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P450 enzymes activate C—H bonds via the insertion of an oxygen atom from atmospheric
dioxygen under ambient conditions in water and accept a broad array of endogenous and
exogenous organic substrates. P450sm3 (CYP102A1) has a unique structure, with the electron-
transfer reductase domain fused to the haem monooxygenase domain. This makes P450gm3
catalytically self-sufficient and promotes high turnover rates. Functionalised cyclic amines are
versatile intermediates in drug synthesis and important fragment molecules in drug discovery.
Selective oxidation of unactivated ring aliphatic C—H bonds is an attractive route to cyclic
amine derivatives; however, classical synthetic methods are limited in scope and lack
enantioselectivity. The application of engineered P450 enzymes for selective functionalisation

of cyclic amines is surprisingly under-explored.

Chapter 2 describes the substrate and enzyme engineering to access remote hydroxylation
products of the medium-sized cyclic amines azepane and azocane. Variant library screening is
deployed to identify key residues affecting product selectivity, substrate engineering is utilised
to alter the selectivity patterns, and rational design is conducted to improve product selectivity.
In Chapter 3, the iterative docking-guided mutagenesis (IDGM) approach is explored.
Comparative analysis of the correct binding poses and unwanted poses leads to targeted
mutation design to disfavour unwanted poses and increase both the activity and product
selectivity of amine oxidation. In Chapter 4, the combined enzyme evolution strategies are used
for more complex cyclic amines — the bicyclic, 7-azabicyclo[2.2.1]heptane, and spirocyclic, 8-
azaspiro[5.4]decane. These approaches led to scalable enantioselective oxidation of all but one

of the unactivated C—H bonds in these important cores of drugs and fragment libraries.
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Chapter 1



1. Introduction
1.1 Cyclic amines and their C—H functionalisation

1.1.1 Cyclic amines and applications

Cyclic amines are among the most important core structures in bioactive natural and synthetic
compounds which have numerous applications in the chemical, agricultural, and
pharmaceutical industry (Fig. 1.1-A).1*! The most notable utilisation of these compounds is in
the medical and pharmaceutical sector, with ~60% of U.S. FDA-approved drugs containing
nitrogen heterocycles.” In most of these cases, as exemplified in Figure 1.1-B, the cyclic amine

cores are functionalised at sp® C—H bonds, especially at unreactive positions.

A. Cyclic amines containing one nitrogen atom

Aziridine Azetidine Pyrrolidine Piperidine Azepane Azocane

H H s

SN\ N

\ NH NH

NH
H
8-azaspiro[4.5]decane 8-azabicyclo 7-azabicyclo Nortropane Tetrahydroisoquinoline
’ [3.2.0]heptane [2.2.1]heptane

B. Natural products and clinical drugs containing cyclic amine cores

OYLO OO /N_% {OH @HOF Fj@\j’ﬁﬁm
@ g Om @\ANNSO )NQN pi g

Gatifloxacin

Enilospirone Anisodamine
Anti-depressant Acute circulatory shock treatment Belaperidone
Antischizophrenia Anti-allergic

O
.&m
o
@}
I &
w
ZT

Balasubramide Balanol o Penicillin Methylphenidate

Anti-neuroinflammatory Signal transduction diseases & cancer Antibiotic ADHD treatment

Figure 1.1 Examples of (A) saturated cyclic amines, and (B) natural products and clinical drugs containing cyclic
amine cores.



Nitrogen heterocycle motifs are also heavily used in fragment-based drug discovery (FBDD),
a powerful approach that is increasingly applied for identifying ligands for previously
intractable drug targets and discovering new biologically active compounds.?*?*® The FBDD
approach starts with the screening of biological targets against a library (typically <5000
compounds) of small molecules (molecular weight <350 Da), called fragments, to identify
potential starting points. These initial hits generally have a weak binding affinity to their target
(ICso in mM — uM range). They are then modified further and linked together, usually guided
by structural and computational methods, resulting in a “lead” for drugs with significantly
improved potency and binding affinity (ICso in the nM range) (Fig. 1.2). Compared with the
more traditional high throughput screening (HTS) approach, FBDD requires less screening

effort and typically results in drug leads with higher ligand affinity.

(A)High-throughput screening (B)Fragment-based drug discovergy
Diverse screening library Fragment library
(>1,000,000 molecules) (<5,000 molecules)

*p - ? o0 L N |

Fragment binding detection
‘ m l Hit identification

Biochemical assay .

Hit identification .
Fragment linkage

otn ofn

Figure 1.2 Schematic illustrations of processes of (A) high-throughput screening (HTS) and (B) fragment-based
drug discovery (FBDD).®



Figure 1.4 shows some examples of drug leads discovered by FBDD. In these cases, fragment
hits with low binding affinities (ICso = 1-7100 uM) were identified from fragment libraries
containing 3000-5000 compounds. These hits were merged and optimised to afford potent drug
leads that displayed significant inhibition for their relevant biological targets.?’ It is worth
noting that the cyclic amine cores used in these examples are mostly functionalised on the ring,
often at the remote positions, as with those in the drugs listed in Figure 1.3. Therefore, the sp®
C—H functionalisation of cyclic amines, especially with regio- and enantio-selectivity, is of

great importance.

a. Discovery of Protein Kinase C (PKC) inhibitors; Gradler et al., 2019 [20]

i Drug lead
Fragment hits
Library size: 5000 molecules HN
NH NH
HN Fragment emerging Optimisation
NH S \ A
“ VY ey B e— u
co L0 9 0
HoN HoN
2 2 H,oN
ICso =2 uM ICso = 60 uM ICs50 = 0.0005 M ICs = 0.0001 uM

b. Discovery of Phosphoinositide-dependent Kinase-1 (PDK1) inhibitors; Hunnard et al., 2008 [21]

o Fragment hits
Library size: ~3000 molecules Drug lead
H,N 0
H .
N N Q Fragment emerging
Ho N/> ad —
o N= K
—N \ A
NH NH & Optimisation
9!
IC50 = 0.09 uM
IC50=1puM IC50 =3 uM IC50 =150 uM

c. Discovery of Cyclophilin D (CypD) inhibitors; Atobe et al., 2020 [22]

(0]
° R %
> N
A N N
\\.wH HW
Fragment hits e‘g\(\g HO H o

Library size: ~3000 molecules ‘ag“\e“‘ e ICso =1.5 uM
O“ E o N ?/ Optimisation ﬁ
HO" &j@ NHN Nig
| " oA D
SSORRR Y
IC5o = 7100 uM ICs0 = 1100 puM HO" ™ N HoH 5 2
H

Drug lead IC5¢ = 0.004 uM

Figure 1.3 Examples of drug lead discovery by FBDD approaches.?0-22



1.1.2 C-H functionalisation of cyclic amines: synthetic approaches

Unlike their aromatic counterparts, there are still limited strategies for facile sp® substitution of
cyclic amines and, to date, the vast majority of such methods focus on the functionalisation of
the C-H bond adjacent to the nitrogen (the a-C—H bond).>?*?* Traditionally, o-C—H
functionalisation relies on multi-step synthesis from acyclic precursors.?®?® Since the
pioneering work on lithiation-based a-functionalisation of cyclic amines by Beak and Lee in
1989,%¢ direct sp® a-C—H functionalisation has drawn significant attention and many more
approaches are established. These methodologies can be mechanistically divided into four
groups: (a) a-lithiation with alkylithium/diamine complexes which produces a dipole-stabilised
carbanion, followed by reaction with electrophiles to provide a-substituted cyclic amines;?6-28
(b) radical-based C—H functionalisation which includes generation of a-amino radicals through
1,5-hydrogen atom transfer (HAT),?® BEts/O: or light in the presence of a photosentitiser,3°3!
metal-catalysed C—C bond formation,? or photoredox a-amino C—H arylation;** (c) redox-
neutral C—H functionalisation in which an electrophile/nucleophile pair is generated by
chemical ,3* thermal,® electrochemical,® photocatalytic,®” or metal-catalysed oxidation (Cu,
Fe,®° Ru,*? etc.); (d) transition metal-catalysed direct C—H activation with Ta,*! Ir,*> Ru,** Rh,**
and with the presence of appropriate directing groups (Fig. 1.4). Most of these approaches
require the relevant cyclic amines to be N-protected. Chen et al.? reported a hydride-transfer
based method to achieve a-functionalisation of unprotected cyclic amines. These approaches
are exemplified by the syntheses of clinical drugs E1 (a glucokinase activator; Fig. 1.4-a),*>46
E2 (kainic acid, an anti-worming agent; Fig. 1.4-b),*! E3 (lepadiformine, an anti-arrhythimic;

Fig. 1.4-¢),® and E4 (mitomycin, used in urothelial cancer treatment; Fig. 1.4-d).*’



a. a-Lithiation with alkylithium/diamine ligands [24,46] \

_N
R . R + R | Boc Boc
N i N TTI N g | N_ SBULL N NH2 4 steps NZONH
(CHyp), -78°C (CH2), -78°C (CHz)n 1
n=0-3 L =TMEDA, (+)-sparteine !
; Campos et al., 2006 [46] / le}
‘ Ac’

b. Radical-based C-H functionalisation [24,31]

GIucokmase activator
\) 7}5‘/7-1/ i

N o, ‘
H 9, i
i Did " trans, ! Ar AT NHPh H
(S R oM : 4 oo
N 2 N R ! H H hv H H O  9steps § r 2
. e 2 ' —_—
n=0-3 e‘\’{\'(\e’e Q(C?H ) (((?H/) ! sentitiser — " t: '
x o0 \ - 2n Me N\COH
R W oS !
5 " URT A NRTY . 0_0 0_0 e
QN7 o2 or e, et ! X e i aci
0@ \\’5\5 i (+)-Kainic acid
CH PO\ ca® | i i
(CHz)n \\]\e\'& ! Marinkovic et al., 2001 [31] Anti-worming agent

c. Redox-neutral C-H functionalisation [24,38]

Chemical oxidation/ i
R R ‘ Cu cat. steps CeH
! Thermal oxidation/ ! NuH ! Eb/% - - _ 6H13
" N RV — Y~ e
i i i i 3 Q 7” ! N._o N. o HO N
(CHy), i MeO \f
Ph

Electrochemical/
. (CH2)q ‘
Transition metal/ i
i H,oN

n=0-3  pnotocatalytic

Lepadiformine
Anti-arrhythmic
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d. Transition-metal-catalysed direct C—H functionalisation [24,47]
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Figure 1.4 Examples of synthetic approaches to prepare a-functionalised cyclic amines and their applications in
drug synthesis.1:24:31.38.46.47

Direct B- and y-C—H functionalisation are also reported.}#>234852 These typically work with
protected amines and require transition metals as catalysts, e.g., the undirected borylation
approach using an iridium catalyst by Oeschger et al.>* (Fig. 1.5-a) and the palladium-catalysed
transannular C-H functionalisation approach by Topczewski et al.* (Fig. 1.5-b). The

applications of these methods are demonstrated by access of drugs E5 (for asthma treatment),*



and E6 (for schizophrenia treatment).* Recently, Chen et al.! developed a N-lithiation based
method that furnish B-substituted free cyclic amines and without transition metal catalysts (Fig.
1.5-c). In this method, the N-lithiated amines are oxidised by relevant ketones to generate the
transient imines, which are subsequently converted to the key intermediate, an endocyclic 1-
azaallyl anion. This anionic species is then reacted with an alkylating reagent, followed by

reductive work-up to afford the B-functionalised amines.

a. Ir catalysed borylation; Oeschger et al., 2020 [51] o
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b. Pd catalysed transannular activation; Topczewski et al., 2016 [4]
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c. Lithiation based B-substitution for free amines; Chen et al., 2020 [1]
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Figure 1.5 Examples of synthetic approaches to prepare B- and y-functionalised cyclic amines and their
applications in drug synthesis.#51

Current synthetic - and y-C—H activation approaches still face limitations, of which the most
challenging is stereochemical control of the substitution.>?*5! Therefore, the highly desirable
selective remote C—H functionalisation of cyclic amines remains a significant challenge to the
synthetic and pharmaceutic communities. Biocatalysts, such as cytochrome P450 enzymes,
which catalyse C—H oxy-functionalisation under ambient conditions, potentially with high
regio- and enantio-selectivity by enzyme engineering, may provide viable alternative

approaches.



1.2 Biocatalysis and P450 enzymes

1.2.1 Development of biocatalysis

Biocatalysis is the application and engineering of enzymes or microbes in synthetic chemistry
and uses nature’s catalysts for new purposes.’®® More than a century ago, Rosenthaler’s
ground-breaking work on synthesis of (R)-mandelonitrile from benzaldehyde and hydrogen
cyanide using almond emulsin opened the door to biocatalysis as a new research field.%* Since
then, there have been two revolutionary changes in this field, aided with key advances in
biochemistry and biotechnology, e.g., the establishments of X-ray crystallography for protein
structures, DNA recombination, DNA sequencing, site directed mutagenesis and polymerase
chain reaction (PCR) techniques. In pioneering work in the mid-1980s, Estell et al.% reported
improvements in the oxidative stability of subtilisin, a protease, by site directed mutagenesis at
position M222. This put forward the application of enzyme engineering in industrial
biotechnology. The second revolution emerged in mid-1990s as Pim Stemmer et al.%® and
Frances Arnold et al.%” discovered and utilised molecular biology methods that rapidly and
extensively modify biocatalysts through an in vivo process that mimic Darwinian evolution (Fig.
1.6).
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Figure 1.6 Typical process of direct evolution.>®



Known as “directed evolution”, this approach involves iterative cycles consisting of two main
steps: (1) gene diversification by random mutagenesis or DNA shuffling to generate a variant
library, and (2) screening and selection to identify variants with improved enzyme stability,
substrate specificity and product selectivity, which could also serve as templates for further
rounds of evolution (Fig. 1.6).5355%¢1 There have been enormous successful applications of
enzyme engineering in the synthesis of chiral building blocks, clinical drugs and natural
products, and constructing novel synthetic pathways.>*-%3% Examples include the industrial
production of glucose from saccharification of starch by glucose isomerase,® the synthesis of
B-lactam antibiotics such as amoxicillin using penicillin G amidase,’ the production of the
antimalarial drug precursor artemisinic acid by engineered yeast,”* and the total synthesis of the
Vitamin B12 precursor hydrogenobyrinic acid E7 using 12 enzymes in one pot,’?> among

thousands of other applications (Fig. 1.7).

Scott et al 1994 [71]
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—_—
OH NH, 20% yeild
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Cobyric acid

Figure 1.7 Biocatalytic synthesis of Vitamin B12 precursor E7 and the Woodward-Eschenmoser synthesis of ES8.



The biosynthesis of hydrogenobyrinic acid E7 by Scott et al.”? is widely considered one of the
most impressive total syntheses using biocatalysts ever achieved (Fig. 1.7). Starting from 5-
aminolevulinic acid, the 17 step-route utilising 12 enzymes gave 20% overall yield. In
comparison, the entirely organic synthetic pathway of the Vitamin B12 precursor cobyric acid
E8 by Woodward and Eschenmoser took 60 steps and 12 years to complete (Fig. 1.7).”
Although the direct comparison between these two approaches might be futile as they have

different goals, this demonstrated the great potential of biocatalysis.

1.2.2 P450 enzymes

Among the numerous enzymes utilised in biocatalysis research, cytochrome P450 enzymes
(P450s) are considered some of the most versatile biocatalysts because of the wide range of
substrates accepted and reactions catalysed. P450 enzymes are a superfamily of
monooxygenases broadly distributed among living organisms and play crucial roles in
xenobiotic degradation, drug metabolism and natural product biosynthesis.>*"4"8 The first P450
enzyme to be discovered was a pigment (hence the “P” in the name) found in rat liver
microsomes.”® Omura et al.2>® later reported that the CO-bound, reduced form of that pigment
exhibited a characteristic absorbance at 450 nm, which donated the “450” in the name P450 and
today is still widely used to measure the concentration of P450 enzyme solution. To date, there
are >50,000 P450 genes published (data from Uniprot), which are found across the kingdoms
of life (human, animals, plants, micro-organisms, and even some viruses), demonstrating their
incredible diversity.%747® P450 enzymes accept a broad array of endogenous and exogenous
substrates covering almost all classes of organic molecules in nature: fatty acid, steroids,
terpenes, terpenoids, cyclic amines, drugs, pesticides, carcinogens and organic solvents.”*"®

There are more than 20 different types of chemical oxidation reactions P450s can catalyse,
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including hydroxylation, epoxidation, decarboxylation, N- and O-dealkylation, C-C bond
coupling and cleavage, to name a few.>®%27476 Many unusual reactions are also discovered to
be of P450s’ capacity, such as nitration,®2 C-N—C animation,® ether ring formation, and
Baeyer-Villiger oxidation,®® as exemplified in Figure 1.9. Some of these reactions have been
directly applied to synthesis of drugs of natural products, such as thaxtomin A (E9; Fig. 1.8-a),

(+)-aureothin (E10; Fig. 1.8-c), and brassinolide (E11, Fig. 1.8-d).

a. Nitration; Tian et al., 2022 [81]
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Figure 1.8 Examples of unusual reactions that P450 enzymes can catalyse.
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1.2.3 The electron transfer chain of P450 enzymes

Among diverse functionalities, the most important is that P450 enzymes are capable of
catalysing enantioselective oxidation of chemically inert C—H bonds using atmospheric oxygen
under mild conditions.®274768887 The activation of molecular oxygen requires two electrons,
which typically are derived from the pyridine nucleotide cofactors NADH or NADPH, since
most P450s are external monooxygenases. Therefore, P450s rely on redox partner proteins or

domains to transfer electrons from NAD(P)H to the haem domain.
R-H + O2 + NAD(P)H + H* - R-OH + H20 + NAD(P)*

Depending on the types of redox partners, P450 enzymes were firstly grouped into two major
classes (I and 1) (Fig. 1.9).87 Class | systems contain most bacterial as well as mitochondrial
P450s from eukaryotes. Both groups are common in the composition of three separate proteins:
a redox iron-sulfur ferredoxin (Fdx), a ferredoxin reductase (FdR) and the P450 enzyme. FdR
are flavin adenine dinucleotide (FAD) or flavin mononucleotide (FMN) containing enzymes
that accept the hydride from NADH or NADPH and transfer the two electrons, one at a time,
to the ferredoxin, which then passes the electron to the P450 enzyme. In bacteria, all three
proteins are soluble. The prototype bacterial class | system is P450cam (CYP101) from
Pseudomonas putida, which catalyses the 5-exo hydroxylation step in the breakdown of D-
camphor.8”%° In eukaryotes, the most well-known redox partners for mitochondrial P450s are
adrenodoxin reductase (AdR) and adrenodoxin (Adx). The major difference to their bacterial
counterparts is that AdR and P450 enzyme are both membrane-associated, whereas Adx is
soluble. The classic example of class I mitochondrial P450 is P450scc (CYP11A1l), which
catalyses the cleavage of the cholesterol side-chain leading to the production of pregnenolone,

the rate-limiting step of steroid biosynthesis.**°
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Class 11 P450s adopt a different system where the electrons from NAD(P)H are picked up by
the cytochrome P450 reductase (CPR) containing FAD and FMN domains and transferred to
the P450 enzyme (Fig. 1.9).92° They are the most common type in eukaryotes and perform
extremely diverse catalytic reactions, including oxidative metabolism of fatty acids, steroids,
drugs and toxicants, etc. in mammals,’** secondary metabolism and hormone biosynthesis in

plants,®®°” and membrane sterol synthesis and phytoalexin detoxification in fungi.®®

In 2002, a novel class of P450 systems was identified (class 111),%"% which share the three-
component characteristic with class | enzymes but electrons derived from NAD(P)H are
transferred from the FAD-containing ferredoxin reductase to an FMN-dependent redox protein,
instead of the iron-sulfur cluster Fdx in class I, and then to the P450 enzyme. Class Il also
resembles class Il concerning the use of FAD and FMN redox centres, but the FAD and FMN
centres are in separate proteins for class I11. P450cin (CYP176A1) from Citrobacter braakii is
the prototype of class 111 bacterial systems.®”*® Since the discovery of P450cin, as the number
of characterised P450s increase, several more novel systems with “unusual” electron transfer
chains have been found and described that could not be classified as class | nor [1.747887

Hannemann et al.8” summarised eight such systems (class 111-X).

