™ Innova® 42R

incubator) for 17-20 h. For HPLC analysis, an equal volume of methanol with 0.1% TFA was
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added to the biotransformation, the sample vortexed and centrifuged for 5-10 minutes. The

supernatant was filtered before HPLC analysis.

Whole-cell biotransformations for in-vivo activity determination were performed in 0.2 M KPi
pH 8 with 40 mg/mL resuspended cells, 10 mg/mL glucose, 5 mM diclofenac and 10% DMSO
(final concentrations). Reactions were carried out in 2 mL Eppendorf tubes (400 pL final
volume) at 37°C and 250 rpm (New Brunswick™ Innova® 44R incubator) for 30 minutes.

Reactions were worked-up and analysed as reported above.

Finally, thermal stability was assessed as previously described!* by measuring residual
activities of purified proteins towards 7-methoxycoumarin after incubation at high

temperatures.

7.2.1.6 Crystallization, Data Collection and Structure Determination

Crystals of CYP116B46 (P450-TT) were obtained by mixing 200 nL of protein with 200 nL of
condition A12 (0.1 M MES 6.5 22 % v/v PEG Smear Broad) from the BCS screen (Molecular
Dimensions Ltd., Newmarket, UK). Drops were incubated at 4 °C for 24 hours prior to
inspection. Single crystals suitable for data collection were cryo protected with the addition

of 15% Peg 200 prior to plunge cooling in liquid nitrogen.

Data were collected from a single cryo protected crystal of PA50-TT at beamline i04-1
(Diamond Light Source). All data were indexed, scaled and subsequently integrated with Xia2.
Structure determination was initially performed by molecular replacement in Phaser using a
search model derived from the previously solved cytochrome P450 structure (5GWE). A
combination of automated and manual rebuilding and refinement in Phenix and COOT were
used to produce a complete model. Validation with both Molprobity and PDB_REDO were
integrated into the iterative rebuild process. Complete data collection and refinement
statistics are available in Table S1. The atomic coordinates and structure factors of P450-TT

structure have been deposited in the RCSB Protein Data Bank under the accession code 6GlI.
7.2.1.7 Sequence Analysis

Sequence alighments were performed with ClustalW.5! The output files were then used to

run ESPrint (for the characterized class VII P450s).18! Conservation analyses were carried out
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using the 3DM™ system (subfamily K9GPR5, https://www.bio-prodict.nl/).”? The 3DM™

system provides multiple sequence alignments of protein superfamilies based on multiple
structure alignments, thereby generating a 3D numbering scheme (3DM standard
numbering). When a 3DM standard numbering could not be assigned, class VIl sequences
were aligned using the CYPED database.® Amino acid composition of characterized class VI

P450 heme domains were computed starting from ClustalW alignments using MEGA7.!
7.2.1.8 Structural Analysis

Structures were visualized and figures generated with PyMOL (the PyMOL Molecular Graphics
System, Version 2.0 Schrédinger, LLC). The CAVER plug-in in PyMOL[™® was employed using
standard parameters and a probe radius of 1.4 A to identify paths leading to the buried active
site. Structural superposition were performed in COOT!Y and the output files used to
generate structure-based sequence alignments in Chimera (Match-> Align, residue-residue

cutoff distance of 5 A).

7.2.1.9 UV-visible Spectroscopic Properties of P450-TT Heme Domain

The figure below shows the UV-visible spectroscopic analysis for the P450-TT heme domain.
The ferric heme domain has a Soret maximum at 419 nm, with a- and B-bands at ~570 and
~540 nm, respectively. Moreover, the heme delta band is visible at ~357 nm. Upon sodium-
dithionite reduction, the intensity of the main Soret band is reduced and shifted at ~414 nm,
while a single spectral feature is visible at ~550 nm. In the CO-bound spectrum, the expected
shift of the Soret band at 450 nm is observed, indicating that cysteine thiolate is the heme-

iron proximal ligand.

— Oxidised
1.0
Reduced

Fe’'-co

T T T T
400 500 600 700
Wavelength (nm)

UV-visible spectroscopic analysis of P450-TT heme domain showing its oxidized (black line), sodium
dithionite-reduced (green line) and CO-bound (red line) spectra.
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7.2.2 Supporting Figures and Tables
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Figure S1. SDS-PAGE analysis of P450-TT selected fractions following a three-step purification
protocol.

Extensive crystallization trials were also carried out after a two-step protein purification
protocol (in which the intermediate anion-exchange chromatography step was omitted).
Despite the high purity of the protein preparation (Figure ) the following crystallization trials
yielded crystals not suitable for X-ray diffraction. Thus, a three-step protein purification was

implemented.
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Figure S2. SDS-PAGE analysis of P450-TT selected fractions following a two-step purification
protocol.
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Table S1. Crystallographic Data and Refinement Statistics.

Data collection
Wavelength (A)
Space group
Unit-cell parameters
a(A)

b (A)

c(A)

Resolution range
Total reflections
Unique reflections
Multiplicity
Completeness (%)
<l/o(l)>
R-merge
R-meas
R-pim
CC1/2

cc*

0.9159

P212:12;

53.2916
74.3841
105.013

90
90
90
43.32-1.9 (1.968-1.9)
153818 (13406)
33286 (3242)
4.6 (4.1)
97.91 (95.01)
7.79 (2.71)
0.1256 (0.4703)
0.1423 (0.5426)
0.06539 (0.2647)
0.989 (0.69)

0.997 (0.904)

Refinement

Reflections used in refinement

Reflections used for R-free

R-work

R-free

Number of non-hydrogen atoms

Macromolecules
Ligands
Solvent

Protein residues

RMS deviation
Bond lengths (A)

Bond angles (°)

Ramachandran plot analysis (%)

Ramachandran favored
Ramachandran allowed
Ramachandran outliers
Rotamer outliers
Average B-factor
Macromolecules
Ligands

Solvent

136

32914 (3124)
1639 (174)
0.1787 (0.3145)
0.2290 (0.3166)
4127
3571
43
513

416

0.006

1.07

97.34

2.66

2.38
17.25
15.88

8.91

27.52



Table S2. Conservation analysis of amino acid residues lining the putative substrate access channel.
The first column indicates the amino acid occurring at the alignment position in P450-TT sequence.
Numbering refers to the alignment in Figure S4. Active site residues are indicated by the yellow
background. Where exact numbers are not given, a 3DM standard position could not be retrieved.
Approximate figures are given after inspection of a class VIl sequence alignment generated through
the CYPED database.

Non polar, aliphatic Polar, uncharged Aromatic Basic Acid
Alignment] .
position Gly Ala Pro Val Leu Met lle | Ser Thr Cys Asn GIn|Phe Trp Tyr | His Lys Arg | Asp Glu
Val 91 >96%
Leu 92 >96%
Tyr 111 No standard numbering available. Position occupied by either Tyr or Phe
Phe 113 2.3% 25.0% 72.7% <0.1%
Asn 114 19.0% 9.5% 2.1% 5.3% 1.0% 55.8% 4.2%]3.1%
Arg 115 4.2% 2.1% 3.2% 90.5%
Thr 116 2.1% 1.0% 3.2% 1.0% 92.7%
Leu 117 1.1% 88.4% 9.5% 1.1%
Val 118 96.8% 3.2%
Asn 119 2.1% 94.7% 3.2%
Phe 206 >96%
Val 221 91.7% 4.2% 1.0% 2.1%
Ser 266 1.0% 2.1% 92.7% 1.0% 3.1%
Met 267 1.0% 1.0% 91.7% 5.2% 1.0%
Gln 269 92.7% 3.1% 3.1%[1.0%
Ala 270 90.6% 7.3% 2.1%
lle 271 77.1% 1.0% 1.0% 14.6% 1.0% 1.0%|1.0% 3.1%
lle 272 1.0% 17.7% 7.3% 72.9%|1.0%
Val 273 2.1% 89.6% 5.2% 3.1%
Ala 274 100%
Ala 275 52% 91.7% 3.1%
Thr 278 100%
Val 321 69.8% 2.1% 27.1% 1.0%
Trp 324 100%
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Thr202

Val273

Ala275

Thr278

Figure S3. I-helix water channel. A water conduit can be seen running from Glu277 to Ala274. Residues
interacting with Glu277 (His201 and Thr202) are also shown. Interactions are represented with black
dashed lines, whereas water molecules are shown as red spheres.
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Figure S4. Sequence alignment of characterized class VII P450s. Secondary structural elements are
named after Hasemann et al.[*? a-helices and B-strands are indicated by the corresponding letters and
n indicated 3iphelices. Columns with invariant residues are highlighted by the red background whereas
columns highlighted in yellow indicate equivalent residues (based on physico-chemical properties, cut-
off=70%). The figure was generated and secondary structural elements annotated with ESPrint.

140



Table S3. Conservation analysis of active site amino acid residues between class VII P450s. The first
column indicates the amino acid occurring at the alignment position in P450-TT sequence. Numbering
refers to the alignment in Figure S4. Where exact numbers are not given, a 3DM standard position
could not be retrieved. Approximate figures are given after inspection of a class VIl sequence
alignment generated through the CYPED database.

Alignment]
position Non polar, aliphatic Polar, uncharged Aromatic Basic Acid
Gly Ala Pro Val Leu Met lle Ser Thr Cys Asn GIn | Phe Trp Tyr His Lys Arg | Asp Glu
Val 91 >96%
Leu 92 >96%
Thr 116 2.1% 1.0% 3.2% 1.0% 92.7%
Val 118 |96.8% 3.2%
His 201 1.0% 1.0% 1.0% | 3.1% 89.6% 4.2%
Thr 202 1.0% 5.2% 1.0% 1.0% 2.1% 2.1% 87.5%
Asn 204 1.0% 2.1% 89.6% 42% 3.1%
Ala 205 >96%
Phe 206 >96%
Ala 270 90.6% 7.3% 2.1%
Val 273 2.1% 89.6% 5.2% 3.1%
Ala 274 100%
Glu 277 100%
Thr 278 100%
Pro 320 1% 99.0%
Val 321 69.8% 2.1% 27.1% 1.0%
Trp 324 100%
Phe 424 100%
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Table S4. Structures homologous to P450-TT as identified by DALI search. Top ranking sequences have
been selected setting a DALI Z-score cutoff equal to n/10 — 4 (n = where n is the number of residues in
the query structure).[*®

Protein PDB code Z rmsd | %id Function or accepted substrates
CY(FZ?)AZ 5xjn-A 50.8 | 19 | 31 p-cresol biodegradation pathway
CYP107H1 . Pimelic aci'd synthesis through oxida'tive

3eje-D 466 | 2.1 | 25 degradation of ACP-bound fatty acids
(P4508i01) . .
(biotin biosynthetic pathway)
CYP109A2 50fg-A 46 1.9 23 Vitamin D3
CYP109E1 5191-A 45.3 2 23 Steroids, terpenes, statins
CYP142 2xkr-A 45.1 | 2.2 | 25 Cholesterol
P450 PksS 4yzr-A 45.1 2 23 Bacillaene metabolism
Putative orsellinic acid (anticipated to
Cal02 3buj-A 448 | 2.2 | 24 be ACP-bound) oxidase
(calicheamicin biosynthetic pathway)
CYP107L2 5cje-A 445 | 2.1 | 28 n.d.
Macrolides
CY(FF:ill?g)Ll 2bvj-B 44.4 2 28 | (pikromycin/methymycin biosynthetic
pathway)
cYP10981 | armana | 423 | 19 | 26 Testosterone, terper.1es, compactin,
fatty acids
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Figure S5. Secondary structure matching between P450-TT (cyan) and P450-Crel (PDB 5XIJN, chain A,
green). A) Overall superposition. B) Detailed view of regions showing significant deviation in the
structural alignment. The heme is represented as sticks.
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Figure S6. Structure-based sequence alignment between P450-TT and P450-Crel. Critical residues for
phosphorylated p-cresol binding according to [14].

Figure S7. Secondary structure matching between P450-TT (cyan) and P450cam (PDB 2CPP, green).
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Table S5. P450-AX putative active site residues targeted for semi-rational mutagenesis. The
corresponding residues in the P450-TT active site are indicated.

P450-TT P450-AX

Tierl

Vall18 Vall07
Pro320 Ser309
Val321 lle310

Tier2

Val9l Ala80
Thrl16 Thr105
Ala270 Ala259
Phe424 Phe414

Tier3

Leu92 Leu81
Phe206 Trpl195
Val273 Val262

Tierd

His201 His190
Thr202 Thr191
Asn204 Asn193
Ala205 Thr194

Table S6. Thermal stability of wild-type and evolved P450-AX assessed by residual activity towards 7-
methoxycoumarin after incubation at elevated temperatures and comparison of protein expression
levels as determined by CO-difference spectroscopy of the corresponding cell lysates obtained by
sonication. The error is the standard error.

Ts0(°C)  P450 content (nmolpaso geww )

WT 57.7+0.2 27

N193V 55.7+0.3 20

N193A 60+0.3 19

H190T 54.6+0.2 28

Active-site A259G 55.1+0.3 23
testing L81l 55.84+0.2 24
L81V 55.9+0.2 27

N193E 57.4+0.2 19

L81G 56.3+0.4 20

L81S/N193E 55.5+1.3 22

Recombination | L81V/N193A 56.4+0.2 22
L81G/N193A 55.3+0.2 20
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Table S7. Total turnovers, turnover frequency, coupling efficiency and in-vivo activity of P450-AX L81S.

TOF  Coupling TTN Whole-cell activity

. -1
(minY) (%) (HMOloroduce MIN™ gowr?) P450 content (nmolpaso geww™)

WT 6.7 48.4 7725 0.7 27

L81s 13.1 65.7 13283 0.9 39

Table S8. In-vivo activity of selected variants originating from the recombination library.

Whole-cell activity
(umOIproduct min_l gcww-l)

L81S/N193E 2.4
L81V/N193A 2.5
L81G/N193A 2.9
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7.3 One-Pot Biocatalytic Double Oxidation of a-Isophorone for the Synthesis of
Ketoisophorone

7.3.1 Experimental

7.3.1.1 Materials

Chemicals, solvents, and carbon monoxide for CO difference spectroscopy were obtained
from Sigma-Aldrich (Poole, Dorset, UK). Gases for GC/FID analysis were purchased from BOC
gases (Guildford, UK). (R)-HIP was kindly provided by DSM (DSM Ahead R&D B.V.-Innovative
Synthesis, Urmonderbaan 22, NL-6167 RD Geleen, The Netherlands). Competent cells and
enzymes for molecular biology were purchased from New England Biolabs (NEB). M9 minimal
salts (5X) were purchased from Sigma-Aldrich, reconstituted by stirring the recommended
amount of powder in water and sterilized by autoclaving. 40% glucose (w/v), antibiotics
1000X, 1 M MgSQa, 1 M CaCl,, and 25% (w/v) FeCls were prepared in dH,0 and filter sterilized

through a 0.2 um syringe filter.

7.3.1.2 Molecular Biology Methods

Primers synthesis and DNA sequencing were performed by Eurofins Genomics. Ordered

primer sequences are given below (mismatching bases are given in red).

Primer 5’->3’ sequence

F87W for, Tm=57°C GAGTGCCCGTGGATCCCTCGTGAAGC

F87W rev, Tm=57°C GCTGGAAAAGTGGCGGTAATC

L244A for, Tm=59°C AGGATGTGTGGCGCGTTACTGGTCGGC

L244A rev, Tm=61°C CTTGGCTTCGTCACTGGTGATCG

L244A-V247L for, Tm=63°C AGGATGTGTGGCGCGTTACTGCTCGGCGGCCTGGATAC
Avrll rev, Tm=65°C TAGTCTCCTAGGTCAGAGTCGCAGGGCCAGCc

Aflll rev, Tm=65°C TCGTCTCTTAAGTCAGAGTCGCAGGGCCAGCC

T7 for modified, Tm=62°C TAATACGACTCACTATAGGGAGACCACAACGG

Ndel ADH10 for, Tm=63°C ACGTAGCATATGACGACTACTTCAAACGCGCTTGTC
Ncol CmADH for, Tm=63°C ATGCTACCATGGGGATGACGACTACTTCAAACGCGCTTGTC
Aflil CmADH rev, Tm=60°C ATGTATCTTAAGCAATCAAGCCATTGTCGACCAC

Xhol ADH10 rev, Tm=60°C ACGTCACTCGAGTTAAGCAATCAAGCCATTGTCGACCAC
Avrll ADH10 rev, Tm=60°C AGTCAGCCTAGGTTAAGCAATCAAGCCATTGTCGACCAC
Ndel Sporo for, Tm=60°C CTGGATCATATGGCCAAAATCGATAATGCCGTG

Xhol Sporo rev, Tm=61°C TGCATGCTCGAGTTAGGCTGTTTCGCTACCAACCAGG
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Inverse PCR reactions were carried out using Eppendorf Mastercycler Gradient thermal
cyclers according to NEB guidelines, followed by Dpnl digestion before carrying out ligation
reaction for 1 h at 25°C with T4 DNA ligase and polynucleotide kinase, according to
manufacturer’s instructions. NEB 5-alpha competent E. coli (high efficiency) were then
transformed according to the manufacturer’s instruction and the sequence verified by

plasmid sequencing. Expression plasmids were generated by standard restriction cloning.

P450cam-RhFRed site-directed mutants were made starting from variants in the previously
developed libraries using the appropriate primers reported in the table. An Avrll restriction
site was added to P450cam-RhFRed by PCR using the primers “T7 for modified” and “Avrll

rev” and the sequence cloned in pCDF-1b using Ncol and Avrll restriction sites.

For the two-vector strategy for coexpression (or ADHs expression trials), SSCR and Cm-ADH10
were cloned into the pET28a vector, using Ndel and Xhol restriction sites that were introduced
by PCR using primers “Ndel Sporo for” and “Xhol Sporo rev” or “Ndel ADH10 for” and “Xhol

ADH10 rev”, respectively.

Plasmid carrying genes encoding for the selected ADHs were kindly provided by c-LEcta

GmbH, Leipzig, Germany.
7.3.1.3 Protein Expression and Purification

Plasmids (pET-14b, pCDF-1b, pET-28a) carrying genes encoding P450cam-RhFRed variants
were stored at 4°C. Chemically competent E. coli BL21 (DE3) cells were transformed by heat
shock according to manufacturer’s instructions. Transformants were plated on LB agar with
added antibiotic (150 pug/ml ampicillin or 50 pg/ml for spectinomycin and kanamycin) and
grown at 37°C for 16 hours. Single colonies were picked from plates to prepare starter cultures
in LB medium supplemented with antibiotic. After 16 hours, expression cultures were
inoculated 1/100 using LB starter cultures and, to guarantee proper aeration, cultur volume
was no more than 25% of the total conical flask volume. P450 expression in minimal medium
was carried out according to Kelly et al.[Yl: 1X M9 salts solution was supplemented with 0.4%
glucose, 0.05% FeCls, 1 mM MgS04, 1 mM CaCl; and cells were grown with vigorous shaking
(200 rpm) at 37 °C until an ODeoo of 0.8 was reached. At this stage, isopropyl B-D-1-

thiogalactopyranoside (IPTG, 0.4 mM) was added to induce protein expression, along with 5-
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aminolevulinic acid hydrochloride (5-ALA, 0.5 mM) supplementation. Protein expression was
carried out at 20 °C with shaking at 200 rpm for 20 h and used immediately. The use of
complex media (e.g., LB, TB and auto-induction media) resulted in the expression of the

protein in the insoluble fraction or soluble inactive protein (data not shown).