The first class 1V P450 was also the first thermophilic cytochrome P450 which constitutes the
redox chain using a ferredoxin and its partner, 2-oxo-acid:ferredoxin oxidoreductase (OFOR)
(Fig. 1.9). This is also the first example that does not obtain electrons from NAD(P)H-
dependent flavoprotein; instead, the reducing equivalents are provided by pyruvate and CoA.%°
Being the prototype of the class, CYP119, identified in the thermophilic archaeon Sulfolobus
solfataricus, has been studied extensively due to its extreme tolerance to high temperature (Tm

= 91°C) and pressure (up to 200 MPa),100.10!

Class V resembles class | in that it principally uses the same redox centres, an FAD-containing

NAD(P)H-dependent ferredoxin reductase, an iron-sulfur ferredoxin the P450 enzyme.

13



However, class V P450s have the ferredoxin and the P450 enzyme fused and are thus a two-

component system. The most notable P450 in this class is the sterol 14a-demethylase CYP51

from Methylococcus capsulatus.'%?
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Figure 1.9 The ten classes of P450 redox proteins in electron transfer chain.®’

14



Similarly, Class VI P450s are also composed of two components—an FAD-containing reductase
domain and an FMN-containing ferredoxin-P450-fusion protein. The most representative
example of this class is XplA (CYP177Al) from Rhodococcus rhodochrous, which is

responsible for the breakdown of the explosive hexahydro-1,3,5-trinitro-1,3,5-triazine.'%

Classes VII and VIII include fused enzymes in quite unique structural organisations. P450rnr
(CYP116B2) from Rhodococcus is the first reported Classes VII system where the N-terminal
P450 enzyme and the C-terminal reductase are linked by a shorter linker region of 16 amino
acids. The reductase part contains three functional parts: an FMN-binding domain, an NADH-
binding domain and a [2Fe—2S] ferredoxin.'%+1% Class V111 systems, on the other hand, contain
a class Il-like diflavin reductase (CPR) which is fused with the P450 enzyme, resulting in high
catalytic self-sufficiency. The most well-studied example in this class, as well as among all
P450 enzymes, is P450sm3 (CYP102A1) from Bacillus megaterium, whose reductase domain
(CPR) is composed of one equivalent each of the FAD and FMN cofactors.’#76:106.107 Thjs

arrangement of reductase is related to mammalian P450 enzymes.

Class IX, as a special case of P450 enzymes, mainly describes the nitric oxide reductase, with
P450nor (CYP55) as a prototype. Independent of other electron transfer proteins, P450nor takes
up electrons derived from NADH and catalyses the conversion of two nitric oxide molecules to

nitrous oxide, 108109

Distinguished from most P450s, which function as monooxygenases and require delivery of
two electrons, class X P450 enzymes convert substrates using an independent intramolecular
transfer system. Examples of this class include allene oxide synthase AOS (CYP74A),

hydroperoxide lyase HPL (CYP74B/C) and divenyl ether synthase DES (CYP74D).10111
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1.2.4 The catalytic cycle of P450 enzymes

The P450 catalytic cycle has been extensively studied and long debated. A generally accepted

mechanism is shown in Figure 1.10.747686

o SRR ¢ R—H
o 0 o
. : H202‘~ (IV) S\
OH R " Cys
‘@ (vi /! \
1 e ‘:\ ©
Compound Il “cys 2e, 2H* ," )

(0]
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Compound | H,0 ~— g
S H* \Cys
Cys Compound 0

Figure 1.10 The commonly accepted catalytic cycle of P450 enzymes.”

In the resting state (1), the haem ferric iron atom is six-coordinate with four equatorial nitrogen
ligands supplied by the porphyrin system, a proximal cysteine thiolate group, and a water ligand
occuping the other axial position, making the ferric iron low spin (S = 1/2). The arrival of a
substrate molecule causes the displacement of this water ligand and a high spin (S = 5/2) state
of the haem ferric iron (Il). The ferric haem is reduced to the ferrous form (I111). The oxy
complex (1V) is formed upon the binding of dioxygen. A second electron is then transferred to
give V, which is protonated to give the Fe'!-hydroperoxy complex (V1), or ‘Compound 0°. The
distal oxygen is then protonated, which leads to the heterolytic cleavage of the O-O bond and

the formation of the ferryl species (P™"Fe'V=0) (VII), or ‘Compound I’. This species then
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abstracts a hydrogen atom from the substrate molecule to give a substrate radical and form
‘Compound II’ (VII1). The substrate radical then recombines with OHe from V111 to produce

the alcohol product and the haem iron returns to the ferric state.

However, it is worth noting that in the catalytic cycle, the consumption of NAD(P)H is not
always fully coupled with product formation.62"476112 |f the dioxygen binding to 111 is too
hindered, the loss of superoxide from IV may be possible due to the slow transfer of the second
electron to 1V (superoxide uncoupling). If the substrate is too loosely fit in the active site and
thus fails to prevent the water encroachment, Compound 0 (V1) may be protonated at the iron-
bound oxygen, leading to loss of hydrogen peroxide (peroxide uncoupling). High concentration
of hydrogen peroxide causes the peroxide uncoupling to reverse—this reaction is known as the
“peroxide shunt”. This reaction allows P450 catalysis to be driven by peroxide instead of
NAD(P)H/O/H", the feature for which the CYP152 family is known. If the substrate is bound
in an orientation such that no hydrogen atom is conveniently positioned to be abstracted, the
oxygen “atom” in Compound I (V1) may be reduced to water (oxidase uncoupling). Therefore,
it is necessary to study and understand the binding interactions between P450 enzymes and

substrates to promote monooxygenase activity.

1.3 P450gm3: a self-sufficient monooxygenase

1.3.1 The electron transfer chain of P450sms3

P450sms (CYP102A1) was first isolated from Bacillus megaterium by Fulco et al.}**114 in the
1970s as a medium- to long-chain fatty acid hydroxylase. Characterisation of the full-length
enzyme (120 kDa) revealed that the P450 haem domain (BMP, 55 kDa) is fused to the reductase
domain (BMR, 65 kDa) containing two flavin prosthetic groups, FAD and FMN, in a 1:1

molecular ratio (Flg 1.11).74’76’106’107’114’115
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Reductase domain

Heme domain FMN domain FAD domain

Figure 1.11 Cartoon of the electron transfer pathway of P450swms.115

Compared with most other P450 systems which receive electrons from discrete protein partners,
this unique structure means the electron transfer to P450sms haem iron is not contingent on

collision encounter and recognition with a redox partner (Fig. 1.11).

Another unique feature of P450gsm3 is that it is only functional in the dimeric form (Fig.
1.12).74116-119 Detailed investigation suggested that electron transfer from FAD to FMN follows
a cis fashion within the same monomer (monomer A or B), i.e., FADA — FMNa or FADg —
FMNg, whereas the subsequent electron transfer to the P450 domain is trans, i.e., FMNa —
P450g or FMNg — P450a (Fig. 1.13).11%117 This is supported by the variant complementation
study to restore activity in heterodimeric P450gms enzymes by Neeli et al. conducted.™® In this
experiment, a mixture of the two non-functional variants, A264H (P450 domain inactivated)

and G570D (FMN binding abolished), reconstituted the fatty acid oxidation activity.
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BMP

Figure 1.12 3D model of dimeric P450svs showing the close view of the dimerisation interface.'*” The BMP
molecule (haem domain) is shown in magenta, and the FMN, FAD, and nucleotide-binding domains of the BMR are
shown in green, blue and cyan, respectively. The haem and cofactors FMN, FAD is shown in red, orange and yellow,
respectively.

NADPH WT NADPH NADPH A264H NADPH NADPH G570D NADPH NADPH A264H~G570D

Figure 1.13 Schematic representation of the electron transfer routes in WT P450sm3, A264H variant, G570D variant
and the mixture of A264H—G570D variants.

These unique structural arrangements make P450sms self-sufficient and facilitate inter-domain
electron transfer, resulting in high activity levels, e.g., >5000 min™* for fatty acids such as

arachidonic acid.”#120-122
1.3.2 Crystal structure of P450sm3

Crystal structures of the separately expressed haem domain of WT P450gwm3 are available in
both substrate free (SF) and substrate bound (SB) forms. As shown in the SF structure (Fig.

1.14-A), there are 15 major helices (A, B, B, C, D, E, F, G, H, I, J, J, K, K’ and L) in the

19



P450sm3 haem domain, together with various [3-sheets and loop regions. The haem is located
roughly in the centre of the structure with the I-helix above and the L-helix underneath the
porphyrin ring. The B’- and F-helices are also in the vicinity of the haem. Sequence alignment
across the P450 superfamily has revealed six substrate recognition sites (SRS),?® which in
P450gms are distributed in the B’- (SRS1, K69-H92), F- (SRS2, L181-1L.188), G- (SRS3, E200—
D208), and I- (SRS4, N253-G271) helices and B1- (SRS5, W325-A335), and p4- (SRS6,
K434-P441) sheets (Fig. 1.14-B).” The alignment of P450gm3 with the other 25 members of
the CYP102A sub-family shows SRS4 is fully conserved while there are few variations in SRS6.
SRS1 is well conserved at the C-terminus but not the N-terminus. SRS2 and SRS5 both reveal

anomalies, whereas SRS3 is almost entirely non-conserved.

Figure 1.14 (A) The crystal structure of SF WT P450sws (PDB code: 1BU7)!2* with helices shown in different
colours; (B) The location of the six substrate recognition sites SRS1-6.

1.3.3 The active site and key residues of P450gm3

Similar to certain mammalian P450s,'%° the SB crystal structure of P450gms [bound with N-
palmitoylglycine (NPG)] reflects a “pre-catalytic” conformation where no substrate atom lies
sufficiently close to the haem iron for hydroxylation to occur (Fig. 1.15). It is thus unclear

whether the residues depicted in the crystal structure, especially those lining the access channel,
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are catalytically and physiologically relevant. This further complicates structural-based
engineering for this enzyme. Nevertheless, analysis of the SB structure reveals important
residues for substrate recognition and binding orientation, which in many cases has led to
discovery of variants with enhanced activity.”#?21% Some of these key residues are discussed

here (Fig. 1.15).

Located in the substrate access channel, residues R47 and Y51 are proposed to be involved in
the fatty acid substrate recognition. They were therefore early targets for engineering. It was
found that mutagenesis of either residue generally lowered fatty acid hydroxylase activity and
raised the binding constant, suggesting they act together as the gate-keeper to the active
site.”122127 Carmichael and Wong*?® reported the combination of hydrophobic substitutions
R47L and Y51F which increased oxidation activity for polycyclic aromatic hydrocarbons

(PAHS) by up to 40-fold.

As one of the most mutated residues of P450sms, F87 is directly above and in contact with the
haem; its side chain extends into the substrate access channel and strongly influences substrate
specificity and product selectivity.’#1?2126 Mutations F87V and F87A expand the P450sm3

substrate range and especially play important roles in drug-metabolising activities.!*3!

Residue A328 sits above the porphyrin ring and opposite to F87. Mutations here affect the
binding orientation of substrates and alter the selectivity, e.g., Peters et al.*®? reported an
A328V-containing variant that dramatically changed the regio- and enantioselectivity of

hydroxylation for alkanes such as octane, nonane and decane.
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Figure 1.15 The active site and selected residues of the N-palmitoylglycine (NPG)-bound WT P450swms crystal
structure.

In the SB crystal structure, the aliphatic terminus of NPG reaches over the haem iron and
contacts A82 (Fig. 1.15). Huang et al.'*® proposed that A82 might have created a hole above
the haem and that a bulky substitution at A82 would fill in this and increase oxidation activity
of unnatural substrates. Experimentally, the A82F and A82W variants showed ~800-fold
increase in laurate binding affinity, and the formation of indigo in E. coli cultures expressing

these variants suggested they are also effective catalysts to hydroxylate indole.

The E267-T268 acid-alcohol pair is located close to the kink region of the I-helix and is a highly
conserved structural feature across the P450 superfamily. The T268 residue, as one of the few
polar groups in the active site, is involved in various roles in the catalytic cycle, such as proton
delivery, dioxygen activation, and the stabilisation of the oxy-ferrous or hydroperoxyl

intermediate (IV and VI, Fig. 1.9)."413137 Most of the reported mutations at T268 typically
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have adverse impact on the fatty acid oxidation activity,*3**® while the E267 mutations convert

P450gm3 to a peroxygenase.t*

1.4 Enzyme engineering for P450sm3

1.4.1 Rational design and directed evolution

Owing to its solubility, self-sufficiency, high expression level in E. coli, and tunable regio- and
enantioselectivity, P450gwms has been extensively engineered as a biocatalyst.> 4788 A few of
the enzyme’s natural substrates are precursors to desirable oxidation products, €.g., linolenic
acid is metabolised to leukotoxin whose derivatives are implicated in pathophysiological
responses,’*® and 15,16-epoxyoctadeca-9,12-dienoic acid which possesses antifungal
properties.’*® However, the vast majority of products of interest have precursors that are not
structurally-related to the natural substrate of wild type P450sm3s and therefore do not fit the
active site well. The primary aim of enzyme engineering is to alter the substrate specificity,

with robustness, longevity and stability being important considerations as well.

Early research relied much on rational design aided with analysis of the crystal structure. The
first reports of unnatural substate oxidation by P450sms variants included mutations at F87 and
A328 and substrates such as 1,1,2,2,-tetrachloroethane!*® and 2-phenylpropanal.t** Product
formation rate were enhanced by more than two orders of magnitude for the intractable
polyaromatic hydrocarbons (PAH) by two space-creating mutations around the haem centre,
F87A and A264G, and the R47L/Y51F couplet which neutralise the polar binding site at the
access channel.!® Other examples include F87G and F87V raising activity for
propylbenzene,'?® 3-chlorostyrene,'?® B-ionone'*2 and monoterpenes,*® and 1263V and A328V

improving epoxidation levels for terminal alkenes.'*
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In the directed evolution era, the first randomly generated mutation of P450gms3 to be reported
was P25Q, which weakened fatty acid binding and changed the product profile.1*> However,
such approach drew limited interest from researchers working on P450gm3 engineering prior to
the discovery that certain active P450 variants led to formation of blue pigments in complex
media cultures by oxidising indole from tryptophan degradation to indigo.*® This provided a
viable and cost-effective method to screen many thousands of randomly generated variants for
improved oxidase activity. In an early random mutagenesis-based study, error-prone PCR was
used to generate a library of random variants. The indigo-producing ones were analysed and
these all contained mutations at A74, F87 and L188. Site-saturation mutagenesis at these
residues in turn then led to the discovery of a highly active variant, A74G/F87V/L188Q
(GVQ),**” which oxidised a wide range of unnatural substrates including PAHs,* chlorinated

dioxins,'*® and organophosphorus pesticides.***1>!

Arnold and co-workers used an activity screening assay similar to that for esterase directed
evolution.'® A library of P450gms generated by random mutagenesis was screened against p-
nitrophenyl octyl ether (8-pnpane). Terminal hydroxylation of this compound by active variants
would generate the unstable hemiacetal, which decomposed to the aldehyde and p-
nitrophenolate. The formation of the latter could be monitored at 410 nm and thus be an

indication of the activity levels of variants (Fig. 1.16).:%%1%

N02 N02
NO,
P450g3 variants —H* J\
_— _—
T 07 (CHy)
e} 0 Spontaneous
&
(CH3)7 HO™  “(CHa3);
8-Pnpane L ] p-Nitrophenolate

Monitored at 410 nm

Figure 1.16 Schematic mechanism of the activity screening assay using p-nitrophenyl octyl ether (8-pnpane).
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This has been combined with ep-PCR and DNA shuffling to engineer P450gm3 for improved
oxidation activity for alkanes.’®*>" Five rounds of random mutagenesis, together with
recombination of beneficial mutations, led to the discovery of the variant 139-3
(V78A/H138Y/T1751/V1781/A184V/H236Q/E252G/R255S/A295T/L353V) with enhanced
octane (TTN~3000) and propane (TTN~1000) oxidation, compared with TTN of 80 and 15 by
the WT.?® Among the 11 mutations in this variant, only V78A is in the active site and five
mutations (T175l1, V1781, A184V E252G and R255S) are in the highly flexible F-G helix-loop-
helix structure and the | helix along which it slides during substrate binding (Fig. 1.17). Other
mutations are remote or on the surface. With more rounds of random and site-saturation
mutagenesis, variant 35E11 was found, which improved propane oxidation activity further

(TTN~6000).%

Variant
P4508m3 139-3

V78A
H138Y
T175I
V178l
Al184V
H236Q
E252G
R255S
A290V
A295T
L353V

Figure 1.17 Positions of the amino acid substitutions in P450sws variant 139-3.15% The variant contains 11
substitutions, represented by spheres on the crystal structure of the SB WT enzyme (PDB: 1FAG).
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Then, a “domain engineering strategy”, which include site-saturation mutagenesis on not only
the P450 domain but also the FAD and FMN reductase domains, was deployed and a proficient
propane monooxygenase (P450pmo) was produced, with striking catalytic efficiency
(TTN~45000).1% In addition to alkane oxidation, these evolved variants were also found to
oxidise numerous drug molecules such as buspirone®® and verapamil'®® (Fig. 1.18). Further
mutagenesis work led to the discovery of the variant P411, with the signature ferrous CO Soret
peak shifted to 411 nm from 450 nm by the C400S mutation. The unique serine-haem ligation
abolished the monooxygenation activity and enabled efficient carbene insertion activity, such

as, olefin cyclopropanation catalysed by P411-C1S*° and indole alkylation by P411-HF 16!

A.Hydroxylation activities

NN N -
? e ﬂz;}/o ? m”@ﬁ@\
I =N PR @

NN ©
Alkanes [153-157] Buspirone [158] Verapamil [159]

B. Carbene insertion activities
Me

COOEt
P411-CIS P411-HF
Y —M— A ©j\> N
EtoOC.__N, R COOEt N Et N N
-~ \ ooc\f 2 |

Me

Olefin cyclopropanation [160] Indole alkylation [161]

Figure 1.18 Examples of (A) alkanes and drug molecules oxidised by P450swm3 variants, with oxidation sites
indicated by red arrows; and (B) carbene insertion activities catalysed by P411 variants of P450swa.

Wong and co-workers utilised the indigo formation characteristic to preliminarily screen for
active P450sm3 variants from randomly generated library and then perform second-generation
mutagenesis to improve enzymatic activity and product selectivity for target

compounds.”>#162163 Error-prone PCR was carried out on WT and the F87A variant to generate
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random variants, which was transformed into E. coli cells and cultured. Variants giving rise to
blue colonies were selected for further DNA shuffling and indigo-formation screening.
Promising variants were assayed in vivo for oxidation activity and product selectivity for two
unnatural substrates, naphthalene and propylbenzene. Of these, four most active variants were
identified: A330P; A191T/N239H/1259V/A276T/L3531 (KT2); F87A/H171L/Q307H/N319Y
(KSK19); F87A/A330P/E377A/D425N (KT5), which were then used as template for further
mutagenesis.”*"® All these showed enhanced oxidation activity by at least one order of
magnitude over the WT for naphthalene and propylbenzene. The RLYF/A330P variant gave
the highest product formation rate (PFR) for naphthalene at 666 min*, compared with 3.1 min™!
by WT. With propyl benzene, the RLYF/KT2 variant gave a PFR of 2688 min~* while WT gave
606 min~t. The unusual high activity of the single variant A330P inspired the introduction of
proline mutations at selected residues. This led to the discovery of the 1401P variant, which was

unexpectedly active, e.g., giving a PFR for propylbenzene of 3578 min™1.7475164

Crystal structures of the A330P and 1401P variants were obtained for detailed analysis (Figures
1.19 and 1.20). Compared with the WT structure, the A330P mutation causes a significant re-
location of the adjacent P329 residue towards the haem centre. As a result, the substrate binding
pocket was reshaped dramatically (Fig. 1.19). The constrained active site may lead to enhanced

activity for smaller molecules such as naphthalene and propylbenzene.