Similarly, production of Cm-ADH10 and SSCR was carried out following a protocol similar to
that for P450cam-RhFRed expression, the exception being the medium used (TB instead of
M9) and the need for 5-ALA supplementation (not added). SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) was employed to confirm protein expression. Recombinant Cm-
ADH10 was obtained by inoculating 1 L of Terrific broth containing 50 pg/mL kanamycin with
transformed cell E. coli BL21 (DE3) and incubated until an ODeoo of 0.6; protein production
was induced with 0.4 mM IPTG at 20 °C and production was kept for 16 h. Cells were harvested
by centrifugation (2500 g, 20 min, 4 °C) and kept at -80 °C until purification. Cells from 1 L of
culture were suspended in 50 mL of 20 mM Tris-HCI, pH 7.5. The crude extract was prepared
by sonication for 5 min, 70% amplitude, 5 s on/off. Cell debris was removed by
ultracentrifugation at 31,000 g for 45 min, 4 °C. The supernatant was filtered using a 0.45 um
filter. The cell-free extract was applied to a 5 mL HisTrap FF column using an AKTA Pure (GE
Healthcare) at 1 ml/min at 4 °C and a 20 mM imidazole solution in 20 mM Tris-HCl buffer, pH
7.5. The column was washed with 4 — 6 CV of a 50 mM imidazole solution in 20 mM Tris-HCI
buffer, pH 7.5. Pure enzyme was eluted using 3 CV of a 500 mM imidazole solution in 20 mM
Tris-HCl buffer, pH 7.5. Enzyme was concentrated and excess of imidazole was removed with
an Amicon® Ultra concentrator (10,000 NMWL; Millipore) at 4000 g. Typically, the enzyme
was diluted to 10 mg/mL in 50 mM KPi buffer (pH 7.5) to carry out biotransformation trials
and kinetic measurements whereas, for crystallographic studies, concentrated aliquots (1 —
1.5 mL) were treated with thrombin (0.5 U, 4 °C, overnight shacking) and the cleaved 6x-His
Tag was removed by gel filtration in a Superdex 200 10/30 GL column. Pure protein, as judged

by UV chromatogram and SDS-PAGE, was concentrated to 77 mg/mL and stored at -80 °C.
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7.3.1.4 Protein Crystallization, Structure Determination and Docking experiments

7.3.1.4.1 Crystallization and X-ray Data Collection

Native Cm-ADH10 was crystallized at 293 K using the sitting-drop vapor diffusion technique
at 20 °C. Equal volumes of 12 mg/mL Cm-ADH10 in 20 mM Tris-HCI at pH 7.5 and reservoir
solution were mixed. The reservoir solution contained 40% polyethylene glycol (PEG) 200 in
0.1 M MES at pH 6.5. Initial conditions were screened using the JSCG, PEG and ammonium
sulfate screens (Qiagen) in 96-well sitting drop trays. X-Ray diffraction data were collected at
the ID23-2 beamline of the European Synchrotron Radiation Facility in Grenoble, France

(ESRF).
7.3.1.4.2  Structure Determination

The images were integrated and scaled using MOSFLM.!Z Intensities were merged and
converted to amplitudes with Aimless® and other software of the CCP4 Suite (Table S1).[4
The structure was solved with MOLREPP! and the coordinates of the
dehydrogenase/reductase from Sinorhizobium meliloti 1021 (PDB: 3V2G) as the search
model. Phases were improved by density modification and the model was rebuilt with
ARP/WARP,® cOOT!”! and REFMAC58! were employed to carry out alternating cycles of

further model building and refinement. Figures were created with Chimera.®!
7.3.1.4.3 Homology Modelling

Homology modelling was performed using SWISS-MODEL:'® as template, the map of
P450cam bound to camphor (PDB 1DZ9)"% with molecular oxygen in the active site was
employed indicating the mutations Y96F and Y96F-F87W-L244A-V247L to obtain models for
P450cam-Y96F and P450-WAL, respectively. The obtained models excluded all cofactors,
solvent and metals from the original model; therefore, these were superimposed on the
models from 1DZ9 using COOT,'213] and the resulting models were used for docking

experiments.
7.3.1.4.4 Docking Experiments

SwissDock!'*13! was used to run ligand-receptor docking calculation of a-IP on the homology

models for P450camY96F and P450-WAL. AutoDock Vinal'®! was used to run ligand-receptor
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docking calculation of (R)-HIP on Cm-ADH10. Structures were prepared with DockPrep*”! in
Chimera. The best models yielded a score of -5.2 kcal/mol, a rmsd (l.b.) of 1.224 and a rmsd
(u.b.) of 3.056 in the first experiment, and -5.6 kcal/mol, a rmsd (l.b.) of 0.0 and a rmsd (u.b.)

of 0.0 for the second experiment.
7.3.1.5 Clustering of Indigo-Positive Variants

Plasmids (pET-14b) encoding P450cam-RhFRed mutants generated in a previous work* were
purified from bacterial glycerol stocks. Variants were produced targeting 7 pairs of residues
by saturation mutagenesis using NDT codon degeneracy. This resulted in the production of
seven libraries: A (F87-F96), B (F98-T101), C (M184-T185), D (L244-V247), E (G248-T252), F
(V295-D297) and G (1395-V396). In order to cluster these variants, 100 ng of each plasmid
purified were added to one of five pools according to the mutations introduced, the
exceptions being variants from library G248-T252, V295-D297 and 1395-V396 that were
pooled together because the reduced size of these libraries (giving five pooled libraries in
total). These plasmids preparations were then transformed into E. coli NEB-5-alpha
competent cells and plasmids purified again for transformation into E. coli BL21 (DE3) for
small-scale expression (125 mL). During subsequent screenings, transformation efficiencies
of each pool member were not determined. Whole cell biotransformations were carried out

as described in the section below. Estimated P450 content ranged from 5 to 9 uM.
7.3.1.6 Whole Cell Biotransformations with Library D P450cam-RhFRed Variants

Expression cultures were centrifuged (2500 g, 20 min, 4 °C) and the pellet resuspended to 230
mg/mL (wet weight) in the appropriate biotransformation buffer (50 mM sodium phosphate
buffer, pH= 7.2, 100 mM KCl). Determination of P450 concentrations in whole cells was
performed on a plate reader (Tecan Infinite 200 series, Mannedorf, CH) according to Kelly et
al.™ and for cell lysates on a Cary 50 UV/Visible spectrophotometer (Agilent) according to the
protocol by Omura and Sato.[*®! Biotransformations were carried out in 48-deep well plates
on a 1 mL scale, with 880 uL of re-suspended cells (final P450 concentration ranging from 1
to 4 uM), 100 pL of 100 mg/mL glucose and the appropriate final concentration of substrate
typically added from concentrated stocks in DMSO (2% v/v final concentration). Plates were
sealed with a gas permeable membrane and reactions carried out with 250 rpm orbital

shaking for 24 h. Reaction mixtures were extracted with 1 mL of methyl-tert-butyl ether
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(MTBE) with 1 mM decane (as internal standard for quantitative analysis) vortexed for 30 s
and centrifuged 5 minutes before removing the organic layer, which was then transferred to
fresh tubes containing MgSQa. Finally, 250 uL of the MTBE extract was taken for GC analysis
and diluted when necessary. In order to determine the ee%, the samples were also analyzed

by chiral normal phase HPLC.
7.3.1.7 Screening of ADHs

A panel of alcohol dehydrogenases enzymes as freeze-dried cell free extracts in 96-deep well
plates was kindly supplied by c-LEcta GmbH (Leipzig, Germany). For a first screening, each
freeze-dried extract was resuspended in 50 pL of 50 mM sodium phosphate buffer pH = 7.2,
100 mM KCl, and reaction carried out on a 500 pL scale with both 10 mM (R)- and (S)-HIP, 0.5
mM of both NAD* and NADP*, and acetone 5% v/v (30 °C). Then, best hits were chosen for a
further screen on a 500 pL scale with 10 mM (R)-HIP, 0.5 mM NADP* and acetone 5% v/v.
Reaction mixtures were extracted with methyl-tert-butyl ether (MTBE), vortexed for 30 s and
centrifuged 5 minutes before removing the organic layer, which was then transferred to fresh
tubes containing MgS0a. Finally, 250 uL of the MTBE extract was taken for chiral normal phase

HPLC analysis.

7.3.1.8 Scale Up of the Biotransformation of a-Isophorone with P450cam-RhFRed L244]-V247S for
the Identification of 7

In order to characterize a-IP oxidation products, P450cam-RhFRed L244I-V247S was chosen
for its good activity profile and reduced selectivity. To a solution of a-IP (2 mM), glucose (10
mg/mL) and KCI (100 mM) in NaP; buffer (50 mM, pH 7.2, final volume 200 mL), wet E. coli
BL21(DE3) cells producing P450cam-RhFRed L2441-V247S were added (200 mg/mL). The
mixture was incubated at 20°C, 250 rpm for 24 h, then centrifuged to remove the cells. The
reaction mixture was acidified to pH ~ 3.0 with 3 M HCl and centrifuged (2500 g, 20 min, 4°C).
The supernatant was extracted with EtOAc (2 x 200 mL), the organic layer was dried over
MgS04 and evaporated, to afford an orange residue. Silica gel chromatography purification
(cyclohexane with increasing amounts of EtOAc) afforded 6 and 7 of sufficient purity.
Compound 7 was identified by comparison of its 'H NMR spectrum with literature data.!*® 1H

NMR (400 MHz, CDCls): & = 6.15 (s, 1H), 4.23 (s, 2H), 2.27 (s, 2H), 2.14 (s, 2H), 1.05 (s, 6H).
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7.3.1.9 Preparation of (R)-6 and (S)-6

The two enantiomers of 6 were prepared according to Hennig et a/.[20)

Benzeneruthenium(ll) chloride dimer (10.5 mg) and (1S,2R)-2-amino-1,2-diphenylethanol
(17.7 mg) were dissolved in i-PrOH (5 mL) and the red solution stirred for 30 min at 80°C.
Afterwards, additional i-PrOH (36.5 mL) was added and the solution cooled to 28°C. Then,
ketoisophorone (631 mg) and NaOH solution (2 mL, 0.1 M in i-PrOH) were added to give a
darker solution and the reaction followed by TLC until completion (~ 3 h). The reaction
mixture was then filtered through celite and the filtrate evaporated to afford a black oily
residue. The product was purified by silica gel chromatography, eluting with cyclohexane
containing increasing amounts of EtOAc. Evaporation of the solvent under reduced pressure
afforded (S)-HIP as a greenish oil (253.4 mg, 40% isolated yield). [a]p?2=—-82 (c = 1, MeOH) vs.
lit. 291 [a]p?2 = —105.8 (c = 1, MeOH).

For the preparation of (R)-6, the same procedure was followed, but (1R,2S)-2-amino-1,2-
diphenylethanol was used (285.1 mg, 45% isolated yield). [a]p?? = +101 (c = 1, MeOH) vs. lit.
(201 [0]p22 = +105.9 (c = 1, MeOH).

NMR data for both samples are consistent with previously reported values. *H NMR (400 MHz,
CDCl3): 6 =5.87 (s, 1H), 4.04 (s, 1H), 2.31 (mas, 2H), 2.05 (s, 3H), 1.08 (s, 3H), 1.02 (s, 3H); 13C
NMR (100 MHz, CDCl3): 6 = 198.7 160.6, 126.6, 77.4, 49.1, 38.6, 27.1, 21.6, 21.3.

7.3.1.10 Analytical Scale Double Oxidation of a-Isophorone to Ketoisophorone

Method A (one-pot, two-step). Step 1. To a solution of a-IP (10-20 mM) and glucose (10
mg/mL) in the appropriate buffer (50-500 mM, pH 8.0, final volume 1 mL, 48-deep well
plates), wet E. coli BL21(DE3) harboring a pCDF-1b vector carrying the gene encoding P450-
WAL were added (200 mg/mL). The mixture was incubated at 20-40°C, 250 rpm for 18-24 h,
then centrifuged to remove the cells. Step 2. Either the supernatant of step 1 or a solution of
6 (10-100 mM) in the appropriate buffer (100-500 mM, pH 4.0-10.0) was used for the ADH
oxidation step. Cm-ADH10 was added either as a 10x concentrated cell lysate of E. coli
BL21(DE3) (~1 mg/mL final protein conc.) or as purified protein (1 mg/mL final conc.) along

with the appropriate cosubstrate (0.5 % v/v) and NADP* (0.25 mM final conc.). The mixture
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was incubated at 20-50°C, 180 rpm for 6-24 h. Both steps were followed by taking small
samples for GC analysis after extraction. When measurements were accomplished in

triplicates, mean values are given. The error bar represents the standard deviation.

Method B (whole cell cascade). E. coli BL21 (DE3) competent cells were co-transformed with
plasmids bearing the sequences encoding P450-WAL (pCDF-1b) and Cm-ADH10 (pET28a) and
plated on LB agar containing 25 ug/mL of kanamycin and spectinomycin. After 16 h incubation
at 37°C, single colonies were picked and grown at 37°C in M9 medium supplemented with
antibiotics. Protein production was carried out similarly to P450cam-RhFRed variants,
including 25 pg/mL of kanamycin and spectinomycin. The whole-cell double oxidation of a-
isophorone was carried out in KPi buffer (200 mM, pH 8.0, final volume 1 mL, 48-deep well
plates) with a-IP (10 mM), glucose (10 mg/mL) and whole cells (200 mg/mL cell wet weight).
The mixture was incubated at 28°C with shaking (200 rpm) for 24 h. Samples were analyzed
by GC after extraction. When measurements were accomplished in triplicates, mean values

are given. The error bar represents the standard deviation.

7.3.1.11 Preparative-Scale Double Oxidation of a-Isophorone to Ketoisophorone

To a solution of a-IP (10 mM) and glucose (10 mg/mL) in KP; buffer (200 mM, pH 8.0, final
volume 65 mL), wet E. coli BL21(DE3) cells producing P450-WAL were added (200 mg/mL).
The mixture was incubated at 28°C, 150 rpm for 18 h, then centrifuged to remove the cells. A
10x concentrated cell lysate of E. coli BL21(DE3) producing Cm-ADH10 (~1 mg/mL final protein
conc.) and chloroacetone (1.6 equiv.) were added to the supernatant. The mixture was
incubated at 40°C, 150 rpm for 6 h. Both steps were followed by taking small samples for GC
analysis. After completion of the reaction, the mixture was extracted with EtOAc (3 x 30 mL).
The organic phase was dried over MgS04 and evaporated under reduced pressure to afford a
yellowish crude product that was submitted to column chromatography purification
(petroleum ether 40-60°C with increasing amounts of EtOAc). KIP was obtained as a colourless
oil (46 mg, 56% isolated yield, >97% purity by *H NMR). *H NMR (400 MHz, CDCl3): § = 6.55 (s,
1H), 2.71 (s, 2H), 2.00 (s, 3H), 1.24 (s, 6H); 13C NMR (100 MHz, CDCl3): 6 = 203.6, 197.9, 149.1,
137.2, 52.0, 45.3, 26.2, 17.0; HRMS (ESI+): m/z for CoH1302* [M+H]* calcd. 153.0910, found
153.0897.
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7.3.1.12 Analytical Methods

NMR spectra were recorded on a Bruker Avance 400 spectrometer (400.1 MHz for 'H and
100.6 MHz for 3C) in deuterated chloroform at 298 K using tetramethylsilane (TMS) as an
internal standard. Chemical shifts are reported as & in parts per million (ppm) and are

calibrated against residual solvent signal.

Chiral normal phase HPLC analysis was carried out on an Agilent system equipped with a
G4225A degasser, G1311A quaternary pump, a G1329A well plate autosampler unit, a
G1315B diode array detector and a G1316A thermostated column compartment. Separation
of the enantiomers of HIP was carried out using a CHIRALPAK® AS-H column (5 um particle
size, 4.6 mm diameter x 250 mm; Daicel Chemical Industries Ltd.) operating in isocratic mode
with 80% hexane and 20% isopropanol for 18 min at 25°C. Injection volume was 5 plL and
chromatograms were monitored at 254 nm. Retention times were as follows: KIP 9.5 min, (S)-

HIP 10.9 min, a-IP 12.4, (R)-HIP 13.3 min.

GC analysis was performed on an Agilent 6850 system with a flame ionization detector (FID)
equipped with an Agilent HP-1 column (30 m x 0.32 mm x 0.25 um). Samples were suitably
diluted and 2 puL were injected at a split ratio 10:1. The inlet temperature was set at 200°C,
the detector temperature at 250°C and the pressure maintained at 6.8 psi. The following
method was applied: 50°C; 10°C/min to 220°C, hold 2 min. The corresponding retention times
were: a-IP 7.4 min, KIP 7.6, possible KIP-reduction by-product 7.8 min and HIP 9.7 min.
Calibration curves of decane vs 6 or 3 were constructed in order to calculate TTNs (total

turnover numbers) or conversion values.
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7.3.2 Supplementary Figures and Tables

Figure S1. Docking of a-IP in the modelled active site of P450cam Y96F: F96 side chain is represented
as stick, with a-IP in cyan and the heme group in green. The docking shows the most energetically
favoured conformations for a-IP. However, C4 of a-IP is never within catalytic distance and angle from
the heme oxygen.

NI IN NI IN IN
’ ijLWLW)\j ’ Hﬂ
KDa Sur Pel Sur Pel | Sur Pel | Sur Pel KkDa Sur Pel | P
180 123 —
130
95 95 p—
72 72 -
55 55 -y
SSCR 43 43 —
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é26 26
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10

Cm-ADH10 SSCR

Figure S2. SDS-PAGE showing lysate (Lys), soluble (Sur) and insoluble (Pel) fractions resulting from (a)
Cm-ADH10 (expected size 27 kDa) and SSCR (expected size 39 kDa) expression trials and (b)
purification of SSCR (P lane, purified protein). NI = total cell extract from not-induced cells, IN = total
cell extract from IPTG-induced cells. The arrows indicate the expected band corresponding to Cm-
ADH10 or SSCR. The ProtParam tool (http://web.expasy.org/protparam/) was employed to compute
protein molecular weights.
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Figure S3. Cartoon representation of the Cm-ADH10 dimer in the asymmetric unit with bound NADP*
(green). Two monomers are shown in red and blue.

Figure S4. Representation of the NADP* (green) electron density at 1 o in the Cm-ADH10 monomer,
surrounded by the active site tetrad (grey residues).
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Figure S5. Conversion values obtained with different HIP concentration. Reaction set-up: 1 mg/mL
purified Cm-ADH10, 0.25 mM NADP* and 0.5% v/v ethyl acetoacetate as cosubstrate for cofactor
regeneration (30°C, 24 h). Product concentrations (mM) are given above each bar.
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Figure S6. Effect of buffer concentration and pH on Cm-ADH10 activity. Reaction set-up: 1 mg/mL
purified Cm-ADH10, 0.25 mM NADP*, 40 mM HIP and 0.5% v/v ethyl acetoacetate as cosubstrate for
cofactor regeneration (30°C, 4.5 h).
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Figure S7. (a) Scale up experiment for product isolation and characterization: GC trace showing
successful conversion of 1 to 3 over 24 h. A possible by-product resulting from KIP C=C bond reduction
during the first step is indicated by the black asterisk. Red asterisks indicate other unidentified
impurities; (b) GC trace for the whole-cell catalyzed double oxidation of 1. Lower conversion may be
attributed to residual starting material not oxidized by P450-WAL. A possible by-product resulting
from KIP C=C bond reduction during the first step is indicated by the black asterisk.