The 1401P variant structure showed some unexpected features compared with WT (Fig
1.20).164165 The mutated P401 moved towards the proximal direction of haem, causing the
adjacent C400 and the haem iron to drop as well. As a result, the distance between iron and the
axial water is significantly lengthened to 3.6 A from 2.6 A. It is arguable whether the axial
water in the 1401P variant remains a ligand of the haem iron or not, but in any case, the water
molecule would be more easily displaced upon substrate binding compared to WT. Whitehouse

et al.’ reported that the haem redox potential and the rate constant for the first electron transfer
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step of the 1401P variant were almost the same as the palmitic acid-bound WT. Two I-helix
residues, G265 and H266, were re-orientated, and thus interrupted several interhelical hydrogen
bonds. In summary, the 1401P mutation induces conformational changes that facilitate the
initiation process of the catalytic cycle and hence increases the oxidation activity for unnatural

substrates.

Pro329
Pro329 AP) Leud37

(WT) lle263
S
Ala264
PP Alaga :
Leu353 (WT) € 3

Figure 1.19 Overlaid structure of the SF A330P variant (blue; PDB code: 3M4V)%% and SF WT (yellow; 1BU7)24,

Figure 1.20 Overlaid structure of the 1401P variant (yellow, with water molecules as red spheres; PDB code:
3HF2)16%> and SF WT (grey, with water molecules as black spheres; PDB code: 1BU7)'4,
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1.4.2 Combinatorial active-site saturation (CAST) and iterative saturation

mutagenesis (ISM)

One limitation of the directed evolution by ep-PCR is that the size of variant library could
become too large to get effective variants for target substrates. In order to narrow down the
target list of variants, Reetz and co-workers developed two methods, combinatorial active-site
saturation (CAST) and iterative saturation mutagenesis (ISM), both guided by structural
information of the enzyme.1%¢-1%8 CAST aims to design and generate small and focused initial
variant library by randomisation at several sets of two spatially close amino acid positions
around the active site. In such randomisation process, the following geometric relation pertains:
if one member of the amino acid pair occurs in the protein sequence at position n, then the
second one is found at a sequence of (n+1) in a loop, (n+2) in a B sheet, (n+3) in a 310 helix,
and (n+4) in an o helix. Mutagenesis is first conducted at the randomised residues to afford
several sub-libraries, also called focused libraries, for activity screening. This approach is
always combined with ISM, where beneficial variants from a sub-library serves as template for
further round(s) of site-saturation mutagenesis until desired activity and selectivity levels are
reached. This combined strategy significantly reduces time and resources needed to obtain hits,

especially when high throughput screening methods are not available.

Reetz and co-workers engineered P450swm3 for highly selective hydroxylation of testosterone
(TST) by deploying the CAST-ISM approach. In their early work, the F87A variant was
selected as template and 20 residues were chosen as possible candidates for mutagenesis, using
the SB P450sms3 crystal structure as a rough guide. These residues were divided into nine sites
(A1), each with 2-3 members: A (A47, T49, Y51), B (V78, A82), C (M185, L188), D (S72,
AT4, L75), E (L181, A184), F (T260, 1263); G (A328, A330), H (L437, T438), and | (\V26,
T29). The initial experiments focused on three sites: A, B and C, while site saturation

mutagenesis was also conducted at residues S72 (D), A328 (G) and A330 (G). Residues in sites
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A and C were randomised using NDC codon degeneracy encoding only 12 amino acids (Gly,
Val, Leu, lle, Phe, Ser, Cys, Tyr, His, Asp, Asn and Arg) to reduce screening efforts, while site
B was subjected to NNK degeneracy for all 20 amino acids. Roughly 18,000 variants were
generated and tested for oxidation activity against TST and high regio-and stereoselectivity for
2B- and 15B-hydroxylation were observed, with the F87A/A330W variant giving 97% of 23-
hydroxy-TST at 79% conversion and R47Y/T49F/VV78L/A82M/F87A giving 96% of 15p-

hydroxy-TST at 85% conversion (Fig. 1.21).168

Later, Reetz and co-workers further developed the ISM-CAST approach by utilising
information derived from mutability landscapes (MLs) and molecular dynamics (MD)
simulations. Since first used by Rost and co-workers'®® in developing algorithm to predict the
effect of single-amino-acid substitutions in disease-related proteins, the idea of mutability
landscape has been increasingly applied in enzyme engineering. For this type of application,
data for a large number of enzyme variants are analysed to determine the effect of each single-
amino-acid substitution on enzyme activity, product selectivity or stability. Detailed maps of
beneficial, neutral and detrimental amino acids for each residue under investigation are thus
generated, which serve as basis for further mutagenesis, instead of complete randomisation.t’®
This is sometimes aided with molecular dynamics simulations which provide information about
substrate-residue interactions. Combination of these tools significantly reduced mutagenesis
efforts. In a study targeting TST as model substrate, Reetz and co-workers applied ML analysis
on previous data obtained from ISM-CAST. Guided with information from MD-simulations,
they chose 10 residues as candidates and divided them into two groups: A (R47, S72, A82, F87
and L437) and B (Y51, V78, L181, L188 and A330). Each residue was to be mutated to 2-4
amino acids only. Using this strategy, ~3000 variants were tested and high selectivities for 16a
(highest at 96% by R47W/Y51W/S72I/A82F/F871/L181C) and 16 (92% by

R47W/A82W/F87V/L181Q/T436R/M177S) oxidation were achieved (Fig. 1.21).1"
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More recently, a larger library was generated (~30,000 variants) by randomising 15 residues
(R47,S72,K76,F77,V78,R79, D80, F81, A82, T88, M177, M185, L188, F205 and 1209) each
to 2 amino acids. Such randomisation is achieved by using the uracil-specific excision reagent
(USER) method. This library showed medium to high selectivity and conversion for 7

hydroxylation of TST (Fig. 1.21) and products of five other steroids."?

160-OH: 96%

R47W/Y51W/S72l/
23-OH: 97% G A82F/F87I/L181C
16—
F87A/A330W | 16-OH: 92°%
R47W/A82W/F87V/
L181Q/T436R/M177S

158-OH: 96%
7p-OH: 83% R47Y/TA9F/N78L/
R47W/S72W/F77YN78L/F811/AB2L/  AS2M/FS7A

T88S/M177T/M185Q/L188QI209T

Testosterone (TST)

Figure 1.21 Oxidation of testosterone by P450gws variants developed by Reetz and co-workers.165-167

1.4.3 Rationally designed variant library

With the development of the CAST-ISM approach, huge efforts for mutagenesis and screening
are still required to obtain high regio- and enantioselectivity for a target product. Therefore,
many have adopted library screening approaches in which substrates are firstly tested against a
focused or diversified variant library to search for key residues and mutations. Seifert et al.*”
developed a focused P450gm3 variant library by mutating two residues, F87 and A328, to five
hydrophobic amino acids (A, V, F, I and L). Variants in this library showed improved selectivity
for oxidation of geranylacetone (9,10-epoxides), nerylacetone (epoxide), limonene (epoxide)

and valencene (C2 oxidation to form nootkatol).

Wong and co-workers developed a library containing ~100 P450gm3 variants. These are derived
from five base variants, A330P, K19 (H171L/Q307H/N319Y), RP (R47L/Y51F/1401P), RT2

(R47L/Y51F/A191T/N239H/1259V/A276T/L353l), and GVQ (A74G/F87V/L188Q), with
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additional mutations at 2—4 active site residues (S72, V78, F81, A82, F87, A184, 1263, A264,
E267, A328, A330, L437 and T438).7>83.162.163165174-176 Sereening with this library has shown
high activity and selectivity for diverse range of unnatural substrates, such as steroids (TST;
Fig. 1.21),'® diterpenes (eleuthoside),’®® smaller drug core motifs (quinolines and
tetrahydroisoquinolines)*”® and drug molecules'®? (diclofenac, naproxen, amitriptyline,
lidocaine and chlorzoxazone). These provided corresponding alcohol precursors for synthesis

of various valuable drugs.

Fasan and co-workers constructed a larger library of ~500 variants derived from base variants
in Arnold’s work.”®177178 The variants in this library were not specifically selected or designed,
instead, they were used as a “training set” to screen for residues that affect activity and
selectivity.2’"1® Once hits were identified, further site saturation mutagenesis and analysis
could lead to higher selectivity. For example, in targeting artemisinin, the variant
V78A/F81S/A82V/F87A/F142S/T1751/A180T/A184V/A197V/F205C/S226R/H236G/R255S/
A290V/L353V was identified from the training set, showing selective C7 oxidation (83% 7R
with 10% 7S). Further mutagenesis based on this variant led to the variant 11-H10 which showed
100% selectivity for (7R)-hydroxy-artemisinin. Selective C7 oxidation of artemisinin is
inaccessible by chemical approaches; thus, this work provided a viable route for the synthesis
of (7R)-fluoroartemether, a fluorinated precursor of the antimalarial drug artemether (Fig.

1.22)_177,178

OMe

Artemisinin (7R)-fluoroartemether

Zhang et al., 2012 [177, 178]

Figure 1.22 Synthesis of (7R)-fluoroartemether enabled by selective C7 oxidation of artemisinin.

32



1.4.4 Substrate engineering

From a totally different angle, modification of substrates themselves (or, substrate engineering)
could lead to altered enzymatic activity and product selectivity as well. The idea of substrate
engineering for application in bio-hydroxylation was first proposed by Griengl and co-

workers,17®

who introduced docking and protecting (d/p) group to unnatural substrates to
facilitate reactivity. In an early work they found that cyclopentanone, an unreactive substrate
of the fungus Beauveria bassiana ATCC 7159, could be effectively hydroxylated after the

ketone moiety was derivatised as a spirooxazolidine, to produce E12 with high ee (Fig. 1.23-

A) _179

Arnold and co-workers'® derived this concept to apply in P450sm3 catalysis. They derivatised
the carboxylic acid E13 to render it reactive for P450sm3 oxidation to alcohol precursors for the
synthesis of carbovir, E14 (Fig. 1.23-B). The combination of substrate and enzyme engineering
approaches has since led to some successful applications in P450gwm3 catalysis. Lange and co-
workers®8! investigated the use of d/p groups in P450sms-mediated oxidation in a biomimetic
fashion. A set of modified nosyl protecting groups were designed and vabicaserin was studied
as the model compound. Combined with some mutagenesis work, the F87V variant was
identified to give >80% regioselectivity for the aromatic oxidation of a nosyl protected
vabicaserin derivative (Fig. 1.23-C). The nosyl groups can also improve substrate solubility and
are easy to remove. Urlacher and co-workers'® improved regioselectivity for P450gms-
catalysed oxidation of cembranoids by increasing size, polarity, and ring rigidity of the
exocyclic substituents (d/g groups). The dimethyl diester functionality was the most effective.
Further mutagenesis led to the V78A/F87A variant, which gave 90% selectivity for C5

oxidation of the dimethyl diester-derivatised cembranoid alcohol E15 (Fig. 1.23-D).
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Figure 1.23 Examples of substrate engineering that led to selective hydroxylation of various compounds.
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1.5 Molecular dynamics simulations and substrate docking

1.5.1 Molecular dynamic simulations

Although current enzyme engineering methodologies have been successful in improving
enzymatic activity and product selectivity for numerous desirable products, most of these
approaches still largely rely on random mutagenesis or site-saturation mutagenesis at multiple
residues, which requires large screening efforts. Structural analysis of enzyme-substrate
binding interactions provided by crystal structures have had significant contributions to
mutation design. However, the enzymatic function is not decided only by their rigid structures

but often more importantly, by the dynamics of residues and substrates.

With the rapid development of computational tools, molecular dynamics (MD) simulations
have emerged as a powerful tool to provide insight into the structural features of enzymes and
enzyme-substrate interactions. MD simulations predict how every atom in a protein or other
molecules moves (the “internal motions”) over a period of time, based on a classical mechanics

treatment of interatomic interactions (Fig. 1.24).183.184.187

¥

Energy calculation E, {x}
(force-field)

a,=Fjm, —> | Trajectory

Numerical
integration

- v, (t+dt) = V(1) + a, dt

x, (t+dt) = x(t),+ v, dt

Figure 1.24 Basic algorithm of molecular dynamics (MD) simulations.*®” The output trajectory is an ordered list of
3N atom coordinates for each simulation time. The abbreviations represent: Epot, potential energy; t, simulation time;
dt, iteration time; for each spatial coordinate of the N simulated atoms (i): x, atom coordinate; F, force component;
a, acceleration; m, atom mass; v, velocity.
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Such simulations have been applied to capture a wide range of important biomolecular
processes, such as protein folding, ligand binding and conformational change, as well as
revealing positions of atoms at fs temporal resolution.’®* The first MD simulations were
performed with simple gas molecules in late 1950s by Alder and Wainwright.'8 Then, in late
1970s, Karplus and co-workers ran the first MD simulation of a protein (bovine pancreatic
trypsin inhibitor).*®® Since then, this approach has advanced from simulating a few hundreds of
atoms to modelling complex biological systems including entire proteins solvated with specific

solvents.'®” Simulations of 50,000-100,000 atoms are now routine.®’

The basic idea of MD simulations is to calculate the forces exerted on each atom by all the other
atoms in a biomolecular system, such as a protein solvated by water or a lipid bilayer. An initial
model of the system is typically obtained from experimental structures (X-ray crystallography,
cryo-EM, NMR, etc.) or comparative modelling data. This model is then subject to solvation,
the methods of which can be divided to two types: (a) explicit-solvent methods, such as particle
mesh Ewald (PME) with TIP3P water, which compute interactions between all pairs of solute
and solvent atoms explicitly;'818° (b) implicit-solvent methods, such as the generalised Born
model, which speed up atomistic simulations by approximating the discrete solvent as a
continuum, and are thus used for faster calculations.'®1°2 Once the solvated system is built,
forces acting on all atoms are obtained through force fields equations, which deduce the
potential energy from the molecular structure.%*%" Although force fields currently used in
simulations differ in how they are parameterised, the molecular features are typically
represented similarly — spring-like terms for bond length and angles, the Coulomb’s law for van
der Waals and electrostatic interactions, and periodic functions for the bond rotations and
Lennard—Jones potentials (Fig. 1.25).2% The simplicity of these representations assures fast
calculations even for large systems but also means these force fields are inherently approximate.

Once the forces acting on individual atoms are calculated, Newton’s laws of motions are then
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used to predict the spatial position of each atom as a function of time. The resulting trajectory
is essentially a three-dimensional movie that describes conformation of the system at every
atom during the time interval of the simulations. Since the integration of movement is done
numerically, to avoid instability, the time steps in MD simulations must be shorter than the
fastest movements in molecules. Typically, each time step is only a few femtoseconds for
atomistic simulations. Most of the biochemical processes, e.g., structural changes of enzymes
upon substrate binding, take place in ns, us, or longer. Thus, an MD simulation run requires
millions or billions of time steps, each single step evaluating millions of interatomic interactions.

These cause simulations to be computationally demanding.

[ V(éi) = v[1 + cos(ndijur — o))

3 ) 1 0 1 2 3 0 2 1 6 8 10 ] 1 2 3 1
0,51 (rads) di;i (A) di; (A)

Figure 1.25 Examples of terms used to calculate interactions between atoms in the common force fields of docking
algorithms.1%® These are exemplified using atoms 1, 2, 3, 4 and 5 as labelled in (a), and terms are shown for (b)
bond length; (c) bond angle; (d) bond rotation; (e) electrostatic interactions; and (f) Lennard—Jones potentials.

The explosion in developments of supercomputers and graphics processing units (GPUSs) over
the last few decades have made such simulations more accessible.'3*8” There are plenty of
software to use, including GROMACS'®, NAMD?® AMBER?!, CHARMN?® and
OpenMM.?% These packages all perform similar computations and support multiple force fields

but differ in how efficiently they integrate to different hardware and in the supported features,
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such as enhanced sampling methods and temperature/pressure control schemes, etc.
GROMACS was used in this work since routine analysis within the Wong group has been

established with this.
1.5.2 Molecular docking

Molecular docking is used to model the favoured binding interactions between a small molecule
(ligand) and a protein (receptor) at atomic level, starting with their unbound structures, MD
simulated conformations, or homology modelling, etc.2°#?% The docking process involves two
basic steps: (a) sampling conformations of the ligand (usually referred to as “poses”) within the
active site of the protein, using sampling algorithms; and (b) ranking these conformations (poses)
by scoring functions. The goal is to reproduce the experimental binding pose and rank it highest

among all poses.

Various sampling algorithms have been developed. Matching algorithms (MA) map a ligand
into an active site of a protein (both represented as pharmacophores) according to the shape
features and chemical information. Each distance between pharmacophores is calculated for a
match, and new conformations of ligand are governed by distance matrix between the
pharmacophore and the corresponding ligand atoms.?%2%7 Incremental construction (IC)
methods divide the ligand into several fragments and select one of these (usually the largest
fragment) to dock into the active site first as anchor. The remaining fragments are then added
incrementally.?%®2% |n addition to IC, multiple copy simultaneous search (MCSS)?° and
LUDI?*212 gre also fragment-based approaches. Monte Carlo (MC) methods?**?'* generate
poses of ligand through bond rotations or rigid-body translation, and these poses are either
accepted or rejected upon test with an energy-based selection criterion. The accepted poses will
be recorded and further modification lead to next generation of poses for test. The iteration

proceed until a pre-defined quantity of poses are obtained. Genetic algorithms (GA)?*>26 form
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a class of widely used stochastic methods. The idea of GA derives from Darwin’s theory of
evolution. Degrees of freedom of the ligand molecule are encoded as binary strings called
“genes”. These “genes” make up binding poses of ligand, called “chromosome”. Two types of
“genetic operators” are introduced: (a) “mutations” which make random changes to the “genes”;
and (b) “crossovers” which exchanges “genes” between two “chromosomes”. New poses are
generated upon effect of these genetic operators and will be assessed by scoring function. Poses
that “survived” (i.e., meet the pre-defined criteria) will be recorded and used for next generation.
GA has been implemented in many commonly adopted docking software, such as GOLD?Y/,
DIVALI*® DARWIN?®, and AutoDock series.?!6220221 Recently, Sanner and co-workers??!

reported a refined GA (Fig. 1.26) which is implemented in the software AutoDock for Flexible

Receptors (ADFR).
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Figure 1.26 Schematic representation of the genetic algorithm (GA) implemented in AutoDock for Flexible
Receptors (ADFR).?
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Scoring functions serve the purpose to delineate the “correct” binding poses, those agreeing
with experimental observations, from the “incorrect” ones. This is done by calculating and
sorting the binding affinity of poses generated by the sampling algorithm. These calculations
usually involve estimations to reduce computational time and depending on the assumptions
and simplifications adopted, scoring functions can be divided into three groups: (1) force field-
based methods which assess the binding energy by calculating the sum of the non-bonded
(electrostatics and van der Waals) interactions.??>?%® The extended versions also consider
hydrogen bonds, solvations and entropy contributions and are widely used in common docking
software such as GOLD and AutoDock; (2) empirical scoring functions which split the binding
energy into several components, such as hydrogen bond, ionic interaction, binding entropy and
hydrophobic effect. These components are each multiplied by a coefficient, obtained from
regression analysis fitted to test sets of ligand-protein complexes with known binding affinities.
The summation of these multiplied components then affords the final score. Examples of
empirical scoring functions include LUDI and ChemScore.?112%4225 (3) knowledge-based
methods, which utilise statistical analysis of crystal structures of ligand-protein complexes to
obtain frequencies of interatomic contacts. The basic assumption is that the more favourable an
interaction is, the greater the occurrence frequency will be. The score is calculated by weighting
more the favoured contacts and penalising the repulsive interactions between each atom in the
ligand and protein within the pre-defined cut-off. Examples of docking software adopting such

methods include PMF, SMoG and Bleep etc.?26-2%

The early docking approaches mostly treated both ligand and receptor as rigid bodies, mainly
due to the limitation of computation power. In this case, ligand flexibility could be addressed
by deploying a set of pre-computed ligand conformations or by allowing a degree of atom-atom
overlap between the protein and ligand. This is adopted by early versions of DOCK?®*, FLOG?*,

and some protein-protein docking software such as FTDOCK.?*? For systems whose behaviour
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follows the “induce-fit” theory, it is important to consider the flexibilities of both ligand and
receptor as there will be significant structural changes of both upon substrate binding. However,
a fully flexible receptor requires too much computational power. Thus, the common approach
treats the ligand as flexible while keeping the receptor rigid. Most of docking programs have
adopted this methodology, such as AutoDock Vina??°, GOLD?'" and DARWIN.?*® Although
incorporating complete receptor flexibility without taking up too much computational time
remains a challenge, many docking programs, such as ADFR, have developed functions that
allow users to define certain number of residues to be flexible. These residues are usually
selected based on their roles in interactions with ligands. In this work, docking calculations are
conducted using Autodock Vina??° or Autodock Flexible Receptors (ADFR),?%! because of their

accessibility, fast calculation and friendly user interface.
1.5.3 Applications in enzyme engineering

Although initially designed for and still primarily used as a tool to aid drug discovery, the
combined approaches of MD simulations and molecular docking have also revealed great
potential in enzyme engineering. In 1995, Ornstein and Paulsen performed the first MD
simulations for P450sm3 haem domain using the SF crystal structure.”®® The simulations
suggested that the entrance of the substrate binding pocket was highly mobile, which indicated
that the range of substrates P450sm3s could accept was likely broader than what would be
deduced from analysis of just the crystal structure. This has inspired some early enzyme

engineering of P450sm3 towards the oxidation of unnatural substrates.