F
= 7.844 %

1 a o
17436 bﬁ
~9.707 o %b:o

<3
N
N
o
ko ]
b
S
B
N
El
5

pA ]

6148

7.628 » O o
—————17.845 %
o ]

300 7; solvent decane
250
200
150
100

50

10 12 mi

Figure S8. GC analysis of the biotransformation extract resulting from incubation of KIP with E. coli
BL21(DE3) transformed with an empty pET-28a vector. The black asterisk indicates the by-product
resulting from endogenous enzymatic activities.
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Table S1. Data collection and refinement statistics for the crystal structure of Cm-ADH10 binary
complex with NADP* (1.6 A resolution). Statistics for the highest-resolution shell are shown in
parentheses. Data were obtained with PHENIX.[?!

PDB Code SMLN

Wavelength (A) 0.8729

Resolution range (A) 40.3 -1.6 (1.65 -1.60)
Space group P 2,22,

Unit cell (A) 74.178 80.425 80.52 90 90 90
Unique reflections 65173 (6407)
Multiplicity 8.1(8.2)
Completeness (%) 100 (99)

Mean I/sigma(l) 21.12 (2.85)

R-merge 0.058 (0.779)

CCip 1(0.767)

Reflections used in refinement 65169 (6407)

Reflections used for R-free 3247 (305)
R-work 0.147 (0.2248)
R-free 0.18 (0.2658)

Number of non-hydrogen atoms | 4033

RMS(bonds) (A) 0.025
RMS(angles) (°) 2.3
Ramachandran favored (%) 97
Ramachandran allowed (%) 2.5
Ramachandran outliers (%) 0.42
Rotamer outliers (%) 2.9
Average B-factor 23.0
macromolecules 22.0
ligands 25.8
solvent 40.3
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7.3.2.1 NMR and HRMS Spectra
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7.4 A Biocatalytic Cascade for the Amination of Unfunctionalized Cycloalkanes
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List of substrates and products mentioned in the text.
7.4.1 Experimental

7.4.1.1 Materials

Solvents, commercially available chemicals and carbon monoxide for CO difference
spectroscopy were obtained from Sigma-Aldrich (Poole, Dorset, UK). Gases for GC-FID analysis
were purchased from BOC gases (Guildford, UK). Chemically competent cells and enzymes for
molecular biology were purchased from New England Biolabs (Hitchin, UK). Terrific Broth Base
autoinduction medium including trace elements (TB-AIM) was purchased from Formedium

(Hunstanton, UK).

7.4.1.2 Molecular Biology Methods

Custom primer synthesis and plasmid DNA sequencing were performed by Eurofins
Genomics. Primers employed in this work are given below (mismatching bases are given in

red).
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Primer 5’->3’ sequence

R47LY51F for, Tm=66°C AGGCGCCTGGTCTGGTAACGCGCTTCTTATCAAGTCAGCGTC
R47L Y51F rev, Tm=63°C CGAATTTAAAGATTTCTCCTAATTCATCCGCAATTTTCATCAAAGC
R966D for, Tm=60°C CCGCTTTTTCTGACATGCCAAATCAGCCGAAAAC

R966D rev, Tm=64°C TATGAAGCGTAATGATGCCTTCGCTTTGGG

W1046S for, Tm=59°C CAAAAGACGTGTCGGCTGGGTAACTCG

W1046S rev, Tm=61°C CGTATCGGCCTTTTTCTTCTAGCTGC

Target mutations were introduced by inverse PCR using Eppendorf Mastercycler Gradient
thermal cyclers, with buffers and enzymes supplied in the Phusion DNA Polymerase kit (NEB).
Reactions (50 pL) were carried out in thin-walled 200 pL PCR tubes following the
manufacturer’s instructions. Next, template DNA was removed by a 2 h digestion with Dpnl
followed by PCR purification (QlAquick PCR Purification Kit). Ligation reactions were
performed for 1 h at 25°C with T4 DNA ligase and polynucleotide kinase. NEB 5-alpha
competent E. coli (high efficiency) were then transformed according to manufacturer’s
instructions, single colonies were picked and grown in 5 mL Luria-Bertani medium (LB)
containing 50 ug/mL kanamycin for 16 h. Plasmid DNA was isolated using a mini-prep kit

(Qiagen) and the sequence verified by plasmid sequencing.

7.4.1.3 Protein Production and Purification

Chemically competent E. coli BL21 (DE3) were transformed by heat shock with a pET28a
vector (or pET28b for TeSADH W110A) encoding the desired N-terminal polyhistidine tagged
enzyme under a T7 promoter. Transformants were grown on LB agar with 50 ug/ml kanamycin
at 37°C for 16 hours. Starter cultures were prepared in LB medium with 50 pug/ml kanamycin

at 37°C for 16 hours by picking single colonies from agar plates.

7.4.1.3.1 P450-BM3

Expression cultures (800 mL, TB-AIM) were inoculated with 8 mL starter culture and cells
grown at 37°C 200 rpm until ODego= 0.8 was reached. At this stage, 5-Aminolevulinic acid
hydrochloride (5-ALA, 0.5 mM) was added and the growth continued at 20°C. After 20 h, cells

were harvested by centrifugation (2500 g, 20 min, 4 °C) and kept at -20 °C until further use.
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For protein purification, cells were resuspended in 90% buffer A (Tris-HCl 0.1 M, 0.3 M Na(l,
pH 8) and 10% buffer B (Tris-HCI 0.1 M, 0.3 M NacCl, 0.3 M imidazole, pH 8) to a final
concentration of 200 mg/mL cell wet weight. Cells were lysed by ultrasonication with a
Bandelin Sonopuls sonicator (20 cycles, 15s on and 45s off, 40 % amplitude) and the
supernatant obtained by ultracentrifugation (48384 g, 30 min, 4 °C). Filtration of the
supernatant was performed with a 0.45 um filter before loading onto a pre-equilibrated 5 mL
HisTrap FF column (GE Healthcare). The target protein was purified using an AKTA Pure

system (GE Healthcare) operated at 2 mL min following a series of steps reported in the table

below:
Step % B | Column volumes
Wash 1 10 5
Wash 2 20 5
Elution 100 10
Re-equilibration | 0 5

Protein elution was followed at 280 nm, fractions were collected and desalted in 0.2 M Tris-
HCl, pH 8 with a 30,000 molecular weight cut-off filter (Vivaspin column, GE Healthcare).
Protein concentration was either determined by CO-difference spectroscopy (P450) following
the method of Omura and Sato™ or spectrophotometrically (TeSADH W110A: e=25600 M!
cm™; CboFDH £=51465 M cm™; AspRedAm e= 24410 M* cm™? , wavelength A=280 nm).

Typically, proteins were stored at -80°C as stocks at 10 mg mL™ protein concentration.

When crude enzyme preparations were used to carry out biotransformation, cells were
resuspended in 0.2 M Tris-HCI, pH 8 to 200 mg mL™* cell wet weight and lysed as described
above. The supernatant obtained after ultracentrifugation was either used without further
purification or concentrated until the desired protein concentration/enzymatic activity was

attained.
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7.4.1.3.2 TeSADH W110A and CboFDH

Expression cultures (400 mL, TB-AIM) were inoculated with 4 mL starter culture and cells
grown at 37°C 250 rpm for 24 h. Cell harvesting, storage and purification were performed as

reported above.

For lyophilization of TeSADH W110A cell free extracts (CFE), cells were resuspended in 50 mM
potassium phosphate buffer, 0.5 M NaCl, pH 7.5 to a final concentration of 300 mg/mL cell
wet weight and lysed by ultrasonication as described above. The supernatant obtained by
ultracentrifugation was frozen in liquid nitrogen before freeze-drying for two days (Heto

Powerdry LL 1500, Thermo Electron Corporation).

7.4.1.3.3 AspRedAm

Expression cultures (600 mL, 2-YT broth) were inoculated with 6 mL starter culture and cells
grown at 37°C 250 rpm until ODeoo= 0.8 was reached. At this stage, isopropyl B-D-1-
thiogalactopyranoside (IPTG, 0.4 mM) was added to induce protein expression and the
growth continued at 20°C. Cell harvesting, storage and purification were performed as

reported above.

7.4.1.4 Determination of Volumetric Enzymatic Activities

Volumetric activities were determined by monitoring NAD(P)H formation using a microtiter
plate reader (Infinite M200 Pro, Tecan, Mannedorf, Switzerland) under the following
conditions: Tris-HCI 0.2 M, pH 8, 1 mM NAD* (CboFDH) or NADP* (TeSADH W110A), 250 mM
formate (CboFDH) or 30 mM cyclohexanol (final 4% v/v DMSO for TeSADH W110A), 20 uL CFE,
200 pL final volume, 22°C. Formation of the reduced cofactor was followed for 1 minute, and
the volumetric units (U mL?, defined as the quantity of enzyme that reduces 1 pumol of
oxidized cofactor in 1 min) were calculated from slopes of NAD(P)H formation calculated over

10-30 s using enapn = 6.22 mM™* cm™ and a pathlength of 0.55 cm.
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7.4.1.5 Chemical Synthesis and Characterization

7.4.1.5.1 Synthetic procedures

Compounds 1a-b were purchased from commercial suppliers. Preparation and spectroscopic

characterization for compounds 1c-f are reported in Aleku et al.?!

7.4.1.5.2 Reductive amination procedure for the preparation of amine products 4c-d and 5c

To a solution of the corresponding ketone (2.0 mmol) in dry THF (5 mL) under N, were added
the corresponding amine (2.2 mmol), sodium triacetoxyborohydride (0.636 g, 3.0 mmol) and
glacial acetic acid (0.114 mL, 2.0 mmol). The reaction was stirred for 16 hours at 20°C under
N2 then carefully quenched by addition of 1 M aqueous HCI (10 mL). Ethyl acetate (EtOAc, 10
mL) was added and the phases separated. The aqueous phase was extracted with a further
portion of EtOAc (10 mL). The aqueous phase was then basified to pH 12 by addition of 5 M
NaOH. The product was extracted into EtOAc (2 x 20 mL). The organic phase was dried over
anhydrous MgS0Os and the solvent removed under reduced pressure to afford the

corresponding amine products with no further purification required.

7.4.1.5.3 Reductive Amination Procedure for the Preparation of Amine Product 4f

To a stirred flask of cyclopentanone (0.2 g, 2.4 mmol) in dry methanol (MeOH, 10 mL) over 4
A molecular sieves under nitrogen was added cyclopropylamine (0.332 mL, 4.8 mmol). The
reaction was stirred at room temperature overnight, after which NaBH4 (0.181 g, 4.8 mmol)
was added over 10 minutes. The mixture was stirrer for a further 2 hours, then the solvent
was removed under reduced pressure. The resulting slurry was resuspended in EtOAc (20 mL),
filtered then extracted twice with 1 M HCI. The aqueous phase was then basified (pH 12) with
5 M NaOH and extracted three times with EtOAc. The organic phases were combined, dried
over MgS0s and the solvent removed under reduced pressure to afford the title compound

as a yellow oil.
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7.4.1.5.4 Typical Procedure for RedAm-catalysed Reductive Amination

A 500 pL reaction mixture contained 20 mM D-glucose, 0.5 mg mL! GDH (Codexis, CDX-901),
0.5 mM NADP*, 1 mg mL* purified RedAm, 5 mM ketone, 100 mM amine nucleophile (in Tris-
HCI buffer adjusted to pH 9) and 2 % v/v DMSO. Reactions were incubated at 30 °C with 250
rpom shaking for 24 h, after which they were quenched by the addition of 30 pL of 10 M NaOH
and extracted twice with 500 uL methyl tert-butyl ether (MTBE). The organic fractions were

combined and dried over anhydrous MgSO4 and analyzed by GC-FID.

7.4.1.6 Spectroscopical Characterization

Spectra from 'H and 3C NMR runs were recorded on a Bruker Avance 400 instrument (400
MHz for 'H and 100 MHz for 13C) in CDCls using residual protic solvent as an internal standard.
Reported chemical shifts (8) (in parts per million (ppm)) are relative to the residual protic

solvent signal (CHCls in CDCl3, 1H = 7.26; 13C = 77.0).

High-resolution mass spectrometry (HRMS) was recorded using a Waters LCT time-of-flight
mass spectrometer, connected to a Waters Alliance LC (Waters, Milford, MA, USA). Data were

processed with Waters Masslynx software.
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7.4.1.6.1 N-propargylcyclopentylamine 4c

Brown oil isolated, 12% yield. *H NMR &y (400 MHz, CDCls) 3.41 (d, J = 2.5 Hz, 2H), 3.29 (quint,
J=11.2 Hz, 1H), 2.20 (t, J = 2.5 Hz, 1H), 1.80 — 1.44 (m, 9H). 3C NMR &¢ (100 MHz CDCls) 82.46
(C), 70.98 (CH), 58.18 (CH), 36.79 (CH,), 32.80 (CH,), 24.06 (CH,). HRMS calcd. for
CsH1a N*124.1121 [M+H]*, found 124.1099.

//\NH

9

N

T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0

T T T T T T T T T T T T T T T T T T T T T T
110 105 100 95 9 8 8 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5 0
(ppm)
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7.4.1.6.2 N-allylcyclopentylamine 4e

Yellow oil isolated, 58% yield. *H NMR & (400 MHz, CDCls) 6.01 — 5.70 (m, 1H), 5.27 — 4.96
(m, 2H), 4.07 — 3.65 (m, 1H), 3.22 (dt, J = 6.1, 1.4 Hz, 1H), 3.08 (p, J = 6.8 Hz, 1H), 1.92 — 1.73
(m, 2H), 1.77 — 1.57 (m, 2H), 1.59 — 1.44 (m, 2H), 1.31 (ddd, J = 13.3, 7.6, 4.0 Hz, 2H).. 3C
NMR 8¢ (100 MHz CDCls) 137.3 (CH), 115.7 (CH2), 59.4 (CH), 51.4 (CH,), 42.2 (CH,), 33.3 (CH,),
24.2 (CH,), 23.4 (CH,). HRMS calcd. for CsHig N* 126.1277 [M+H]*, found 126.1265.

\/\

O

T T T T T T T T T T T T T T T T T T T
9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 2.0 15 1.0 0.5 0.
(ppm)

¢

T T T T T T T T
160 150 140 130 120 110 100 90
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7.4.1.6.3  N-cyclopropylcyclopentylamine 4f

Yellow oil isolated, 64% yield. *H NMR &4 (400 MHz, CDCl3) 3.02 (quin, J = 6.9 Hz, 1H), 1.99 —
1.94 (m, 1H), 1.76 — 1.69 (m, 2H), 1.61 — 1.56 (s, 1H), 1.55 — 1.45 (m, H), 1.43 — 1.33 (m, 2H),
1.23 - 1.15 (m, 2H), 0.32 - 0.17 (m, 4H). 3C NMR 8¢ (100 MHz CDCl3) 60.13 (CH), 33.12 (CH,),
29.39 (CH), 23.76 (CH2), 6.16 (CH2). HRMS calcd. for CgHisN*126.1204 [M+H]*, found
126.1281.

4

0

L

T T T T T T T T T T T T T T T T T
8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 2.0 15 1.0 05 0.0
(ppm)

T T T T T T T T T T T T T T T T T T T T T T
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5 0 -5 -10
(ppm)
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7.4.1.6.4 N-propargylcycloheptylamine 5¢

Orange oil isolated, 76% yield. *H NMR 64 (400 MHz, CDCls) 3.43 (d, J = 2.5 Hz, 2H), 2.87 (quint,
J=10.5, 4.1 Hz, 1H), 2.20 (t, J = 2.5 Hz, 1H), 1.82 — 1.79 (s, 1H), 1.67 — 1.53 (m, 12H). 23C
NMR 8¢ (100 MHz CDCls) 82.40 (C), 70.98 (CH), 56.97 (CH), 35.59 (CH,), 34.35 (CH.), 28.36
(CH2), 24.13 (CH3). HRMS calcd. for CioH1gN* 152.1434 [M+H]*, found 152.1400.

///\NH

T T T T T T T T T T T T T T T T T T T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5 0.C
(ppm)

T T T T T T T T T T T T T T T T T T T T T
105 100 95 2 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5 0
(ppm)
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7.4.1.7 Biocatalytic Cascade for the Amination of Cycloalkanes

7.4.1.7.1 Amine Inhibition Studies

In order to investigate the effect of amines a—f at different loadings on the performance of
the P450, the hydroxylation step was carried out in 28 mL glass vials, with 6 uM P450, 0.3 U
mL?! CboFDH (both added as concentrated CFE), 1 mM NAD*, 250 mM sodium formate,
various concentrations of the amine nucleophile and finally 125 uL cycloalkane added neat.
Reaction volumes were made up to 500 pL with Tris-HCl 0.2 M, pH 8 and vials incubated in a
horizontal position at 20°C with 200 rpm orbital shaking for 24 h. Reactions were extracted in
500 uL MTBE (2 x 250 uL) with 2 mM decane as internal standard. The organic fractions were
dried over anhydrous MgS04 and analyzed by GC-FID as reported in section 7.4.1.8. The
relative performance was expressed as residual total turnover numbers (TTNs, ratio between
total product concentration and P450 concentration, calculated over 24 h), that is the ratio
between TTNs in the presence of the amine and TTNs when the amine nucleophile was not

added to the reaction mixture.

7.4.1.7.2 One-step Process

The one-step cascade was carried out in 28 mL glass vials, with 1.8 uM P450, 0.16 U mL?
CboFDH (both added as freshly lysed CFE), 0.3 U mL! TeSADH W110A (added as rehydrated
lyophilized CFE), 2 mg mL? purified AspRedAm, 1 mM of both NAD* and NADP*, 250 mM
sodium formate, various concentrations of the amine nucleophile (as reported in Table S1)

and finally 125 uL cyclohexane added neat.

Reaction volumes were made up to 500 pL with Tris-HCI 0.2 M, pH 8 and vials incubated in a
horizontal position at 20°C with 200 rpm orbital shaking for 24 h. Reactions were quenched
by addition of NaOH (5 M, 100 L) and extracted with 500 uL MTBE (2 x 250 pL) with 2 mM
decane as internal standard. The organic fractions were dried over anhydrous MgSQ04 and
analysed by GC-FID. When ammonia was employed as amine nucleophile, samples were
derivatized with acetic anhydride and an excess of triethylamine at room temperature prior

to analysis.
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7.4.1.7.3 Two-step Process

The two-step biocatalytic cascade was carried out in 28 mL glass vials, with 6 uM P450, 0.3 U
mL?! CboFDH (both added as concentrated CFE), 1 mM NAD*, 250 mM sodium formate and
finally 125 pL cycloalkane added neat. Reaction volumes were made up to 500 pL with Tris-
HCl 0.2 M, pH 8 and vials incubated in a horizontal position at 20°C with 200 rpm orbital
shaking for 24 h. Afterwards, the components for the second step were added as follows: 0.2
U mL? TeSADH W110A (added as rehydrated lyophilized CFE), 2 mg mL™ purified AspRedAm,
1 mM NADP* and 100 mM of the appropriate amine nucleophile. Reaction volumes were

made up to 750 pL and vials incubated at 30°C with 200 rpm shaking.