In early P450sms engineering, MD simulations and molecular docking were mainly used to
investigate the origins of improved enzymatic activity and product selectivity. For example, in
an early work to engineer P450gwm3 for selective steroid oxidation, Reetz and co-workers applied

such a strategy for two effective variants, the 2-selective variant for testosterone (TST), KSA-
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2, and the 15B-selective variant KSA-14. MD simulations were performed on these and the
output trajectories showed that binding pocket of KSA-2 and KSA-14 had quite different shapes.
Docking of TST into the KSA-2 variant revealed only one active binding pose in which solely
the 2B hydrogen pointed to the haem iron (Fig. 1.27-A). In contrast, the pose produced by
docking with the 15B-selective variant KSA-14 showed the 158 hydrogen in the ideal proximity
to the haem (Fig. 1.27-B).1%® Recently, Wong and co-workers used molecular docking to
understand the roles of effective mutations that improved product selectivity for
androstenedione (AD) oxidation.’® For example, the K19/F87A/A82M/1263G/A264G variant
was one of the most selective for 2 oxidation of AD (59%). Docking of AD with simulated
structures of this variant showed the binding poses indicating 2 oxidation to be the most
populated. The 2p pose docked structure revealed surprising resemblance to the AD-bound
structure of CYP19A1, a C19-demethylase of AD. Since C19 and C2 of AD are very close to
each other, the structural similarities suggested that this P450gms variant mimicked the binding

features of CYP19A1.
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Figure 1.27 Binding poses of TST from the docking with (A) the 2B-selective variant, KSA-2; and (B) the 15p-
selective variant, KSA-14.168
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In general, applications of utilising the information from MD simulations and docking to guide
the enzyme engineering process are greatly under-explored, although there have been some
successful examples (Fig. 1.28). In 2014, Pleiss and co-workers reported a hotspot
identification approach, which used molecular docking and data mining to identify key residues
and mutations for selectivity of target products and thus construct focused libraries to screen
for improved selectivity (Fig. 1.28-b).23* In this work for selective C7 oxidation of (4R)-
limonene by engineered P450sms3, the analysis of the sequence of over 6300 CYP genes and the
relevant MD simulations helped identify three key residues A264, A328 and L437. A focused
library was generated and tested against (4R)-limonene, of which the A328V variant showed
27% regioselectivity for the C7 oxidation product, (R)-(+)-perillyl alcohol, while no C7
oxidation was observed for the WT P450sms. After two subsequent rounds of molecular
modelling and variant screening, the variant A328V/L437F/A264V was generated, showing 97%
of the perillyl alcohol product. This was obtained by screening only 29 variants in total (Fig.

1.28-h).

In 2015, Arnold and co-workers used computational reconstruction in combination with large-
scale MD simulations to engineer the nitrating P450 TxtE.%*> To better understand the
functional significance of the F/G loop (residues 176-183) of TxtE, which remained unresolved
in the crystal structure?®, homology reconstruction was carried out for the F/G loop with the
L-troptophan-bound WT TxtE structure, and MD simulations performed for the whole structure.
The simulated trajectories revealed that residue H176 was in direct contact with the substrate
through a tightly packed edge-to-face interaction. Site-directed mutagenesis was conducted at
the H176 residue and a few single variants were generated and tested. Of these, the H176F and
H176Y variants increased the binding affinity for L-tryptophan by 15- and 8-fold, respectively,

compared with the WT. Surprisingly, both variants also completely switched the product
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selectivity, showing >99% of 5-nitro-L-troptophan, while the WT gave 98% of 4-nitro-L-

troptophan (Fig. 1.28-c).

a. Reetz and co-workers, 2011 [168]

~10000 Variants tested

Testosterone (TST) 2B-hydroxy-TST 15B-hydroxy-TST
94% 96%
P450g)3/R471/T4A91/Y511/F87A P450g\3/R47Y/TA9F/V78L/A82M/F87A

b. Pleiss and co-workers, 2014 [234]

7 HO_ -
P450gM3 97% by P450gy3/A328V/L437F/A264V
—_—
None by WT P450gy3
29 Variants tested
(4R)-limonene Perillyl alcohol

c. Arnold and co-workers, 2016 [235]

5 2 OH
4 P450gy3 f
o ———~ O O
/ HN y/ <10 Variants tested
HN OH H-N OH
HoN OH H,N 2
L-tryptophan 4-Nitro-L-tryptophan 5-Nitro-L-tryptophan
98% 99%
WT P450 TxtE P450 TxtE/H176F/Y

d. Li and co-workers, 2022 [238]

OH
P4508ua 92% by P450gy3/LG-23/T438S
78% by P450gy3/LG-23
o} " 20 Variants tested
9-Dehydronandrolone 11a-hydroxy-9-Dehydronandrolone

Figure 1.28 Examples of P450 engineering utilising MD simulation and molecular docking as a guide to improve
enzymatic activity and product selectivity for target compounds.
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Pelletier and co-workers applied the adaptive biasing force (ABF) method to evaluate the
substrate binding path of palmitate with P450sms and therefore identify key residues.?” The
ABF method calculates the mean force along a reaction coordinate describing ligand binding
and applies an equal and opposite force at each point of this coordinate. This allows the ligand
to escape local energy minima and cross energy barrier in the free-energy landscape of the
reaction coordinate. Using this method, a single MD simulation of the palmitate-bound P450gm3
identified all the key residues known to be involved in fatty acid binding, demonstrating the
accuracy and utility of this approach. In addition, residue Q73, which previously not know to
be implicated in binding, was also identified. Molecular docking of a library of 29 palmitate
analogues with P450sm3 was then conducted. Catalytically relevant binding poses were
produced for the entire library. This approach is broadly applicable to predict binding hotspots
and has the potential to reduce screening efforts to tailor enzymes for selective functionalisation

of desirable products.

In 2022, Li and co-workers applied an in silico P450sm3 engineering, guided by MD simulation
and docking, for selective steroid oxidation.?®® The previously generated variant LG-23
(RATWIST2WIFTTY /N T8L/IF811/A82L/F87G/T88S/M177T/M185Q/L188Q/1209T/A328G/A
330W)'72 was a 11a-selective (78%) variant for 9-dehydronandrolone. MD-simulations and
molecular docking were then conducted, identifying G87, S88, T260, E267, T327, T438 and
L439 as substrate contact residues. Enzyme-substrate contacts in the productive binding mode
were compared with those in the non-productive poses. It was noticed that the T438 side chain
adopted an inward movement in the non-productive binding mode which abolished the crucial
hydrogen bond between the substrate and residues T327 and L439. Site-saturation mutagenesis
was the performed at the T438 residue of LG-23 to fine-tune the active pocket. Of these, the
LG-23/T438S variant showed greatly improved 11a-selectivity (92% from 78% by LG-23).

Only 20 variants were generated to achieved this (Fig. 1.28-d).
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To summarise, a few reports have demonstrated the successful applications of MD simulations
and molecular docking in P450 engineering, with significantly reduced screening efforts,
compared with traditional random mutagenesis or rational design methods. However, most of
these approaches remained substrate specific. More generally applicable techniques still await

to be established.

1.6 Thesis objective

1.6.1 Selective oxidation of cyclic amines

The overarching aim of this project is the selective remote functionalisation of saturated cyclic
amines by engineered P450gsm3 variants for applications in synthesis, in particular fragment
molecule diversification. Library screening with substrate engineering was first deployed to
identify key residues and most effective protecting groups for each substrate. Previous work
within the Wong and Robertson groups suggested that B-oxidation of mono-ring cyclic amines
is difficult to achieve using Boc as the protecting group. Cyclic amine derivatives are therefore
prepared and tested with five protecting groups: Boc (-tert-Butyloxycarbonyl), Ms (-
Methylsulfonyl), Ts (-Toluenesulfonyl), Tf (-Trifluoromethylsulfonyl), and Ips (-
Isopropylsulfonyl). These different derivatives were screened against the same panel of
P450sm3 variants and comparative GC analysis was conducted to identify key mutations and
selectivity profiles for each derivative. Docking guided mutagenesis was then explored to target
high regio- and enantio-selectivity for remote C-H activation products. The medium size mono-
ring amines azepane and azocane, the bicyclic amine 7-azabicyclo[2.2.1]heptane, and the
spirocyclic amine 8-azaspiro[5.4]decane are selected as model compounds to carry out these
combined strategies. Direct C-H hydroxylation of these molecules using engineered P450sm3

has not been reported.
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Chapter 2 describes the initial screen, substrate engineering, together with preliminary
mutagenesis for azepane and azocane. Medium to high selectivity for the remote
functionalisation products were observed. The Ips group is identified to be B oxidation-
promoting, while the Boc derivatives show high selectivity for y alcohols, for azepane and
azocane. Chapter 3 describes the systematic analysis of docking results of azepane and azocane
with selected variants. The docking-guided mutagenesis approach is explored where the
productive binding poses are overlaid with the non-productive ones or the poses for other
products to provide information for mutation design. Chapter 4 describes the P450sm3
engineering for selective oxidation of the bicyclic and spirocyclic substrates. The combined
strategies of library screening, substrate engineering and docking-guided mutagenesis were
deployed to achieve high enzymatic activity and product selectivity. For 8-azaspiro[5.4]decane,
advanced Mosher ester analysis and X-ray crystallography were explored to determine the

stereochemistry of the hydroxylation products.
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Chapter 2
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2. Azepane and azocane

2.1 Introduction

Azepane and azocane are the core structures of a wide range of natural products and synthesised
drugs that are used as insecticides, antibiotics, antifungal, antiviral, anticancer and anti-
inflammatory agents.®123%24 These medium size cyclic amines are increasingly applied in the
syntheses of new drugs or drug fragments.'*?% Selective functionalisation of these amines
provides alternative routes to these compounds with fewer steps and under mild conditions.
Scheme 2.1 exemplifies the potential applications of P450-mediated selective hydroxylation of
azepane and azocane in the synthesis for balanol and balasubramide, two clinically applied

drugs.
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Scheme 2.1 Potential synthetic routes for balanol and balasubramide through P450-mediated selective
hydroxylation of azepane and azocane.
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Direct functionalisation at the a positions of azepane and azocane could be accomplished using
the various methods described in 1.1.2. Wu and co-workers® applied two stereoselective
ketoreductases READH and ChKRED20 for production of both enantiomers of the - and y-
alcohols of azepane with high ee (up to 99%) from the respective ketones; however, this method
requires the ketones to be synthesised. There is currently no report on selective direct
hydroxylation at remote positions for azepane and azocane. This chapter explores the P450gm3
oxidation of azepane and azocane by library screening and rational design. Substrate
engineering is also deployed with the objective of achieving high selectivity for different

products while reducing mutagenesis and screening efforts.

The P450sm3 oxidation of N-Boc-azepane (1) has been previously studied within the Wong
group. Initial screening showed >50% conversion at a substrate-to-enzyme ratio of 2000:1

(TTN >1000) to a range of products, some of which were characterised.

2.2 Initial screening with N-Boc-azepane

At the beginning of this project, 1 was screened against the 48 variants in the initial library
(Table A2.1, Appendix A2.1). These variants are derived from five base variants, A330P, K19
(H171L/Q307H/N319Y), RP (R47L/Y51F/1401P), GVQ (A74G/F87V/L188Q), and RT2
(R47L/Y51F/A191T/N239H/1259V/A276T/L3531), which had been shown to have increased
activity for the oxidation of a wide range of organic compounds.’>164185174 Additional
mutations at 2—4 active site residues (S72, V78, F81, A82, F87, A184, 1263, A264, E267, A328,
A330, L437 and T438) were introduced (Fig. 2.1).7>83162163.165174-176 The 48 selected variants
in the initial library, as listed in Table A2.1, Appendix A2.1, contain different combinations of

mutations at these residues to generate diverse binding pocket topologies.
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Figure 2.1 The active site structure of N-palmitoylglycine (NPG)-bound P450sms and key amino acid residues.

Screening reactions (0.5 mL, 1 umol substrate) were carried out at a 2000: 1 substrate to enzyme
ratio (2 mM: 2 uM) in 200 mM phosphate buffer (pH 7.9) for 16 hours in 24-well plates.
Glucose (100 mM) and glucose dehydrogenase (GDH, 2 U/mL) were added to regenerate the
NADPH cofactor. NADP* (4 uM) was used to initiate the reaction. Reactions were analysed by
GC (Appendix A4.1.1 and A4.1.2). Variants showing good activity were used to conduct
preparative reactions with the same components as screenings but scaled up by volume (50 mL

to 1 L). Products were separated by silica gel column chromatography and characterised.

All major products of 1 were purified and fully characterised by NMR and MS data; these were
the y-alcohol 1a, the y-ketone 1b, the B-alcohol 1c, the B-ketone 1d, the a-alcohol 1e and its
ring-opening product 1f (Fig. 2.2). NMR spectra of these products are in line with literature

data and can be found in the appendices (Appendices A6 and A7).
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Figure 2.2 Products characterised from the initial screening of N-Boc-azepane, 1.
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Chiral GC analysis revealed high regio- and enantioselectivity for the y-alcohol 4-hydroxy-N-

Boc-azepane (l1a) for some variants. The absolute configuration for enantiomers was

determined by comparison of the [a]o with literature data (Table 2.1).° The highest (R)-

selectivity was produced by the variant RP/H171L/1263G/A330W at 70% of 1a and 75% ee for

(R)-1a (Table 2.2, Entry 7). The (S)-enantiomer was most favoured by the variant KU3/A330P,

giving 92% of 1a and 75% ee for (S)-1a (Table 2.2, Entry 1). On the other hand, selectivity for

the B-alcohol 1b, remained low, with R19/A330W/S72G being the most selective, affording

48% of 1c and 90% ee for (R)-1c (Table 2.2, Entry 16). The enantioselectivity for the 3-alcohol

product by other variants was not further analysed due to low regioselectivity.

Table 2.1 [a]o of oxidation products and the literature data for pure enantiomers.

Products  Variants ee [a]p?® Solvent Literature data

la +5.7° for R®
RLYF/HL/1263G/A330W  90%, R +5.2° CHCI3

y-alcohol —6.7° for S6

la +5.7° for R®
RT2/F81W 32%, S -1.8° CHCl3

y-alcohol —6.7° for S®

1c +33.6° for S
RT2/A330W 98%, R —-24.1° CHCI3

B-alcohol —32.4° for R

The data analysis revealed a few key mutations. The mutation A330P improved S-y-selectivity

to 92% of 1a and 74% ee for (S)-1a by the RT2/A330P variant (Entry 2, Table 2.2), from 39%

of 1a and 38% ee for (S)-1a by RT2 (Entry 12). The A330W mutation completely changed the
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product profile as R19/A330W/S72G gave the B-alcohol 1c as the major product (48% of 1c)

with 20% of the y-alcohol 1a (Entry 16), compared with RT2/A330P (2% of 1c and 91% of 1a;

Entry 2). The residue A330 sits in the active site opposite to F87 and mutations here may have

large effects on substrate binding orientation (Fig. 2.1). The mutation S72W brought the

preference back towards the S-y-alcohol as the R19/A330W/S72W variant gave 74% of 1a and

64% ee for (S)-1a (Entry 5), even though R19/A330W/S72G favoured 1c (Entry 16).

Table 2.2 Product distribution of selected highly active variants for 1 from the initial screening (substrate:enzyme

=2000:1).

Entry  Variants Conv. la b 1c 1d  le&if others

1 KU3/A330P 88% 92% (75% ee, S) - 4% - 2% -

2 RT2/A330P 90% 91% (74% ee, S) - 2% - 6% -
KU3/A330P/L437S 70% 90% (10% ee, S) - 3% - 5% -

4 R19/F871/L437LV 100% 85% (20% ee, S) - 14% 1% - -

5 R19/A330W/S72W 96% 74% (64% ee, S) - 11% - 15% -

6 KU3/A330P/A328I 54% 70% (65% ee, S) 1% 22% 2% 5% -

7 RP/H171L/1263G/A330W 50% 70% (75% ee, R) - 19% - 11% -

8 RP/A82M/I1263A 84% 69% (70% ee, S) 2% 24% 1% 4% -

9 R19/F871 97% 67% (60% ee, S) 1% 10% 2% 20% -

10 RP/H171L/1263G 61% 60% (74% ee, R) - 22% 1% 9% -

11 RT2/F81W 95% 54% (31% ee, S) 2% 21% - 23% -

12 RT2 93% 39% (38% ee, S) 1% 28% - 32% 2%

13 R19 86% 32% (50% ee, S) 1% 26% - 39% 2%

14 RP/H171L 89% 26% (18% ee, S) - 332% - 42% -

15 WT 40% 22% (20% ee, S) - 24% - 54% -

16 R19/A330W/S72G 93% 20% (60% ee, S) 1% 48% 1% 27% 3%

For the R enantiomer, the mutation 1263G promoted the selectivity to 60% of 1a and 74% ee

for (R)-1a by RP/H171L/1263G (Entry 10) from 26% of 1a and 18% ee for (S)-1a by RP/H171L

(Entry 14). The 1263G/A330W combination further improved the selectivity to 70% of 1a and

75% ee for (R)-1a by the variant RP/H171L/1263G/A330W (Entry 7). Another potential R-y-
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promoting mutation was L437S which, upon addition to KU3/A330P, dropped the ee for (S)-

1a from 75% (KU3/A330P) to 10% (KU3/A330P/L437S) (Entries 1 and 3).