When purified proteins were used, reactions were set-up similarly with 6 uM P450, 1 U mL™?
CboFDH, 2 U mL* TeSADH W110A, 2 mg mL* AspRedAm and 25 mM allylamine. The amount
of cyclohexane added was reduced to 20 ylL in order to decrease possible inhibitory effects

on enzymatic performance while preserving P450 activity.(?!

After 24 h, reactions were quenched by addition of NaOH (5 M, 150 uL) and extracted with
750 pL MTBE (2 x 375 uL) with 2 mM decane as internal standard. When cyclopentane was
used as starting material, 4 mM cyclohexane instead of 2 mM decane was used as internal
standard. The organic fractions were dried over anhydrous MgSQO4 and analyzed by GC-FID as
reported in section 7.4.1.8. When ammonia was employed as amine nucleophile, samples

were derivatized with acetic anhydride and an excess of triethylamine at room temperature.

7.4.1.7.4  Preparative-scale Production of N-propargylcyclohexylamine 1c by Two-Step Amination
Cascade with Cyclohexane and Propargylamine ¢

The two-step amination cascade was scaled-up linearly to a final volume of 30 mL. The first
step was carried out on a 20 mL scale using Tris-HCI 0.2 M, pH 8 containing 6 uM P450, 0.3 U
mL?* CboFDH (both added as concentrated CFE), 1 mM NAD*, 250 mM sodium formate and
finally 5 mL cyclohexane added neat. Reactions were performed either employing a 500 mL
round-bottom flask with magnetic stirring (200 rpm) or a 250 mL conical flask incubated at
18°C with 150 rpm orbital shaking. The latter proved to be superior in terms of cyclohexanol
2 produced after 19 h (Figure S3). Similarly to small-scale reactions, the second step was

performed with 0.2 U mL* TeSADH W110A (added as rehydrated lyophilized CFE), 2 mg mL™*
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purified AspRedAm, 1 mM NADP* and 100 mM propargylamine c. The reaction was incubated
at 30°C and 150 rpm orbital shaking for 2 hours. The solution was then basified with 5 M
NaOH (1 mL) and the product extracted into MTBE (2 x 30 mL). The organics were separated
by centrifugation (4°C, 2,831 g, 2 minutes), collected, dried over anhydrous MgSO4 and the
solvent removed under reduced pressure to give a yellow oil. The latter was dissolved in 10
mL dry diethyl and the product (50 mg) was obtained as yellow hydrochloride salt after
addition of 2 M ethereal HCI (300 pL) and filtration. Further details can be found in section
7.4.3.1.

NMR and HRMS characterization data were in accordance with previously reported data.?*

7.4.1.8 Analytics

GC analysis was performed on an Agilent 6850 system (Agilent, Santa Clara, CA, USA) with a
flame ionization detector (FID) equipped with a CP-ChiraSil-DEX CB column (Agilent, Santa
Clara, CA, USA with 0.25 um film thickness and 0.25 mm internal diameter. After sample
preparation, 2 pL were injected at a split ratio 100:1. The inlet temperature was set at 200°C,
the detector temperature at 250°C and the pressure maintained at 6.8 psi, using helium as

carrier gas. The following method was applied: 50°C; 10°C min to 200°C; hold 2 min.

Yields were determined using the appropriate calibration curve internal standard vs
cyclopentanone 8, cyclohexanone 3 and cycloheptanone 9. Moreover, calibration curves
were also constructed for N-propargylcyclohexylamine 1c and N-cyclopropylcyclohexylamine

1f.

GC-MS analysis was performed on an Agilent 7890B/5977B series gas chromatograph/mass
selective detector equipped (electron impact positive mode) with an Agilent HP-1 MS column
(0.32 mm internal diameter, 30 m length, 0.25 um film thickness). Helium was used as the
carrier gas at flow rate of 1.6 ml min™ and the injection temperature was 270°C. Injection
volume was 2 pl and samples were injected at a split ratio of 10:1. The following method was

applied: 50°C; 10°C min! to 200°C; hold 2 min.
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7.4.2 Supporting Figures and Tables

Table S1. One-step amination of cyclohexane at different amine loadings. Values reported in the text
and in Table S2 are written in bold.

P450-BM3 47-51 NADH

CboFDH
NAD*(1 mM) OH (0] NHR
HCOONa (250 mM)
+ R-NH, > + +
TeSADH W110A
1 af AspR:edAm 2 3 1a-f
NADP*(1 mM)
AN HoN A
NH; NH, 27 ONHy  HN A~ PN NH
2
a b c d e f
) Amine donor concentration .
Amine donor Product concentration (mM)
(mM)
Cyclohexanol Cyclohexanone Amine
250 1.5 11.6 0.2
a 100 2.3 9.6 0.2
50 4.0 9.7 0.1
250 1.8 5.1 4.5
b 100 3.6 6.9 5.4
50 6.0 8.2 4.7
25 1.4 0.7 3.6
c
10 4.7 2.7 4.1
50 6.7 9.3 5.3
d 25 6.9 9.5 2.5
10 15.2 14.2 1.8
50 1.9 3.4 6.1
e 25 4.7 5.9 8.3
10 9.4 9.3 6.2
50 0.2 0.2 1.7
f 25 0.5 0.7 2.1
10 1.0 1.9 1.6
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Figure S1. GC-FID chromatogram for the one-pot cascade for the amination of cyclohexane 1 with
allylamine e employing purified proteins. Standards (top, second and third trace) and two-step process
(fourth trace) are shown. Yields of 1.2 mM amine 1e can be calculated with only a trace amount of
cyclohexanone 3 detected. The poor yield of amine product led us to employ crude enzyme
preparations, instead of purified proteins.
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Table S2. Comparison between the one-step and the two-step amination of cyclohexane.

Amine donor
Amine donor

concentration

(mM)

Product concentration (mM)

Alcohol Ketone Amine
a 100 2.3 9.6 0.2
b 100 3.6 6.9 5.4
c 25 1.4 0.7 3.6
One-step
d 50 6.7 9.3 5.3
e 25 4.7 5.9 8.3
f 25 0.5 0.7 2.1
a 100 3.4 15.2 0.4
b 100 0.9 10.1 8.7
c 100 2.0 5.0 19.6
Two-step
d 100 0.3 9.5 8.0
e 100 0.7 8.7 15.4
f 100 3.3 3.9 17.1

Table S3. Two-step amination of cyclopentane and cycloheptane with amines c, e and f.

P450-BM3 47-51 NADH
CboFDH
NAD+(1 mM)
HCOONa (250 mM)

O + R—NH;
(n)

TeSADH W110A
AspRedAm

OH 0 NHR
(n) (n) (n)

R c NADP+(1 mM) 6: n=1 8:n=1 A4c, 4e, 4f: n=1
4: n=1
5 n=3 : 7:n=3 9:n=3 5c, 5e, 5f: n=3

S HoN

NH N A
/\ 2 = NH,
c e f

Cycloalkane Amine donor Product concentration (mM)

Alcohol Ketone Amine
c 7.3 3.2 10.6
Cyclopentane e 7.1 5.0 2.2
f 8.1 3.7 3.0
Cycloheptane c 0.0 5.1 33
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Figure S2. GC-FID chromatogram for the reductive amination of cyclooctanone with allylamine e
employing AspRedAm. Standard (top) and biotransformation (second trace) are shown. A putative
product peak in the biotransformation trace (40% conversion) suggests that AspRedAm is active in the
reductive amination of cyclooctanone. Further details are given in section 7.4.3.2.
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Figure S3. GC-FID chromatogram for the first step of the preparative scale amination of cyclohexane
1 showing cyclohexanol 2 production after 19-20 h. Changing the reaction vessel from a stirred round
bottom flask (top trace) to a shaken conical flask (bottom trace), almost doubled the amount of

cyclohexanol 2 produced after 19-20 h. Additionally, cyclohexanol 2 might be overoxidized by the
P450, as suggested by cyclohexanone 3 formation.
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Figure S4. GC-FID chromatogram for the second step of the preparative scale amination of

cyclohexane 1 with propargylamine ¢ showing product standard (top trace) and biotransformation

after 2 h.
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7.4.3 GC-FID Chromatograms and GC-MS Traces
7.4.3.1 GC-FID Chromatograms
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Figure S5. GC-FID chromatogram for the biocatalytic cascade for the amination of cyclohexane 1 with
ammonia a. Amine standard (top trace), one-step cascade (middle trace) and two-step cascade
(bottom trace) are shown. Samples were derivatized with acetic anhydride and an excess of

triethylamine at room temperature prior to analysis.
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Figure S6. GC-FID chromatogram for the biocatalytic cascade for the amination of cyclohexane 1 with
methylamine b. Amine standard (top trace), one-step cascade (middle trace) and two-step cascade

(bottom trace) are shown.
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Figure S7. GC-FID chromatogram for the biocatalytic cascade for the amination of cyclohexane 1 with
propargylamine c. Amine standard (top trace), one-step cascade (middle trace) and two-step cascade

(bottom trace) are shown.

186



FID1 A, (MIKNAMINE STDS 1'"NPROPYLCYCHEXYLAMINE.D)

N " HN
P 5 ,\‘]9 3 Q)‘bq
1 J A N
45— 9 L.
] B B
40- ||?5° 5
1 | |
35 q | Internal standard |
30 | |
25 I ’l
20 I ‘:H
1 |
15— | \
-10_;. - [ — . . — i —
8 9 10 11 12 13 14
FID1 A, (MIKNTWO STEP VS ONE STEP NOTE 18052017\21.D)
pA ] E » & 9 & I
] 4 ] Oy 4
50 - % &* & kS ~ &nf R
457 & | = N g
] | 2 I M | @
g N o il
35- | ‘| i |
30 | [ '\ |.
: i : Vool *
25 | || ‘ |I |i o
20 [l | | { ~
15 I i | | l"\ e
1 ! ' (
10 : — L _ \ J—r— T — _ul\r .
8 9 10 11 12 13 14
FID1 A, (MIKNTWO STEP VS ONE STEP NOTE 18052017\6.D)
— I~
PA | & g\ g &
] @ ; g i -
60 5 . 5 ‘»iﬂq’ S“T Rl
] © @ e II &
] I |
. . |
40 | | ! oft
] I x | o W
] | ! i
30— I | Lan> g 57
E | ' 8 o o
20 Il | * | |
| k \ A \
.10 __ I 1 ~ L.-\_I 1 e 1 M — .
8 9 10 11 12 13 14

Figure S8. GC-FID chromatogram for the biocatalytic cascade for the amination of cyclohexane 1 with
propylamine d. Amine standard (top trace), one-step cascade (middle trace) and two-step cascade

(bottom trace) are shown. An asterisk indicates a putative imine peak. Further details are given in
section 7.4.3.2.
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Figure S9. GC-FID chromatogram for the biocatalytic cascade for the amination of cyclohexane 1 with
allylamine e. Amine standard (top trace), one-step cascade (middle trace) and two-step cascade

(bottom trace) are shown. An asterisk indicates a putative imine peak. Further details are given in
section 7.4.3.2.

188



PA

45

FID1 A,

40

35
30

(MIKNAMINE STDS 2\2 CYCPROFPYL.D)

w

o
»
i

&

Internal standard

T
=

8.902 W>

GQ i

‘f?‘%‘
S,

25
20
15
10

|
|
|
I
|
|
At
8 9 10 11 12 13 14 15 min
FID1 A, (MIKNTWO STEP VS ONE STEP NOTE 18052017\15.D)
PA -

o

1 Qﬁh

: 5

] ; VvV
50 : $ c§3 .
45— e

./____4____._

, |
40 I‘?s
% |
- |
|
|
|
|
]

]
& O

25 R

20-
15 .
0 —— L A —e——— _\

8 9 10 11 12 13 14 15 min
FID1 A, (MIKINTWO STEP VS ONE STEP NOTE 18052017\3.D)
pA

100

OS

%

@Q_%'
i)

w

22

60 |

%v-'
(o)
>,

40

8.

20|

1 g0

o 8920
—0‘ 1

11 12 13 14 15 min

Figure S10. GC-FID chromatogram for the biocatalytic cascade for the amination of cyclohexane 1 with
cyclopropylamine f. Amine standard (top trace), one-step cascade (middle trace) and two-step

cascade (bottom trace) are shown. An asterisk indicates a putative imine peak. Further details are
given in section 7.4.3.2.
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Figure S11. GC-FID chromatogram for the biocatalytic cascade for the amination of cyclopentane 4
with cyclopropylamine f. Standards (top, second and third trace) and two-step cascade (fourth trace)
are shown. An asterisk indicates an unidentified by-product that is not detected after amination of
cyclopentanol via hydrogen-borrowing (see GC trace below). Further details are given in Section
7.4.3.2.
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Figure S11. GC-FID chromatogram for AspRedAm/TeSADH W110A-catalyzed amination of
cyclopentanol 4 with cyclopropylamine f, showing standards (top, second and third trace) and
biotransformation (fourth trace).
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Figure S13. GC-FID chromatogram for the biocatalytic cascade for the amination of cyclopentane 4
with propargylamine c. Amine standard (top trace) and two-step cascade (bottom trace) are shown.
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Figure S14. GC-FID chromatogram for the biocatalytic cascade for the amination of cycloheptane 6
with propargylamine c. Standards (top, second and third trace) and two-step cascade (fourth trace)
are shown.
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7.4.3.2 GC-MS Traces

7.4.3.2.1 By-product Analysis

In order to gain a better understanding on the nature of a minor product (indicated with an
asterisk in the GC traces above) found in the amination of cyclohexane 1 with amines d, e and
f, GC-MS analysis was carried out. Given the fragmentation patterns shown below, we
suppose that the additional peak is an imine that is not reduced by the reductive aminase.
Unfortunately, it was not possible to detect/resolve the additional peak (approximately 1%)

for the reaction carried out with allylamine e.
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Figure $15. GC-MS analysis: amination of cyclohexane 1 with propylamine d. The MS trace for the
amine product (top trace) is compared with the MS trace for the additional peak found in GC traces.
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Figure S16. GC-MS analysis: amination of cyclohexane 1 with cyclopropylamine f. The MS trace for the
amine product (top trace) is compared with the MS trace for the additional peak found in GC traces.
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Finally, the amination of cyclopentane 4 with cyclopropylamine f was analysed by GC-MS for
the identification of the by-product peak observed in biotransformation extracts. The similar
fragmentation pattern suggests that the two compounds might be related, although further

experiments should be done in order to identify this by-product.
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Figure S17. GC-MS analysis: Amination of cyclopentane 4 with cyclopropylamine f. The MS trace for
the amine product (top trace) is compared with the MS trace for the additional peak found in GC traces

(bottom trace).
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7.4.3.2.2 Reductive Amination of Cyclooctanone with Allylamine e

GC-MS analysis suggests that AspRedAm is capable of catalyzing reductive amination of

cyclooctanone with allylamine e.
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Figure S18. GC-MS analysis: amination of cyclooctanone with allylamine e. The MS trace for the

substrate (top trace) is compared with the MS trace for the additional peak found in GC traces.
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Chapter 8. Other Contributions

8.1 The Self-Sufficient P450 RhF Expressed in a Whole Cell System Selectively
Catalyzes the 5-hydroxylation of Diclofenac

Jan M. Klenk?, Bernd A. Nebel?, Joanne L. Porter®, Justyna K. Kulig®?, Shaneela A. Hussain®,
Sven M. Richter?, Michele Tavanti®, Nicholas J. Turner®, Martin A. Hayes?, Bernhard Hauer®
and Sabine L. Flitsch®

Abstract

P450 monooxygenases are able to catalyse the highly regio- and stereoselective oxidations of
many organic molecules. However, the scale-up of such bio-oxidations remains challenging
due to the often-low activity, level of expression and stability of P450 biocatalysts. Despite
these challenges they are increasingly desirable as recombinant biocatalysts, particularly for
the production of drug metabolites. Diclofenac is a widely used anti-inflammatory drug that
is persistent in the environment along with the 4'- and 5-hydroxy metabolites. Here we have
used the self-sufficient P450 RhF (CYP116B2) from Rhodococcus sp. in a whole cell system to
reproducibly catalyse the highly regioselective oxidation of diclofenac to 5-hydroxydiclofenac.
The product is a human metabolite and as such is an important standard for environmental
and toxicological analysis. Furthermore, access to significant quantities of 5-
hydroxydiclofenac has allowed us to demonstrate further oxidative degradation to the toxic
guinoneimine product. Our studies demonstrate the potential for gram-scale production of

human drug metabolites through recombinant whole cell biocatalysis.
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8.2 Cloning, Expression and Characterization of P450-Hall (CYP116B62) from
Halomonas sp. NCIMB 172: a Self-Sufficient P450 with High Expression and
Diverse Substrate Scope

Joanne L. Porter,[®! Selina Sabatini,?! Jack Manning, ! Michele Tavanti,®! James L. Galman,?!

Nicholas J. Turnerf@ and Sabine L. Flitsch(®

Abstract

Cytochrome P450 monooxygenases are able to catalyse a range of synthetically challenging
reactions ranging from hydroxylation and demethylation to sulfoxidation and epoxidation. As
such they have great potential for biocatalytic applications but are underutilized due to often-
poor expression, stability and solubility in recombinant bacterial hosts. The use of self-
sufficient P450 s with fused heme and reductase domains has already contributed heavily to
improving catalytic efficiency and simplifying an otherwise more complex multi-component
system of P450 and redox partners. Herein, we present a new addition to the class VII family
with the cloning, sequencing and characterization of the self-sufficient CYP116B62 Hall from
Halomonas sp. NCIMB 172, the genome of which has not yet been sequenced. Hall exhibits
high levels of expression in a recombinant E. coli host and can be utilized from cell lysate or
used in purified form. Hall favours NADPH as electron donor and displays a diverse range of
activities including hydroxylation, demethylation and sulfoxidation. These properties make
Hall suitable for future biocatalytic applications or as a template for optimization through

engineering.
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8.3 Characterization of CYP102A25 from Bacillus marmarensis and CYP102A26 from
Pontibacillus halophilus: P450 Homologues of BM3 with Preference Towards
Hydroxylation of Medium-Chain Fatty Acids

Joanne L. Porter,lJack Manning, [?! Selina Sabatini,’? Michele Tavanti,® Nicholas J. Turnerl?

and Sabine L. Flitsch

Abstract

Cytochrome P450 monooxygenases are highly desired biocatalysts owing to their ability to
catalyse a wide variety of chemically challenging C-H activation reactions. The CYP102A
subfamily of enzymes are natural catalytically self-sufficient proteins consisting of a haem and
FMN-FAD reductase domain fused in a single-component system. They catalyse the
oxygenation of saturated and unsaturated fatty acids to produce primarily w-1, w-2 and w-3
hydroxy acids. These monooxygenases have potential applications in biotechnology;
however, their substrate range is still limited and there is a continued need to add diversity
to this class of biocatalysts. Herein, we present the characterization of two new members of
this class of enzymes, CYP102A25 (BMar) from Bacillus marmarensis and CYP102A26 (PHal)
from Pontibacillus halophilus, both of which express readily in a recombinant bacterial host.
BMar exhibits the highest activity toward myristic acid and shows moderate activity towards
unsaturated fatty acids. PHal exhibits broader activity towards mid-chain-saturated (C14-
C18) and unsaturated fatty acids. Furthermore, PHal shows good regioselectivity for the

hydroxylation of myristic acid, targeting the w-2 position for C-H activation.
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