The effective mutations were combined to seek further improvement of enantioselectivity. The
variants KU3/A330P/S72W, RT2/A330P/S72W and RP/H171L/1263G/A330W/L437S were
thus made and tested. KU3/A330P/S72W enhanced the S-y-selectivity to 90% of 1a and 84%
ee for (S)-1a (TTN = 8440). While the RP/H171L/1263G/A330W/L437S variant dramatically
improved R-y-selectivity to 90% of 1a and 90% ee for (R)-1a, with a TTN for (R)-1a of 10060
(Fig. 2.3). TTN is the total turnover number for the dominant enantiomer in Figure 2.3 and the

remainder of this thesis.
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Figure 2.3 Regioselectivity, ee, conversion and TTN (total turnover number for the dominant enantiomer) of
P450gwm3 variants for production of 1a. Grey bars represent the regioselectivity for 1a; Blue bars represent the ee
for (R)-1a; Red bars represent the ee for (S)-1a; Black lines with black dots represent TTN for the dominant
enantiomer of 1a; Dash lines with open circles represent conversion (substrate:enzyme = 12000:1).

However, selectivity for the p-alcohol product remained low (highest 48% by

R19/A330W/S72G; Entry 16, Table 2.2) and there was not enough data from the initial
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screening, to guide rational design to improve the selectivity. Therefore, screening against even

larger library or alternative approaches to engineer selectivity was required.

2.3 Substrate engineering for azepane

To address the issue of low B-selectivity, instead of conducting more exploratory mutagenesis
or screening, the approach of substrate engineering was utilised, whereby different modifying
groups or substituents for substrates are tested in order to alter the selectivity patterns without
further mutagenesis. Azepane derivatives were therefore prepared with four protecting groups:
Ms (-SO2CHg), Ts (-SO2-p-tolyl), Tf (-SO.CF3) and Ips [-SO.CH(CHz)2]. These derivatives
were then screened against the same panel of 48 variants as 1 (Initial library; Table A2.1,
Appendices A2.1) and product profiles and selectivity trends were analysed. Some further

mutagenesis was also conducted based on analysis of the experimental data.
2.3.1 N-Ms-azepane

The relevant initial screening and product characterisation of N-Ms-azepane 2 was carried out
by Dr. Xinxin Zhang of Jeremy Robertson’s group. 2 was a good substrate, with 23 out of 48
variants showing >50% conversion. There were only two products isolated and characterised:
the y alcohol 2a and the a alcohol 2b. From the initial screening, the o alcohol was the
predominant product: 21 out of the 23 active variants gave >70% of 2b, with K19/F87A/A82M
being the most selective at 91% (Entry 10, Table 2.3). Most of the key mutations in the initial
library, e.g., A184l (Entry 3), F87V (Entry 4), F81W (Entry 5), 1263A (Entry 6), A330W (Entry

7), F871 (Entry 8), F87A (Entry 9), and A81M (Entry 10), favoured o oxidation of 2.

The highest regioselectivity for the y alcohol 2a was observed with RP/H171L/1263G at 26%

(Entry 1). The KU3/A330P variant showed similar selectivity (24%) for 2a, and these two were
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the only ones across the initial screening that gave >20% regioselectivity for y oxidation. No 3

oxidation was identified. The N-Ms derivative was thus not pursued further.

Table 2.3 Product distribution of selected highly active variants for N-Ms-azepane 2 from the initial screening
(substrate:enzyme = 2000:1).

I\Ills I\I/Is I\I/Is
OH

2 2a 2b
Entry Variants Conv. 2a 2b others
1 RP/H171L/1263G 88% 26% 67% 7%
2 KU3/A330P 85% 24% 68% 8%
3 GV/A184l 90% 18% 82% -
4 GVQ 85% 16% 82% 2%
5 RT/F81W 96% 16% 84% -
6 RP/A82M/I263A 54% 12% 85% 3%
7 R19/A330W 70% 12% 88% -
8 R19/F87I 84% 10% 88% 2%
9 K19/F87A 97% 8% 90% 2%
10 K19/F87A/A82M 65% 6% 91% 3%

2.3.2 N-Ts-azepane

N-Ts-azepane (3) was a moderate substrate: there were 16 variants showing >50% conversion
from the initial screening. These gave two remote functionalisation products, the y alcohol 3a

and the B alcohol 3b, together with the a alcohol 3c.

The y alcohol was generally less favoured compared with the N-Boc derivative 1, with the
highest y-selectivity observed with the KU3/A330P variant at 56% of 3a (Entry 1, Table 2.4),
while the same variant gave 92% of the y alcohol 1a for 1 (Entry 1, Table 2.2). Variants
RP/H171L/1263G (55% of 3a; Entry 2, Table 2.4) and RP/A82M/1263A (51%; Entry 3, Table

2.4) also showed >50% regioselectivity for 3a. The 1263G mutation was very effective to
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promote y oxidation as demonstrated by the comparison between R19/F87A/1263G (40% of 3a;
Entry 4, Table 2.4) and R19/F87A (5% of 3a; Entry 5). The combination KU3/A330P/1263G

could lead to even higher selectivity for 3a.

Table 2.4 Product distribution of selected highly active variants for N-Ts-azepane 3 from the initial screening
(substrate:enzyme = 2000:1).

Ts Ts Ts Ts
N P450gy3 lll lll lll OH
- =
O =0 0.0
OH

3 3a 3b 3c
Entry Variants Conv. 3a 3b 3c others
1 KU3/A330P 70% 56% 25% 19% -
2 RP/H171L/1263G 75% 55% 25% 20% -
3 RP/A82M/I263A 80% 52% 27% 21% -
4 R19/F87A/I1263G 85% 40% 35% 23% 3%
5 R19/F87A 54% 5% 15% 80% -
6 R19 70% 30% 40% 28% 2%
7 RT2 64% 22% 47% 26% 5%
8 K19/F87V 80% 22% 50% 24% 4%
9 R19/A330W 80% 30% 55% 10% 5%
10 R19/A330W/S72G 65% 20% 60% 17% -

The B alcohol was most favoured by the R19/A330W/S72G variant, giving 60% of 3b (Entry
10, Table 2.4). This regioselectivity was higher than the highest B selectivity observed with the
N-Boc derivative 1 at 48% by the same variant (Entry 16, Table 2.2). Variants R19/A330W
(Entry 9, Table 2.4) and K19/F87V (Entry 8, Table 2.4) also showed >50% regioselectivity for

3b. The combination R19/A330W/S72G/F87V might further improve 3 selectivity.

2.3.3 N-Tf-azepane

High activity was observed across the initial screening for N-Tf-azepane (4), with 42 out of 48

variants from the library showing >50% conversion. Two major products were characterised:
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the y alcohol 4a and the a alcohol 4b. As with the N-Boc derivative, the y oxidation products

4a was predominant in the initial screening; 24 variants showed >50% regioselectivity for the

v alcohol, with the RP/H171L/1263G variant giving 94% of 4a as the highest (Entry 1, Table

2.5). Variants KU3/A330P (Entry 2), R19/A330W/S72G (Entry 3), R19/F87A/1263G (Entry 4),

and RP/A82M/1263A (Entry 5) also gave >80% of 4a. On the other hand, the a alcohol was

most favoured by the R19/F87A variant (80% of 4b; Entry 10). Other highly a selective variants

included GV/A1841 (70% of 4b; Entry 9) and R19/F871 (62%; Entry 8). N-Tf-azepane (4) was

not further investigated since no B oxidation was observed, and high selectivity for y alcohol

has been observed with 1.

Table 2.5 Product distribution of selected highly active variants for N-Tf-azepane 4 from the initial screening

(substrate:enzyme = 2000:1).

Tt T I
N o  P450gy; N N._OH
OO
! OH

4 4a 4b
Entry  Variants Conv. da 4b others
1 RP/H171L/1263G 80% 94% 3% 3%
2 KU3/A330P 85% 91% 5% 4%
3 R19/A330W/S72G 60% 90% 8% 2%
4 R19/F87A/1263G 70% 85% 15% -
5 RP/A82M/I263A 54% 80% 15% 5%
6 WT 54% 60% 35% 5%
7 R19/A330W 70% 45% 50% 5%
8 R19/F87I 84% 35% 62% 3%
9 GV/A184lI 80% 20% 70% 10%
10 R19/F87A 75% 10% 80% 10%
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2.3.4 N-Ips-azepane

N-Ips-azepane (5) was a relatively poor substrate for P450sm3, compared with the N-Boc- (1)
and N-Tf- (4) derivatives. Of the panel of 48 variants, 16 showed >50% conversion. All possible
remote functionalisation products were characterised: the y-alcohol 5a, the y-ketone 5b, the 3-

alcohol 5c, and the B-ketone 5d. The a-alcohol 5e was also formed (Fig. 2.4).

Ips Ips Ips Ips Ips Ips
N P450gu3 N N N N N._OH
—_—
OH o
OH O
5 5a 5b 5c 5d 5e

Figure 2.4 Products characterised from initial screening of N-Ips-azepane 5.

From the initial screening, the mutation F87A favoured a-oxidation: R19/F87A gave 90% of
the a-alcohol 5e (Entry 16, Table 2.6). The mutations A330P and 1263G showed great
preference for y-oxidation as the KU3/A330P gave 92% of the y-alcohol 5a (Entry 14) and the
single mutation variant 1263G afforded 97% 5a (Entry 15). The mutation F87V promoted [3-
oxidation: variants GVQ (67% of the B-alcohol 5c) and RP/F87V (64% of 5c¢) both showed
high B-selectivity (Entries 3 and 5). Furthermore, the variant K19/F87V/1263G favoured (-

oxidation (65% of 5c), despite the y-oxidation preference of the mutation 1263G (Entry 4).

In general, compared with the other four derivatives, 5 showed significant selectivity for (-
hydroxylation, with 11 out of the 16 highly active variants giving >50% of the -alcohol 5¢
(Table 2.6). The highest regioselectivity for 5¢ was produced by the variant GVQ/1263G at 70%
(Entry 1, Table 2.6), an increase of 10% compared with the highest of 60% by

R19/A330W/S72G with the N-Ts derivative 3 (Entry 10, Table 2.4).
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Table 2.6 Product distribution of the 16 variants showing >50% conversion for 5 from initial screening
(substrate:enzyme = 2000:1). A denotes other unknown products.

Entry  Variants Conv. 5c 5d 5a 5b 5e A
1 GVQ/1263G 63% 70% (60% ee, S) - 7% 3% 6% -
2 GVQ/1263G/A328I 58% 68% - 22% 1% 9% -
3 GVQ 67% 67% (75% ee, R)  — 10% 7%  14% 2%
4 K19/F87V/1263G 75% 65% - 14% 8% 11% 2%
5 RP/F87V 89% 64% 2% 17% 6% 11% 1%
6 R19/A330W 71% 60% (95% ee, R) 2% 16% 8% 14% 2%
7 K19/F87V/P329G/A330W 97% 52% - 18% 3% 27% -
8 RP/H171L/1263G/F87V 100% 51% 2% 17% 20% 9% 1%
9 GVQ/A328G 58% 51% (43% ee, S) - 15% 3% 27% 4%
10 GV/A1841/1263G 65% 50% (61% ee, S) 2% 15% 29% 2% 2%
11 GV/A184I 93% 50% - 15% 17% 16% 2%
12 RP/S72G 85% 50% (65% ee, R) - 20% 1% 29% -
13 GAQ/1263G 97% 38% 2% 19% 1% 38% -
14 KU3/A330P 100% 8% - 2% - - -
15 1263G 98% 3% - 97% - - -
16 R19/F87A 93% 3% - 4% - 90% 2%

Chiral phase GC analysis was performed for P450sm3 oxidation products of 5 to determine the
enantioselectivity of each variant. Moderate selectivity for both enantiomers were observed:
high R-B-selectivity was produced by the variants GVQ [67% of 5¢ and 75% ee for (R)-5c] and
R19/A330W [60% of 5¢ and 95% ee for (R)-5c] (Table 2.7). The S-enantiomer was most
favoured by GVQ/1263G at 70% of 5c and 60% ee for (S)-5¢ (Table 2.7). For the N-Boc
derivative 1, the highest pB-selectivity was displayed by the variant R19/A330W at 48% of 1c
and 92% ee for (R)-5c. No S-B-favouring variant was found for 1, as chiral phase GC analysis
was not performed due to low regioselectivity. Variants GVQ and GVQ/1263G both showed

little B-oxidation of 1(Table 2.7).
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Table 2.7 Selectivity for B-oxidation of some variants for N-Boc- and N-Ips-azepane

N-Boc-azepane, 1 N-Ips-azepane, 5
Variants

%1c ee %5¢ ee
GVQ 4% - 67% 75%, R
R19/A330W 48% 92%, R 60% 95%, R
GVQ/1263G 6% - 70% 60%, S

2.3.4 Further mutagenesis for selective p-oxidation of N-I1ps-azepane

Among the five derivatives tested, N-Ips-azepane (5) was selected for further investigation to

achieve high regio- and enantioselectivity for B-functionalisation of azepane.

The selectivity data from initial screening revealed some key mutations, e.g., F87V, S72G and
A330W (Entries 3, 12 and 6, Table 2.6), that improved selectivity for the p-alcohol 5c¢ and
showed preference for the R-isomer: the variant GVQ gave 67% of 5c at 75% ee for (R)-5¢
(Entry 3), compared with the precursor variant GQ which showed no conversion at all. The
same trend was observed from the comparison between the variants RP/S72G [50% of 5c and
65% ee for (R)-5¢; Entry 12] and RP (no conversion) and between RT2/A330W [60% of 5¢ and
95% ee for (R)-5c; Entry 6] and RT2 (no conversion). Combination of these effective mutations
were then tested (Fig. 2.5). Among these, the variant GVQ/A330W increased selectivity to 82%
of 5¢ and 90% ee for (R)-5¢ (TTN = 1250), and VQ/S72G/A330W showed the highest R-3-

selectivity at 91% of 5¢ and 96% ee for (R)-5¢ (ON = 1320) (Fig. 2.5).

High selectivity for the S enantiomer was observed to be promoted by the mutations 1263G and
A328G. The 1263G mutation led to a striking inversion of enantioselectivity, with GVQ/1263G
giving 60% ee for (S)-5c (Entry 1, Table 2.6), compared to 75% ee for (R)-5¢ by GVQ (Entry
3). The mutation A328G showed similar effect: the variant GVQ/A328G affording 51% of 5¢

with 43% ee for S (Entry 9). The GVQ/1263G/A328G variant was attempted to be made to
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combine these effective mutations. However, this variant failed to express, instead, the
GV/A1841/1263G/A328G variant was generated and found to give higher S-p-selectivity at 76%
5c and 79% ee for (S)-5¢ (TTN = 430). Since the variant GV/A1841/1263G gave 65% 5c at 61%
ee for (S)-bc, the mutation A328G was also important for S-p-selectivity in

GV/A1841/1263G/A328G (Fig. 2.5).

100% - r 1400

90% -
- 1200
80% -

70% A F 1000

60% 1 L 800
50% -
20% L 600

30% - - 400
20% -
- 200
10% A

0% -

%5c mmmmmmece --O-- Conversion (%) —— TTN

Figure 2.5 Regioselectivity, ee, conversion and TTN (total turnover number for the dominant enantiomer) of
P450gm3 variants for production of 5¢. Grey bars represent the regioselectivity for 5¢; Blue bars represent the ee
for (R)-5c; Red bars represent the ee for (S)-5¢; Black lines with black dots represent TTN for the dominant
enantiomer of 5¢; Dash lines with open circles represent conversion (substrate:enzyme = 2000:1).

2.3.5 Summary of substrate engineering for azepane oxidation

The substrate engineering approach led to significant improvements in activity and selectivity
by the same panel of 48 variants. Among the five derivatives tested, N-Boc- and N-Tf-azepane
were good substrates for P450sm3, with 40 and 42 variants out of 48, respectively, showing >50%

conversion. The other three derivatives showed lower conversion generally, with 23 variants
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for N-Ms-azepane, 16 for N-Ts-azepane, and 16 for N-Ips-azepane showing >50% conversion

(Table 2.8).

Table 2.8 Number of variants showing oxidation at each position for each protected derivative of azepane upon the
initial screening. Each derivative was tested using the same 48 variants in the initial library. Pro-a denotes variant
showing >50% selectivity for the a alcohol product, etc.

Derivative No. Pro-a No. Pro-B No. Pro-y others NO', active
variants
N-Boc 8 2 24 6 40
R N-Ms 21 0 0 2 23
I
N
N-Tf 12 0 24 6 42
N-Ips 2 11 3 0 16

The N-Boc- and N-Tf- derivatives showed mostly y-hydroxylation, the N-Ms derivative showed
predominantly a-hydroxylation, whereas the N-Ts derivative showed no preference for
oxidation at any position. The N-Ips derivative showed significant selectivity for [-
hydroxylation, with 11 variants of the enzyme panel giving >50% of the [3-alcohol 5¢ (Table
2.8). This provided alternative solution to tackle the issue of low selectivity for -hydroxylation

of azepane.

The data analysis revealed some key mutations (Fig. 2.6). The mutation F87A gave dominantly
a-oxidation for both N-Boc-azepane 1 and N-Ips-azepane 5; F87V promoted B-oxidation and
favoured the (R)-enantiomer for N-Ips-azepane but gave mainly a-oxidation for the N-Boc-
derivative. The F87V/1263G combination switched the preference towards (S)-p-oxidation for

N-Ips-azepane. The A330W mutation favoured (R)-B-oxidation for both derivatives (Fig. 2.6).

For the y-oxidation products, the mutation 1263G showed high selectivity for the (R)-y-alcohols

for both N-Boc- and N-Ips-azepane. The combinations 1263G/A330W and
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1263G/A330W/L437S led to improvements on the (R)-y-selectivity. The mutations A330P and

S72W promoted the (S)-enantiomer for N-Boc-azepane (Fig. 2.6).

Boc . Ips
lll a: ! a:
" FETA “" F87A, F87V, F87V/I263G
~ B: . B:
1 R: A330W 5 R: A330W
/ S: F87V, F87V/1263G / ’
Y y:
R:1263G, A330W, L437S R: 1263G, A330W, L437S
S: A330P, S72W S: A330P, S72W

Figure 2.6 Key mutations that favoured products for N-Boc-azepane 1 and N-Ips-azepane 5.

2.4 Azocane oxidation

2.4.1 N-Boc-azocane

The effective variants generated in the azepane work were added to the initial library and some
previous ones removed, leading to a refined library (Table A2.2, Appendices A2.1). N-Boc-
azocane 6 was synthesised and tested against this refined library of 48 variants. High enzymatic
activity was observed across the screening, with 30 out of the 48 variants showing >50%
conversion at a 2000:1 substrate-to-enzyme ratio. Two remote functionalisation products, the &
alcohol 6a and the y alcohol 6b, together with the o alcohol 6¢, were characterised (Table 2.9).
Chiral GC analysis revealed high regio- and enantio-selectivity for the y oxidation product 6b.
Since specific rotation data for 6b was not available, the stereochemistry was not determined.
However, tentative assignments were made by comparing the specific rotation of products for
N-Boc-azepane 1 and N-Boc-azocane 6. Product 6b generated by the KU3/A330P/S72W

variant (Ja.]Jo = —9.2) was tentatively assigned as the (S)-y alcohol, as the y alcohol 1a produced

64



by the same variant (84% ee for S) showed a [a]o of —5.0 (Table A3.1, Appendix A3.1). The y
alcohol 6b from RLYF/1263G/A330P ([a]o = +11.9) was assigned as (R)-y in comparison with
lafrom RLYF/H171L/1263G/A330W (90% ee for R, [a.]o=+5.2; Table A3.1, Appendix A3.1).
Stereochemistry and enantioselectivity of products from other variants were determined by

comparative chiral GC analysis using these two as reference.

Similar as the observation with 1, y oxidation dominated the initial screening of 6, with 25 out
of the 30 active variants showing >50% regioselectivity for 6b. The S-y alcohol was most
favoured by the KU3/A330P/S72W variant, giving 74% of 6b and 77% ee (Entry 10, Table
2.9). Mutations F871 (75% ee; Entry 8) and A330W (67% ee; Entry 7) also showed S-y-
promoting effect, although both reduced the regioselectivity, to 45% and 36%, respectively.
The addition of F871 to the KU3/A330P/S72W variant could lead to further improved ee for S,

likely with the trade-off of decreased regioselectivity for 6b.

The highest R-selectivity was observed with the RLYF/1263G/A330P, at 90% of 6b and 98%
ee (Entry 1, Table 2.9). The 1263G mutation was highly R-y-promoting, with RP/H171L/1263G
giving 67% of 6b and 95% ee. It was worth noting that the addition of 1263G to the S-selective
variant KU3/A330P (72% of 6b and 70% ee for S; Entry 9) resulted in inversion of
enantioselectivity to 96% ee for R by the KU3/A330P/1263G variant (Entry 3), while keeping
the regioselectivity at 70% of 6b. The S72G mutation also increased R-y-selectivity as its
addition to the RP/H171L/1263G variant (67% of 6b and 95% ee for R; Entry 4) improved both
the regio- and enantioselectivity to 75% of 6b and 98% ee for R by RP/H171L/1263G/S72G
(Entry 2). The RLYF/1263G/A330P/S72G variant might show further increased selectivity for

R-6b.
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Table 2.9 Product distribution of selected highly active variants for N-Ts-azepane 3 from the initial screening
(substrate:enzyme = 2000:1).

Boc Boc Boc Boc

1 I I | oH

NS* P450gy, N N N

=0 Q O
Y

° OH or

6 6a 6b 6¢c
Entry Variants Conv. 6a 6b 6¢c others
1 RLYF/I263G/A330P 90% 10% 90% (98% ee, R) - -
2 RP/H171L/1263G/S72G 75% 18% 75% (98% ee, R) 7% -

KU3/A330P/1263G 60% 28% 70% (96% ee, R) 5% -

4 RP/H171L/1263G 80% 28% 67% (95% ee, R) 5% -
5 WT 54% 35% 26% (N.D.) 32% 7%
6 R19/F87A 90% 22% 30% (N.D.) 45% 2%
7 R19/A330W 65% 34% 36% (67% ee, S) 28% 2%
8 R19/F87I 70% 32% 45% (75% ee, S) 16% 6%
9 KU3/A330P 80% 20% 72% (70% ee, S) 8% -
10 KU3/A330P/S72W 65% 17% 74% (77% ee, S) 17% -

The 8 alcohol was most favoured by WT P450swms, giving 35% of 6a (Entry 5, Table 2.9). This
could potentially be related to the fact that WT catalyses the terminal oxidation of fatty acids.
The highest regioselectivity for the a alcohol was displayed by the R19/F87A variant at 45%
of 6¢ (Entry 6). Since no P alcohol was characterised throughout the screening with the refined

library, substrate engineering was deployed to alter the selectivity patterns.
2.4.2 N-Ips-azocane

To address the issue with -selectivity, N-Ips-azocane 7 was prepared and studied, based on the
results from the azepane work that the N-Ips derivative revealed high B-preference. Similar to
N-Ips-azepane 5, 7 was a poor substrate for P450 oxidation, with only 10 variants out of the 48

from the refined library showing >50% conversion. All three remote hydroxylation products,
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the & alcohol 7a, the y alcohol 7b, and the B alcohol 7c, together with the a alcohol 7d, were

characterised (Table 2.10).

Compared with the N-Boc analogue 6, significant preference for the p oxidation product was
observed with the N-Ips derivative 7; six variants, R19/A330W/S72A (85%),
R19/A330W/S72G (84%), GV/A1841/1263G/A328G (74%), GVQ/1263A/A328G (67%),
GVQ/1263G (66%), and GV/A1841/1263G (60%), showed >50% regioselectivity for 7c
(Entries 1-6, Table 2.10). The y alcohol 7b was most favoured by the KU3/A330P/S72W
variant at 60% selectivity (Entry 10). The highest selectivity for the symmetric, 6 oxidation
product was observed with the R19/A328L/1263G variant at 95% of 7a (Entry 11). The a
alcohol was most favoured by the R19/F87A (75% of 7d; Entry 8), as found with azepane

derivatives and N-Boc-azocane,

Table 2.10 Product distribution of selected variants for N-Ips-azocane 7 from the initial screening
(substrate:enzyme = 2000:1).

5 b e ” o
P OH
Y
® OH or
7 7a 7b 7c 7d
Entry Variants Conv. 7a 7b 7c 7d others
1 R19/A330W/S72A 60% 10% 5% 85% - -
2 R19/A330W/S72G 55% 9% 7% 84% - -
3 GV/A1841/1263G/A328G 25% 11% 8% 74% 5% -
4 GVQ/I263A/A328G 80% 18% 5% 67% 10% -
5 GVQ/I1263G 54% 17% 8% 66% 9% -
6 GV/A1841/1263G 60% 18% 10% 60% 12% -
7 GVQ/A330W 65% 20% 12% 35% 31% 2%
8 R19/F87A 80% 14% 4% 2% 75% 5%
9 RP/H171L/1263G 70% 25% 45% 15% 9% 6%
10 KU3/A330P/S72W 65% 28% 60% 10% 2% -
11 R19/A328L/1263G 60% 95% 5% - - -
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Stereochemistry and enantioselectivity analysis were then carried out for the 3 alcohol 7c. No
literature specific rotation data could be found for 7c. However, single crystals of 7c were
successfully obtained using the vapour diffusion method: purified 7c (10 mg) was dissolved in
ethyl acetate (~500 pL) in a small vial, which was placed into a larger container filled with
hexane. The larger container was sealed and left still for several days to afford colourless
crystals. This enabled X-ray crystallographic study of 7c to determine the absolute
configuration. X-ray diffraction data was collected and analysed by Dr. Kirsten Christensen of
the Department of Chemistry, University of Oxford. The major enantiomer of alcohol 7c
produced by the R19/A330W/S72A variant was determined to have an (R)-configuration
(Figure 2.7 and Table A3.2, Appendices A3.2). The chiral GC analysis for this sample was used
as reference to assign the stereochemistry and enantioselectivity for 7c produced by other

variants.

Figure 2.7 The ellipsoid plot for the crystal structure of 6¢ produced by R19/A330W/S72A, as analysed from the X-
ray diffraction data of the single crystal. This alcohol product is determined as the (R)-enantiomer.

Chiral GC analysis revealed high regio- and enantioselectivity for 7c. The R-f3 alcohol was most

favoured by the R19/A330W/S72A and R19/A330W/S72G variants, each giving ~85% of 7c
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at 99% ee (Entries 1 and 2, Figure 2.8). The F87V mutation decreased selectivity for B alcohol
but maintained the ee for R, with the GVQ/A330W variant giving 35% of 7c and 90% ee (Entry
3). By contrast, the 1263G mutation improved regioselectivity but decreased ee for R, with the
GVQ/1263G variant showing 66% of 7c and 20% ee (Entry 4). The A1841 mutation further
decreased ee for R while maintaining the regioselectivity: the GVV/A1841/1263G variant gave
60% of 7c and 12% ee (Entry 5). Finally, addition of an A328G mutation to GV/A1841/1263G
completely switched the enantioselectivity to S while increasing regioselectivity for B, with the
GV/A1841/1263G/A328G variant affording 74% of 7c and 77% ee for S-the highest S-B

selectivity in the initial screening (Entry 8).

Entry
R19/S72A/A330W 1
R19/S72G/A330W 2 ————————
GVOQIA330W 3
GVQ/I263G 4 S
GVIA1841/1263G 5 .
WT 6
GVQ/I263A/A328G I—
GVIAL841/1263G/A328G ——— o

-100% -80% -60% -40% -20% 0% 20% 40% 60% 80% 100%

Humee (%) % 8a

Figure 2.8 Regio- and enantio-selectivity for (R)- and (S)-6¢ of P450swm3 variants from the initial screen. Positive
values represent selectivity for (R)-8b. Negative values represent selectivity for (S)-8b.
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2.5 Summary for azepane and azocane

The combined strategy of library screening and substrate engineering led to medium to high
regio- and enantio-selectivity for all remote hydroxylation products of azepane and azocane.
Similar selectivity trends were observed with both substrates. The N-Boc derivatives of both
azepane (1) and azocane (6) revealed preferences for y-oxidation upon screening with the initial
library. The highest S-y-selectivity was observed with KU3/A330P/S72W at 90% of 1a and 84%
ee for 1, and with the same variant at 74% of 6b and 77% ee for 6. The R-y alcohol was most
favoured by the RLYF/H171L/1263G/A330W/L437S variant at 90% of 1a and 90% ee for 1,
and by RLYF/1263G/A330P at 90% of 6b and 98% ee for 6. However, low B-selectivity was
observed with N-Boc-azepane (highest at 48% regioselectivity by the R19/A330W/S72G

variant), and no B oxidation was observed for N-Boc-azocane.

Substrate engineering was then deployed with the objective to alter the selectivity patterns of
the 48 enzymes in the variant library. To this end, the N-Ms, N-Ts, N-Tf, and N-
isopropylsulfonyl (N-Ips) derivatives of azepane were tested against the initial library. Different
selectivity trends were observed for these derivatives against the same library of variants: the
N-Ms derivative showed predominantly o oxidation, the N-Ts derivative showed no preference
for any position and low selectivity, the N-Tf derivative favoured the y alcohol, and the N-Ips
derivative demonstrated significant preference for [ oxidation. N-Ips-azocane was then
prepared and tested, revealing similar B-preference. The highest R-B-selectivity was afforded
by the VQ/S72G/A330W variant at 91% of 5b and 96% ee for N-Ips-azepane 5, and by
R19/A330W/S72A at 85% of 7c and 99% ee for N-Ips-azocane 7. The S-enantiomer was most
favoured by the GVV/A1841/1263G/A328G variant at 76% of 5¢ and 79% ee for the azepane N-
Ips-derivative 5, and the same variant gave 74% of 7c and 77% ee for N-Ips-azocane 7 (Fig.

2.9).
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Figure 2.9 Highest selectivity and TTN achieved for all remote oxidation products of azepane and azocane and
relevant variants by library screening and substrate engineering. Marked in red are the product for which further
improvement in enantioselectivity is required.

High regio- and enantioselectivity were achieved for most of the remote oxidation products,

except for the S-p alcohol for azepane and the S-y and S-B alcohols for azocane (Fig. 2.9). To

address these, a docking-guided mutagenesis approach was explored to gain insight into

substate-enzyme binding interactions which might be important for mutation design and to

reduce the screening effort often required for random mutagenesis.
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3. Docking-guided mutagenesis for azepane and

azocane oxidation

3.1 Introduction

To date, in enzyme engineering, MD simulations and molecular docking have been mainly used
as a tool to investigate the origin of selectivity changes caused by effective mutations. A few
reports have explored the application of these to guide mutation design, mostly focusing on
identifying key residues or conformational changes upon substrate binding.1’>176:235-237 There
have been no report in the use of docking to guide P450sm3 engineering to improve

enantioselectivity for hydroxylation of cyclic amines.

This chapter explores the docking analysis for azepane and azocane with relevant selective
variants and the potential application in mutation design. The MD simulations of variant
structures were performed in GROMACS 2018.6%** and docking calculations were conducted
using Autodock Vina??° or Autodock Flexible Receptors (ADFR),??! as described in 5.5.1 and
5.5.2. The simulation structures were firstly checked for stability throughout the simulation
before docking calculations. All binding poses were analysed to gain insight of the binding
preferences predicted by the docking calculations. The productive binding poses, which
indicated the oxidation product as experimentally observed, were then overlaid with binding
poses that indicated other products or were non-productive as the substrate was bound too far
away from the ferryl oxygen. Mutations were then proposed such that they could interfere with
these other binding poses without affecting the productive poses. The proposed variants were
then tested experimentally, and the most effective ones used as template for further rounds of
docking analysis and mutation design. The main objectives were to improve regio- and enantio-

selectivity as well as enzymatic activity for the oxidation of azepane and azocane.
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3.2 Initial docking study for azepane

3.2.1 Docking analysis with the VQ/S72G/A330W variant

3.2.1.1 MD simulations for the VQ/S72G/A330W variant

The VQ/S72G/A330W variant, which gave 91% of the 3 alcohol 5¢ and 96% ee for (R)-5c, was

selected as the first target to perform docking studies. This variant was a good candidate for a

benchmarking study because it showed the highest enantioselectivity among the best variants

for all four enantiomers of the remote hydroxylation products of azepane (Table 3.1).

Table 3.1 Best variants and selectivity for all four enantiomers of the remote hydroxylation products of azepane.

Products

Variant

Regioselectivity

ee

TTN

(R)-y-ol, (R)-1a
(S)-y-ol, (S)-1a
(R)-B-ol, (R)-5¢

(S)-p-ol, (S)-5¢

RP/H171L/1263G/A330W/L437S
KU3/A330P/S72W
VQ/S72G/A330W

GV/A1841/1263G/A328G

90%

90%

91%

76%

90%,
84%,
96%,

79%,

10060

8440

1070

290

Molecular dynamics (MD) simulation structures of the VQ/S72G/A330W variant were

generated in three replicas following the protocol described in 5.5.1. The RMSD of Ca atoms

of all the recorded structures throughout the 100-ns simulation runs for all three replicas were

1-2 A (Fig. 3.1) which showed that, during each replica simulation, most of the record

conformations only had small deviations from one another. This indicated that, although they

might not necessarily closely resemble the actual structure in solution, the structures generated

from all three simulations were stable. These structures were then clustered following the

procedure described in 5.5.1, leading to seven clusters which constituted >90% of the total

population for each of the three replica simulations (Table 3.2).
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Figure 3.1. RMSD of Ca atoms of all recorded structures for each replica of the VQ/S72G/A330W variant during
the three replica 100-ns MD simulations.

Table 3.2 Cluster population of the three replica MD simulation structures of VQ/S72G/A330W.

Replica Cluster
Replica 1 C1(8592)
C2 (853)
Replica 2 C1(8339)
C2 (965)
Replica 3 C1 (6042)
C2 (1559)
C3(1413)

The structures of the central member of each of these seven clusters were overlaid and compared
for structural variations. The central members of the two clusters from replica 1 (R1C1 and
R1C2) aligned well, with small deviations in the loop regions between helices, e.g., the D/E,
E/F, F/G and K'/L loops (Fig. 3.2). Similarly, the two clusters from replica 2 and the three
clusters from replica 3 all aligned well with their counterparts from the same replica. The central
members of the most populated cluster from each replica (R1C1, R2C1 and R3C1) were then
overlaid, revealing more deviations in the loop regions, especially in the D/E and K'/L loops.

Notably, however, the major helices were well-aligned (Fig. 3.3).
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Figure 3.2. Overlay of central member of R1C1 (cyan) and R1C2 (salmon) of MD-simulated structures of
VQ/S72G/A330W. Circles highlight loop regions showing the largest deviations between cluster structures (central
member).

E/F loop

K'/L loop ~ ~ =

Figure 3.3. Overlay of the structures of central member of the most populated clusters from 3 replica simulations
of the structure of the VQ/S72G/A330W variant. Circles highlight loop regions showing the largest deviations
between replicas. R1C1 (cyan), R2C1 (red) and R3C1 (orange).
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Changes in the local environment surrounding the mutated residues were then analysed between
central members of R1C1, R2C1 and R3C1; structures of RXxCy (cluster y of replica x) refer to
structures of central member of RxCy for throughout the thesis. R1C1 and R2C1 showed closer
structural alignment, with most of the residues aligning well (Fig. 3.5). For residues such as
L75, V87, Q188 and 1263, the main chains from R1C1 and R2C1 lined up but the side chains
showed different rotamer conformations. For the W330 residue, there was a shift of the entire
residue between R1C1 and R2C1, albeit mostly by less than 1 A (Fig. 3.5). R3C1 showed more
deviations from the other two counterparts, though most of the residues still aligned well with
R1C1 and R2C1. Again, the W330 residue showed the most significant deviation. In R3C1, its
indole side chain pointed towards the | helix, whereas in R1C1 and R2C1 the side chain faced
the F helix (Fig. 3.5). Since the main chains of W330 across all clusters aligned well, these
deviations likely reflected the flexibility of the W330 side chain. The diversity in W330 side-
chain orientation might help expand the scope of the Autodock Vina analysis as the rigid body

docking routine in Vina did not allow any flexibility of residue side chains.

F helix

B’ helix

G72 V4

I helix

Figure 3.5. Overlay of selected residues and helices from central member of R1C1 (cyan), R2C1 (red) and R3C1
(orange) of MD-simulated structures of VQ/S72G/A330W.
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The WT structure was then overlaid with these clustered structures for comparison. The main
differences were around the mutated residues. The Q188 residue in the simulated structures was
located closer to the haem group than the L188 in WT, rendering the binding pocket more
constrained in the variant. The main chain of A330 in WT aligned well with W330 in the
simulated structures but the bulky indole side chain of W330 significantly restricted the binding
pocket. On the other hand, the absence of the phenyl group in V87 in the mutant created space
for substrate binding. The changes at residues 87 and 330 would have significant effects on
substrate binding and therefore product selectivity as they reshaped the active site pocket (Fig.

3.6).

F helix
L188

0188

“X

N\

| helix

Figure 3.6. Overlay of selected residues and helices from central member of R1C1 (cyan), R2C1 (red) and R3C1
(orange) of MD-simulated structures of VQ/S72G/A330W, together with the WT structure (purple).

3.2.1.2 Docking poses of N-Ips-azepane (5) with the VQ/S72G/A330W variant

Substrate 5 was docked with the seven clusters by Autodock Vina which generated an output

of the nine lowest affinity energy poses for each docking calculation. Among the 63 poses
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generated from the docking runs, there were 18 productive poses, nine indicating (R)-p
oxidation of the substrate, three for (S)-p oxidation, four for o oxidation and two for y oxidation.
Among the 45 non-productive (NP) poses, 30 indicated oxidation of the isopropyl modifying
group and 15 were bound too far away for oxidation, i.e., all carbon centres were more than 4.2
A from the ferryl oxygen (Table 3.3). Surprisingly, the NP poses were dominant across all
output poses (45 out of 63). It was hypothesised that this might be correlated to the lower
turnover number for the oxidation of 5 by this variant. To explore this further, N-Boc-azepane
(1) was docked with this variant and the output compared with that for N-Ips-azepane (5). These
substrates are similar in structure but the turnover number of 1200 for the oxidation of 5 was
significantly lower than that (2000) for 1. Docking of N-Boc-azepane showed fewer NP poses,
at 31 out of 63, compared with 45 out of 63 by for the N-Ips derivative 5 (Table 3.3). This
supported the hypothesis that the number of NP poses observed from docking runs could reflect

enzymatic activity.

Table 3.3 Pose distribution of the docking of substrates 1 and 5 with the MD-simulated structure of
VQ/IS72G/A330W.

?‘.l_'_ll_'?\ls':aiggg;‘e‘ > ProRB Pro-S-g Pro-a Pro-y :\Fl)c;n productlvzther
9 3 4 2 30 15
Sub-total Productive: 18 Non-productive: 45
?{Eﬁ:{;%%%?ne’ L Pro-R-8 Pro-S-B Pro-a Pro-y Boc- Other
3 5 14 10 19 12
Sub-total Productive: 32 Non-productive: 31

Of the productive poses for N-Ips-azepane, the (R)-p poses were the most populated (9 out of
18), which was in line with the experimental observation that the (R)-p alcohol 5¢ was the
dominant product. However, the predicted selectivity, calculated based on the proportion of
productive poses, did not agree with the experimental data. The docking predicted much lower

enantioselectivity for (R)-p oxidation, with a (R)-B:(S)-p ratio of 3, compared with 45 observed
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experimentally. The a- and y- oxidation products were predicted to constitute 22% and 11%

respectively, but only 5% and 4% were observed (Table 3.4).

The cluster populations of the binding poses were then taken into consideration by weighting
each pose with the population of its cluster to calculate a population-weighted selectivity. There
was a slight increase in the predicted (R)-B oxidation selectivity; the (R)-B:(S)-p ratio was
increased to 4, compared with 3 without weighting. However, the selectivity for a- and y-

oxidation remained over-estimated, at 20% and 11% respectively (Table 3.4).

Table 3.4 Predicted selectivity, population-weighted and population-and-energy-weighted selectivity for oxidation
products of the substrate 5 calculated from docking of 5 with MD-simulated structures of VQ/S72G/A330W and
the experimental data.

Pro-R-B Pro-S-g R-B/S-B Pro-a Pro-y
Number of poses 9 3 3 4 2
Predicted selectivity based 50% 17% 3 2204 11%
on the number of poses
Population-weighted 56% 13% 4 20% 10%
selectivity
Population- and energy- o o o o
weighted selectivity 4% 12% 6 11% 3%
Experimental data 89% 2% 45 5% 4%

A key factor in determining product selectivity is the affinity energy of binding poses. As shown
in a scatter plot of the affinity energy of all output poses (Fig. 3.7), the (R)-p poses had lower
affinity energies, with seven out of nine poses showing affinity energies between —6.5 and —6.2
kcal/mol, while all the other productive poses were at —6.2 kcal/mol or higher. The lowest
energy pose among the productive poses was a (R)-p pose. All productive poses were then
weighted by their affinity energies. Based on AG° = —RTInK, if there is 0.5 kcal/mol difference
in the affinity energies of two poses A and B, the population of pose A is 2.3 times that of B. If
the weight of the lowest energy pose (6.5 kcal/mol) is set as 1 (Table 3.5), then a pose with an
affinity energy of —6.0 kcal/mol has a weight of 0.43, etc. By including the effect of the affinity

energy, the population-and-energy-weighted selectivity could be calculated (Table 3.4). The
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predicted (R)-p oxidation selectivity increased to 73% and the (R)-p:(S)-P ratio was 6, compared
to 3 without any weighting. The predicted y oxidation selectivity (3%) was practically the same
as experimentally observed (4%). The o oxidation percentage remained over-estimated at 11%

but was much closer to the 5% from experiments.

Table 3.5 Affinity energies of poses and their corresponding weights for the calculation of population-and-energy-
weighted selectivity. A pose with an affinity energy of —6.5 kcal/mol was weighted as 1.

Affinity energy

-6.5 -6.4 -6.3 -6.2 -6.1 -6.0 -5.8 -5.5 -5.4 -5.2
(kcal/mol)

Weight assigned

.y 1 0.84 0.71 0.60 0.51 0.43 0.31 0.18 0.16 0.13
by affinity energy

-5

-5.2 o

-5.4 o

-5.6

-5.8 A

-6 «

-6.2

Affinity energy (kcal/mol)

L]
>
Meom X X B XK X B>

-6.4

o g D o

-6.6

R-B S-B a Y NP
eR1C1 ARIC2 ¢R2C1 AR2C2 ¢R3Cl AR3C2 XR3C3
(8592)  (853) (8339)  (965) (6042) (1559) (1413)

Figure 3.7 The affinity energy of output poses from docking of N-Ips-azepane, 5, with MD-simulation structures of
the variant VQ/S72G/A330W. RxCy denotes cluster y of replica x. The numbers in brackets indicate the population
of each cluster.

Overall, Autodock Vina docking of 5 with the VQ/S72G/A330W variant predicted (R)-p
oxidation as the major pathway. The lowest energy pose was that for (R)-p oxidation and (R)-
B poses generally showed lower affinity energies than other productive poses. A more
guantitative analysis was attempted by taking into account the cluster population and the

affinity energy of the poses. It was noted, however, that Autodock Vina uses a rigid body
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docking routine in vacuum, with the protein structure being fixed and no side chain movement.
The affinity energy is calculated in vacuum, without structural relaxation in water, that is,
enzyme-substrate interactions such as water-mediated hydrogen bonding is not possible. Since
it was impractical to carry out MD simulations in water for all productive docking poses, the
above analysis remains qualitative. Finally, the rate of hydrogen atom abstraction from a C-H
bond by the ferryl oxygen depends on the distance between the ferryl oxygen and the carbon
centre as well as the C—H--O and H--O=Fe angles. DFT calculations could estimate the relative
rates of hydrogen abstraction for a range of distances and angles. However, given the un-
optimised structures and binding interactions of the raw docking output, the distances and
angles are unlikely to reflect catalytically relevant values. Therefore, further quantitative
analysis of the docking output to predict the product profile accurately is not justified.
Nevertheless, the docking results predicted qualitatively the selectivity bias, i.e., mainly (R)-p
oxidation, observed experimentally for the reaction. Therefore, the residue—substrate contacts
for the different poses could provide insight into the role of mutations and potentially clues to

designing mutations to enhance turnover activity and product selectivity.

3.2.1.3 The (R)-p poses

All 63 output poses were clustered in the pocket formed by residues G72, V87, 1263, W330,
L437 and T438 (Fig. 3.8). Hydrogen bonds were observed between the isopropylsulfonyl
groups of some of the poses and residues W330 or T438. In general, the poses from Replica 1
were closer to the | helix than those from Replicas 2 and 3, which was likely a result of the
conformational deviation of the W330 side chain in Replica 1 (Fig. 3.8). As discussed above,
the side chain of W330 in Replica 1 was rotated by ~90° and pointed towards the I helix, which

might push the poses closer to the I helix.
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Figure 3.8 Overlay of all poses from docking of 5 with replica 1 (blue), replica 2 (magenta) and replica 3 (green)
from the MD-simulation structures of the VQ/S72G/A330W variant, with key active site residues (yellow) of the
R3C1 structure which gave the lowest energy (R)- pose. Red dashes denote hydrogen bonds. Black dashes with
labels denote distances between residues and poses.

Poses indicating the same product were clustered and analysed (Fig. 3.9-A). Most of the (R)-p
poses adapted similar binding orientations. The sulfonyl oxygens of the isopropyl groups were
in van der Waals contact with residues P329, W330, L437 and T438, and hydrogen-bonded
with P329 or W330. The isopropyl group resided in the pocket formed by residues G72, L75,
W330 and S332. The azepane ring pointed towards the I helix and was in van der Waals contact
with residues V87 and L437 (Fig. 3.9-A). In the lowest energy (R)-B pose (from R3C1), the
isopropy! group was in the space created by the S72G mutation but not in direct contact with
the G72 residue. CP of the azepane ring was 3.3 A from the ferryl oxygen while Cy contacted
V87 (Fig. 3.9-B). This pose was also highly weighted in cluster population and thus considered

as the most representative binding model for (R)-B oxidation by VQ/S72G/A330W.

83



1263

Figure 3.9 Overlay of simulated structure of VQ/S72G/A330W (yellow) with (A) all (R)-B poses (cyan), (B) the
lowest energy (R)-B pose (cyan) and (C) the lowest energy (R)-B poses together with the S72 and F87 residues
from the WT structure (purple). Black dashes with black labels denote distances between 1263 and NP. Cyan
dashes with cyan labels denote distances between 1263 and the lowest energy (R)-B pose. Red dashed circles
denote steric clashes between poses and residues.

From the overlay with the WT structure, it was clear that the (R)-B pose would not be stable
without the S72G and F87V mutations due to the steric clashes with F87 in the WT structure
(Fig. 3.9-C). Experimentally, the WT gave much lower selectivity for the (R)-p alcohol, at 8%
of 5¢c (ee not determined) compared with 91% of 5c and 96% ee for (R)-5c by the
VQ/S72G/A330W variant. The overlay and comparison suggested that the lowest energy (R)-
B pose could serve as an indication of (R)-B-selectivity in docking analysis: when that pose was

destabilised in a variant structure, the variant was likely to give less (R)-p alcohol. To explore
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this further, the lowest energy (R)-p pose was overlaid with simulation structures of a few other
variants showing varied (R)-f selectivity. Both RP/H171L/1263G and KU3/A330P/S72W
structures showed clashes with the lowest energy (R)-p pose at residues F87 (both structures),
A264 (RP/H171L/1263G) and T438 (KU3/A330P/S72W). Experimentally, both variants gave
little B alcohol, at 3% and 4% respectively (Table 3.6). On the other hand, no clashes were
observed between the lowest energy (R)-p pose and the GVQ/A330W structure, which was (R)-
B selective, experimentally giving 83% of 5¢ and 90% ee for (R)-5c. These observations
supported that the (R)-B poses from docking with the simulated VQ/S72G/A330W replicas

could serve as indicators for (R)-p-selectivity.

Table 3.6 Steric clashes observed from the overlay of the lowest energy (R)-B pose from the VQ/S72G/A330W
docking and selected variants with their experimental selectivity for oxidation products of substrate 5.

Clashes with the (R)-B pose from  EXPerimental selectivity

Variants docking with VQIST2G/A330W  —g-oi e R TIR
WT Strong clashes with F87 8%

RP/H171L/1263G Strong clashes with F87 and A264 3% 1% 96%
KU3/A330P/S72W  Strong clashes with F87 and T438 4% - 96%
GVQ/A330W No clashes 83% of 5¢, 90% ee for R 9% 8%
VQ/S72G/A330W  No clashes 91% of 5¢, 96% ee for R 4% 5%

To summarise, the (R)-p poses generated from the VQ/S72G/A330W docking runs aligned well
with each other. Overlay of the lowest energy (R)-p pose with the simulation structures of
variants that gave little (R)-p alcohol indicated clashes between the (R)-p pose and the
corresponding variant structure. This could potentially guide further mutagenesis to improve
selectivity for (R)-p alcohol — mutations that do not clash with the (R)-p pose from docking
with precursor variants could be introduced to improve enzymatic activity or product selectivity

without the risk of losing (R)-B-selectivity.
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3.2.1.4 The non-productive poses

There were two clusters of non-productive (NP) poses. For the major cluster (>90% of all non-

productive poses), the azepane ring was close to the | helix and in van der Waals contact with

1263 and L437, while the Ips protecting group pointed towards the porphyrin ring. The other

non-productive poses had their azepane ring residing in the pocket formed by G72, W330 and
S332 (Fig. 3.10-A).
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Figure 3.10 Overlay of selected residues of the simulation structure of VQ/S72G/A330W (yellow) with (A) all NP
poses (green) and (B) the lowest energy (R)-B pose (cyan) with NP poses (light grey). Black dashes with black
labels denote distances between 1263 and NP. Cyan dashes with cyan labels denote distances between 1263 and
the lowest energy (R)-B pose. Red dashed circles denote the binding regions for NP poses.

From the overlay of the lowest energy (R)-B pose with the NP poses, the azepane rings of the
major cluster of NP poses were located in a region where the (R)- pose was not bound (Fig
3.10-B). It was hypothesised that if, through mutagenesis, this region of the substrate pocket
for NP poses was restricted, then it would lead to destabilisation of most of these poses. The
(R)-B pose could remain unaffected since it was not in that region of the substrate pocket. Such
mutagenesis could improve the enzymatic activity since, the number of NP poses formed by
Autodock Vina approach appeared to be correlated to the enzymatic activity. The physical
restriction of the region for NP poses could be achieved, theoretically, by mutating residue 1263

to a bulkier residue; the azepane rings of the main cluster of NP poses were typically ~3.5 A
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from the 1263 side chain while the (R)-p pose was, at the closest point, 5.6 A from 1263 (Fig.

3.10-B).

3.2.1.5 Binding poses for other products

The (S)-B poses aligned well and showed significantly different orientations to the (R)-f poses.
The Ips protecting group of the (S)-p poses was in van der Waals contact with the L437 residue
and the | helix residues 1263 and A264, while the azepane ring pointed towards the p1 strand,
contacting P329 and A330: this is the opposite orientation of the (R)-p poses (Fig. 3.11-A).
From the overlay of the lowest energy (R)-p pose and the (S)-p poses, the Ips protecting group
of the pro-(S) poses occupied space where no part of the (R) pose resided (Fig. 3.11-B). The
protecting group of the (S) poses were ~3.4 A from the 1263 side chain, while the (R) pose was
5.6 A from 1263 (Fig. 3.11). It could be hypothesised that, mutating 1263 to bulkier groups
could destabilise the (S) poses without affecting the (R) pose, potentially improving the

enantioselectivity for the (R)- alcohol.

In summary, the poses indicating the same product align well and comparison between different
poses provide insight into the binding patterns and could guide mutagenesis designs. Overlay
of the lowest energy (R)-p pose with the NP poses indicated there were regions of the substrate
pocket where the NP poses were located but the (R)-p poses were not bound. This observation
inspired designs to restrict the substrate binding pocket through mutagenesis to destabilise the
NP poses to improve enzymatic activity of the variants. Analysis of (R)- poses against other
productive poses revealed similar patterns—there were significant differences between them to
design mutations that would destabilise other poses without affecting the (R)- pose. However,
such mutagenesis was not applied on the VQ/S72G/A330W variant, as it gave very high
selectivity already, at 91% of 5¢ and 99% ee for (S)-5c. Instead, docking analysis for substrate

5 with the GV/A1841/1263G/A328G variant, which gave the other enantiomer, (S)-5b, as the
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major product, was performed as a direct comparison with the VQ/S72G/A330W variant. The
GV/A1841/1263G/A328G variant gave 76% of 5¢ and 79% ee for (S) and could be a starting
point to test docking-guided mutation design to improve enzymatic activity and product

selectivity.
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Figure 3.11 Overlay of selected residues of the simulation structure of VQ/S72G/A330W with (A) all (S)-B poses
(green) and (B) the lowest energy (R)-B pose (cyan) with (S)-B poses (light grey). Black dashes with black labels
denote distances between 1263 and (S)-B poses. Cyan dashes with cyan labels denote distances between 1263 and
the lowest energy (R)-B pose. Red dashed circles denote the binding region for (S)-B poses.

A

3.2.2 Docking analysis for the GVV/A1841/1263G/A328G variant

3.2.2.1 MD simulations of the GV/A1841/1263G/A328G variant

As with the VQ/S72G/A330W variant, three replica MD simulations were carried out for
GV/A1841/1263G/A328G. The RMSD values (1-1.5 A) indicated stable structures for all three
100-ns simulations; the Replica 1 simulation showed slightly higher RMSD towards the end of
the simulation (85-100 ns), at 1.5-2 A, which was still a rather small deviation (Fig. 3.12).
Seven clusters, constituting 90% of the total population for each replica, were generated (Table

3.7).
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Figure 3.12 RMSD of Ca atoms of all recorded structures for each replica of the GV/A1841/1263G/A328G variant
during the three replica 100-ns MD simulations.

Table 3.7 Cluster population of the three MD simulated replicas of GV/A1841/1263G/A328G.

Replica Cluster
Replica 1 C1 (4323)
C2 (3190)
C3(1263)
Replica 2 C1 (9043)
C2 (606)
Replica 3 C1 (7751)
C2 (2023)

These seven clusters of simulated structures showed better alignment with each other than those
from VQ/S72G/A330W. The most populated clusters from each replica, i.e., R1C1, R2C1 and

R3C1, only showed small deviations in the loop regions (Fig. 3.13).

Local deviations of residues were then analysed for R1C1, R2C1 and R3C1 structures. Most of
the residues showed good alignment. Rotamer conformations were observed for the side chains
of V87, 1184 and L188. Only a few residues showed backbone shifts and these deviations were
all less than 1.5 A (Fig. 3.14-A). Overlay of these structures with the WT revealed more
deviations, especially around the mutated residues. The side chains of both F87 and 1263 in the

WT structure constrained the active site pocket further, compared with V87 and G263 in
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GV/A1841/1263G/A328G (Fig. 3.14-B). The other mutated residues G74 and 1184, as well as

L188, also showed slight side-chain or backbone deviations.

Figure 3.13. Overlay of the structures of the most populated clusters from 3 replica simulations of the structure of
the GV/A1841/1263G/A328G variant. Circles highlight loop regions showing the largest deviations between replicas.
R1C1 (cyan), R2C1 (grey) and R3C1 (magenta).
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Figure 3.14. Overlay of selected residues and helices from (A) R1C1 (cyan), R2C1 (yellow) and R3C1 (magenta);

and (B) R1C1 (cyan), R2C1 (yellow), R3C1 (magenta) and WT (purple) of MD-simulated structures of
GV/A1841/1263G/A328G.
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3.2.2.2 Docking poses of N-1ps-azepane (5) with the GV/A1841/1263G/A328G variant

Docking of substrate 5 was then performed with the seven clusters. Of the 63 poses generated,
there were 10 poses indicating (S)-B oxidation of 5, four for (R)-B oxidation, eight for o
oxidation, six for y oxidation, together with 35 NP poses. The lowest energy pose was for (S)-
B oxidation (Fig. 3.15). Replica 1 dominated the lower energy (from —6 to —5.7 kcal/mol)
productive poses. The lowest energy productive poses given by other replicas were two y poses
at—5.7 kcal/mol by R3C1 and one a pose at —5.7 kcal/mol by R2C1 (Fig. 3.15). To explore this,
the R1C1 and R3C1 structures were overlaid, together with the lowest energy (S)- pose. From
the comparison, most of the residues showed small deviations; rotamer conformation was
observed for side chains of L75, T268 and L437, and there were slight backbone shifts for S72,
L181, G263 and A330 (Fig. 3.16). Compared with R1C1, the side chain of T268 in R3C1 was
rotated by ~90°, leading to steric clashes (<1.9 A) with the lowest energy (S)-p pose. This
showed the importance of running replica simulations. If only one simulation was performed
instead of three, we could have ended up with R2- or R3-like structures which would predict
predominant o (R2-like) or y oxidation (R3-like). Knapp et al. demonstrated that 100 replica
MD simulations of a 827 residue T-cell receptor/peptide/MHC complex would give a much
closer resemblance of the crystal structure than if two were performed.?*> However, such a large
number of simulations is not practical for a routine analysis. The docking study on N-Ips-
azepane with MD-simulated structures of VQ/S72G/A330W (Section 3.2.1.2) demonstrated

that three replicas were sufficient for qualitative agreement with experimental data.
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Figure 3.15. The affinity energy of output poses from docking of N-Ips-azepane, 5, with MD-simulation structures
of the variant GV/A1841/1263G/A328G. RxCy denotes cluster y of replica x. The numbers in brackets indicate the
population of each cluster.

L181

Figure 3.16. Overlay of selected residues and helices from R1C1 (yellow) and R3C1 (blue); together with the lowest
energy (S)-B-pose (cyan). Red dashes denote hydrogen bonds. Red dashed circles denote steric clashes.

Of the productive poses, the (S)-p poses were the most populated, in agreement with the
experimental data [76% of (3 alcohol 5¢c and 79% ee for (S)-5c], although the simple pose count
predicted a (S)-B:(R)-P ratio of 2.5, compared with 8.5 for 79% ee from experiment (Table 3.8).

Both o and y selectivity were over-estimated based only on the number of poses, at 29% and
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21% respectively, compared with 16% and 8% experimentally (Table 3.8). The cluster
population and affinity energy weighted S:R ratio of 4.0 was slightly higher. On the other hand,
the predicted B oxidation selectivity of 64% was close to the 76% from experiment. The
weighted o, and y selectivity were both lowered, at 23% and 13%, and closer to the experimental

observations (Table 3.8).

Table 3.8 Predicted selectivity for oxidation products of the substrate 5 calculated from docking with MD-simulated
structures of GV/A1841/1263G/A328G vs. VQ/S72G/A330W and their corresponding experimental data.

Variants Pro-S-B Pro-R-B S-B/R-B Pro-a Pro-y

Number of poses 10 4 25 8 6
Predicted selectivity based

36% 14% 2.5 29% 21%
GV/A1841/1263G/A328G On number of poses
S-selective i -

( ) Population/energy 51% 13% 40  23% 13%
weighted selectivity

Experimental data 68% 8% 8.5 16% 8%

R-B/S-B
Number of poses 3 9 3 4 2

Predicted selectivity based 17% 510 3 2204 11%
VQ/S72G/A330W on number of poses
R-selective i -

( ) Population/energy 12% 24% 6 11% 3%
weighted selectivity

Experimental data 2% 89% 45 5% 4%

Comparison of this data with that from docking of 5 with the (R)-selective VQ/S72G/A330W
variant showed that substrate docking indicated qualitatively the correct major regio-isomer
and with the correct stereoselectivity, especially with the population- and energy-weighted
selectivities (Table 3.8). With this established, analysis of the binding poses and especially
comparisons between poses for different products and poses from docking with (S)-selective vs.

(R)-selective variants could provide insight into the patterns of binding interactions.

3.2.2.3 The (S)-p poses

The (S)-p poses were in similar orientations (Fig. 3.17-A). The sulfonyl oxygens of the Ips

protecting group were close to the I helix and in van der Waals contact with G263, A264 and
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T268, and with H-bonding to T268 in some poses. The isopropyl group was sequestered in a

pocket formed by L75, L181 and L437, while the azepane ring pointed towards the B1 strand.

s72 ’
C L/ ) | 5o | helix
0A" ,".}.\.__ 3-_7_{3\_';\6263
A330 K7 |
B1 strand
A

Figure 3.17 Overlay of MD-simulation structures of GV/A1841/1263G/A328G (yellow) with (A) all (S)-B poses (cyan),
(B) the lowest energy (S)-B pose (cyan), and (C) (S)-B poses (cyan) with the F87 and 1263 residues from the WT
structure (magenta). Black dashes with black labels denote distances between residues and poses. Red dashes
denote H-bonds. Black dashed circles denote steric clashes between poses and residues.

In the lowest energy (S)-p pose, CB was in the space generated by the F87V mutation and 3.2
A from the ferryl oxygen but there was no direct contact with the V87 side chain. Other azepane
ring carbons contacted G328, P329 and the porphyrin ring (Fig. 3.17-B). The lowest energy
(S)-p pose would be destabilised without the F87V and 1263G mutations because of steric

clashes with the F87 and 1263 side chains in the WT structure (Fig. 3.17-C).
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The lowest energy (S)-p pose from GV/A1841/1263G/A328G was compared with the lowest
energy (R)-p pose from VQ/S72G/A330W. The overlay showed that these two poses were in
“flip-over orientation” relative to each other (Fig 3.18). It was striking that the (S)- pose in the
(S)-selective variant would not be stable in the (R)-selective variant, due to strong steric clashes
with the 1263 residue in the latter. Similarly, clashes with the L75 side chain in the
GV/A1841/1263G/A328G variant meant that the (R)-p pose from VQ/S72G/A330W could be
destabilised in this (S)-selective variant (Fig. 3.18). The (R)-p pose was also stabilised by the
strong van der Waals interactions with W330 side chain of the (R)-selective variant, which was

not found in the (S)-selective variant which did not have the A330W mutation.

R-B from
VQIS72G/A330W
(cyan) S-B from
L75 GV/A1841/1263G/A328G

magenta) %
(( g )77 1263

Figure 3.18 Overlay of the lowest energy (S)-B-pose (magenta) from docking with GV/A1841/1263G/A328G vs. the
lowest energy (R)-B-pose (cyan) from docking with VQ/S72G/A330W, with the simulation structures of
GV/A1841/1263G/A328G (magenta) and VQ/S72G/A330W (cyan). Red dashes denote H-bonds. Black dashed
circles denote steric clashes between poses and residues.

Overall, the docking of substrate 5 with the GV/A1841/1263G/A328G variant and the
comparison with the VQ/S72G/A330W docking showed that substrate docking and especially
the weighted selectivity were in qualitative agreement with the major oxidation product with

correct absolute stereochemistry. The overlay of the lowest energy (S)-p pose with other
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structures supported the previous hypothesis that (S)-p selectivity could be maintained if the
(S)-P pose remained unaffected by extra mutations. Therefore, the NP poses and poses for other
products were examined to provide insight into the binding interactions and potentially guide

mutation design.

3.2.2.4 The NP poses

Two clusters of NP poses were identified. The major cluster resided in the pocket formed by
L75, G328, A330 and L437, while the other NP poses were close to the | helix and contacted

V87, 1263 and T268 (Fig 3.19-A).

I helix

L437 A
NP /A
(light green) ( (cyan) S

6263 <K\
I ’,—g"-'s'";&

x

.
]

1 el A

Ihelix 5% St

1
.

Figure 3.19 Overlay of simulation structure of GV/A1841/1263G/A328G (yellow) with (A) all NP poses (green) and
(B) the lowest energy (S)-B pose (cyan) with NP poses (light green). (C) shows a different angle of (B). Black
dashes with black labels denote distances between residues and poses. Red dashed circles highlight the region
where NP poses are bound.
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The lowest energy (S)-p pose was then overlaid with these NP pose clusters. Similar to the
observations in the VQ/S72G/A330W docking analysis, the major cluster of NP poses occupied
a region of pocket where the (S)-B pose was not located (Fig 3.19-B). If mutations could be
designed to disfavour the NP poses without interfering with the (S)-p poses, then it could lead
to improvement of enzymatic activity without affecting the selectivity for (S)-p alcohol. For
instance, A330 was close to the major cluster of NP poses (3.1 A) but far away from the (S)-p
pose (6.0 A) (Fig. 3.19-B). Mutations A330I/L/F/M could enhance the turnover numbers
without losing the (S)-p selectivity. Similarly, T260 was close to a cluster of NP poses (3.2 A)
but far away from the (S)-B pose (6.5 A) (Fig. 3.19-C). Mutations T260F/1/L were thus proposed
to promote enzymatic activity. GV/A1841/1263G/A328G would be a good template to test these

ideas as it showed low activity for substrate 5 (TTN = 300).

3.2.2.5 Binding poses for other products

The (R)-B poses showed poorer alignment. The azepane ring mainly contacted residues S72,
L75 and V87. In some poses, the Ips protecting group was close to the | helix and contacted

1263, but this protecting group pointed towards the 1 strand in other poses (Fig. 3.20-A).

R_B \\ ,/
(light greeny="

B1 strand

Figure 3.20 Overlay of simulation structure of GV/A1841/1263G/A328G with (A) all (R)-B poses (green) and (B) the
lowest energy (S)-B pose (cyan) with (R)-B poses (light green). Black dashes with black labels denote distances
between residues and poses. Red dashed circles highlight the region where (R)- poses are bound.
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From the overlay with the lowest energy (S)-f pose, a binding pocket for (R)-B poses was
identified in the vicinity of S72, L75 and V87 (Fig. 3.20-B). These residues were further away
from the lowest energy (S)-p poses (>4.5 A). Based on the hypothesis of “destabilising
unwanted poses without interfering with the productive pose to improve product selectivity”,

the bulky substitutions S72F/M, L75F/M and V87L/I could be proposed.

3.2.2.6 Summary of docking analysis of N-1ps-azepane

The GV/A8141/1263G/A328G docking predicted the (S)-p alcohol as the major product and the
lowest energy pose was for (S)-p oxidation, in line with experimental data. The (S)-p poses
aligned well. Comparison with the docking results of the (R)-selective VQ/S72G/A330W
variant suggested that the lowest energy (S)-P pose generated by the (S)-selective variant would
be destabilised in the (R)-selective variant, and vice versa. These observations suggested that
the docking approach may provide a binding model for the major oxidation product with the
correct bias of both regio- and stereoselectivity. Analysis of (S)-p poses vs. NP poses and poses
for other products revealed significant differences in their binding interactions which led to the
design of mutations to destabilise unwanted poses to improve enzymatic activity and product
selectivity. Since the GV/A1841/1263G/A328G variant only showed moderate selectivity for
the (S)-p alcohol [76% of 5¢c and 79% ee for (S)-5c¢] and low activity (TTN = 300), the designed

mutations of S72, L75, V87 and A330 were introduced to this variant to test their effects.
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3.3 Docking guided mutagenesis study for azepane

3.3.1 Mutagenesis based on docking analysis of GV/A1841/1263G/A328G

3.3.1.1 Mutations designed for enzymatic activity

Mutations of T260 and A330 designed to disfavour NP poses from docking analysis were tested

for their effects on the GV/A1841/1263G/A328G variant. The T260F, T2601 and T260L variants

showed slightly improved TTN, at 450, 410 and 470, respectively, compared with 300 for the

template. However, they decreased the selectivity significantly to ~60% of 5¢ and ~55% ee for

(S)-5¢ (Fig. 3.21). In the overlay of the lowest energy (S)-P pose vs. NP poses, T260 was close

to the minor cluster of NP poses and not far away from the (S)-B pose. The T260 mutations

might have affected both the NP and (S)- poses, leading to slightly improved turnover numbers

but lowered (S)-B selectivity.
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Figure 3.21 Effect of the T260F/I/L and A330F/M mutations. Precursor: GV/A1841/1263G/A328G.
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It was striking that the A330F variant showed greatly enhanced activity, increasing the TTN to

1350, more than four-fold of the template, while maintaining the regio- and enantioselectivity
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(80% of 5¢ with 79% ee). This supported the proposal that bulky substitutions of A330 could
destabilise NP poses without affecting the (S)-p poses. On the other hand, the A330M variant
showed no activity at all (Fig. 3.21); the side chain of the Met residue could have forced the

substrate to bind too far away from the haem.
3.3.1.2 Mutations designed for product selectivity

Mutations F87I/L, S72F/M and L75F/M were tested as they could disfavour the (R)-p poses
and therefore improve enantio- and regioselectivity. The F871 variant showed enhanced activity
and regioselectivity for 5¢ and a slightly reduced ee (89% of 5¢ with 74% ee, TTN =510, Fig.
3.22). The F87L mutation, on the other hand, significantly improved both product selectivity

and enzymatic activity, affording 94% of 5c¢ with 88% ee (TTN = 720).

100% 1 - 800

- 700
90% A

- 600
80% - 500
70% A - 400

- 300
60% -

- 200
50% A 100
40% - -0

Precursor  F871 F87L ST2F S72M L75F L75M
% 5c mmmmm ce --O-- Conversion (%) —e— TIN

Figure 3.22 Effect of the F871/L, S72F/M and L75F/M mutations. Precursor: GV/A1841/1263G/A328G.

The S72F, S72M, L75F and L75M mutations had similar effects, decreasing the regioselectivity
to ~50% of 5c¢ but improving the enantioselectivity (81%-85% ee) and activity (TTN = 330—
430) (Fig. 3.22). These results suggested that the (R)-p poses were destabilised by the S72 and

L75 mutations with the (S)-p poses less affected. However, these “interrupted” (R)-B poses
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might have adopted orientations that lead to a and y oxidation, which contributed to the

decreased regioselectivity.

Overall, the F87, S72 and L75 mutations tested all improved ee for (S)-B oxidation as predicted,
although some of them decreased the regioselectivity for the B-alcohol 5¢. The F87L variant
showed the most significant improvement. MD simulations of three replicas and docking with
substrate 5 was performed with the F87L variant to check if the improvement in product

selectivity could be reflected in the docking outputs.

Eight clusters, constituting 90% of the total population for each replica, were generated. Of the
72 poses produced, there were 12 poses indicating (S)-p oxidation of 5, two for (R)-p oxidation,
eight for o oxidation, ten for y oxidation, together with 40 NP poses. The lowest energy pose
was for (S)-B oxidation (Fig. 3.23). An (S)-B:(R)-p ratio of 6 was predicted from the pose count,
compared to 15 from experiment. The predicted o (25%) and y (31%) selectivities were much
higher than the experimental data (both 3%) (Table 3.9). The cluster population and affinity
energy weighted S:R ratio of 12 was closer to the value of 15 experimentally. The weighted 3
oxidation selectivity (64%) was still low compared with 94% from experiment, due to over-
estimated o (17%) and y oxidation (19%) (Table 3.9). Comparison of this data with that from
the GV/A1841/1263G/A328G precursor suggested that substrate docking analysis could enable
improvements in enantioselectivity of products with certain mutations introduced, but less so

for the regioselectivity.
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Figure 3.23. The affinity energy of output poses from Vina docking of N-Ips-azepane, 5, with MD-simulated
structures of the variant GL/A1841/1263G/A328G. RxCy denotes cluster y of replica x. The numbers in brackets

indicate the population of each cluster.

Table 3.9 Predicted selectivity for oxidation products of the substrate 5 calculated from docking with MD-

simulated structures of the F87L variant vs. GV/A1841/1263G/A328G and their corresponding experimental data.

Variants Pro-S-B Pro-R-B S-B/R-B Pro-a Pro-y
Number of poses 12 2 6 8 10
Predicted selectivity based 38% 6% 6 2506 31%
. on number of poses
F87L variant P lation/
opulation/energy- 59% 5% 12 17% 19%
weighted selectivity
Experimental data 88% 6% 15 3% 3%
Number of poses 10 4 25 8 6
Predicted selectivity based 36% 14% o5 29% 21%
GV/A1841/1263G/A328G ~ Oon number of poses
(S-Se|eCtive, F87V Variant) Population/energy_
' 22 51% 13% 4.0 23% 13%
weighted selectivity
Experimental data 68% 8% 8.5 16% 8%

The combinations of F871/L mutations with S72F/M and L75F/M could be tested to explore

further improvement in selectivity and especially enantioselectivity for (S)-5¢. These variants

could also be further combined with the A330F mutation for enzymatic activity enhancement.
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3.3.1.3 Combining effective mutations

Upon addition to the F871 variant, the S72F, S72M and L75M mutations improved the ee but
decreased the regioselectivity while maintaining the activity. The F871/L75M, F871/S72F and
F871/S72M variants showed very similar results. The S72F version marginally out-performed
the others, affording 77% of 5¢ with 86% ee (TTN = 500); there was a “trade-off” between
regioselectivity and ee. In summary, the S72 and L75 mutations maintained their
enantioselectivity-enhancing effect on addition to the F871 variant. The loss in regioselectivity

was in an acceptable range (Fig. 3.24).
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Figure 3.24 Effect of the F871/L75, F871/S72, F87L/L75 and F87L/S72 combined mutations. Precursor:
GV/A1841/1263G/A328G.

The F87L series showed further improvement in product selectivity and especially
enantioselectivity. The F87L/L75M variant gave 91% of 5¢ with 91% ee and a TTN of 600 (Fig.
3.24), compared with 94% of 5c with 88% ee (TTN = 720) by the F87L variant (Fig. 3.22). In
contrast with the F87L/L75M variant, the F87L/S72F showed higher regioselectivity and the

same ee, but lowered activity (96% of 5¢, 91% ee, TTN = 510). The F87L-containing variants
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showed higher regio- and enantioselectivity for (S)-5c¢, with the F87L/S72F variant being the

most selective.

The A330F mutation was then introduced to the F87L series to seek improvements of enzymatic
activity. The F87L/A330F variant showed significantly improved activity and maintained the
selectivity, giving 96% of 5¢c with 87% ee (TTN = 1450), compared with 94% of 5¢ with 88%
ee (TTN = 720) by the F87L variant. However, the further combined variants
F87L/L75M/A330F and F87L/S72F/A330F (95%/94% of 5c with 84%/86% ee, TTN =

1320/1340) showed no improvements over the F87L/A330F variant (Fig. 3.25).
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Figure 3.25 Effect of the F87L/A330F, F87L/L75M/A330F and F87L/S72F/A330F combined mutations. Precursor:
GV/A1841/1263G/A328G.

Overall, single-residue mutagenesis based on docking analysis of the GV/A184/1263G/A328G
variant with substrate 5 led to significant improvements in product selectivity and enzymatic
activity. Combination of effective mutations achieved further improvement, with the

F87L/A330F pair being the most active and with high selectivity (96% of 5¢ with 87% ee, TTN
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= 1450), a significant increase over the precursor (76% of 5¢ with 79% ee, TTN = 300) (Fig.
3.25). However, the fact that the F87L/S72F/A330F and F87L/L75M/A330F failed to achieve
further improvements suggested that combinations of individually effective mutations might
not give the anticipated enhancements. This could arise from conflict between the effect of
mutations. One mutation may have altered the binding orientation of the substrate, such that
additional mutations designed on the basis of the precursor mutant would not show the expected

effect.

3.3.2 Docking studies on the GL/A1841/1263G/A328G/S72F variant

3.3.2.1 General outputs from docking calculations

Instead of testing more combinations of effective mutations, further docking analysis was
performed. The F87L/S72F variant, which was one of the most selective but showed a lower

TTN, was chosen for docking study to design mutations to increase the enzymatic activity.

Substrate 5 was docked with eight clusters from three replica simulations of the F87L/S72F
variant. Among the 72 poses generated, there were 11 poses indicating (S)-p oxidation of
substrate 5, two for R- oxidation, seven for o oxidation and ten for y oxidation, together with
42 NP poses (Fig. 3.26). (S)-p poses dominated the lower energy productive poses (from —6.2
to —5.8 kcal/mol) and the lowest energy productive pose was for (S)-f oxidation. The predicted
(S)-B:(R)-p ratio based only on number of poses (5.5) was much lower than 23 from
experimental data. The cluster population and affinity energy weighted the S:R ratio of 16, was
closer to experimental observation. The weighted a (12%) and y oxidation (14%) selectivity

were still higher than experiment (1% and 3% respectively) (Table 3.10).
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Figure 3.26 The affinity energy of output poses from Vina docking of N-Ips-azepane, 5, with MD-simulation
structures of the variant GL/A1841/1263G/A328G/S72F. The numbers in brackets indicate the population of each
cluster.

Table 3.10 Predicted selectivity for oxidation products of the substrate 5 calculated from docking with MD-simulation
structures of the F87L/S72F variant vs. GV/A1841/1263G/A328G and their corresponding experimental data.

Variants Pro-S-B Pro-R-B S-B/R-B Pro-a Pro-y

Number of poses 11 2 55 7 10
Predicted selectivity based

on number of poses 38% 6% 6 25% 31%
F87L/S72F variant b lation/
opulation/energy- 69% 5% 14 12% 14%
weighted selectivity
Experimental data 92% 4% 23 1% 3%
Number of poses 10 4 25 8 6
Predicted selectivity based 36% 14% o5 29% 21%
GV/A184I/1263G/A328G  On number of poses
(S-selective, F87V variant) Population/ener'gy- 51% 13% 4.0 23% 13%
weighted selectivity
Experimental data 68% 8% 8.5 16% 8%

Despite the less well-predicted regioselectivity, the enantioselectivity-enhancing effect of the
F87L/S72F was successfully demonstrated by substrate docking. Analysis of the output poses
and binding interactions would provide insight and guide mutation design. Since the F87L/S72F
variant was already highly selective, the comparison of (S)- poses vs. NP poses would be

especially meaningful.
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3.3.2.2 Analysis of poses and mutagenesis

The (S)-p poses adopted similar binding orientation as those from docking with the precursor,
GV/A1841/1263G/A328G: The sulfonyl oxygens of the N-Ips protecting group were in van der
Waals contact with the | helix residues G263, A264 and T268, and the azepane ring pointed
towards the 1 strand (Fig. 3.27-A). In the lowest energy (S)-p pose, the Cp was 3.2 A from
the ferryl oxygen. Hydrogen bonding between sulfonyl oxygen and T268 was observed (Fig.

3.27-B).

Figure 3.27 Overlay of MD-simulation structures of GL/A1841/I1263G/A328G/S72F (yellow) with (A) all (S)-B poses
(cyan), (B) the lowest energy (S)-B pose (cyan). Black dashes with black labels denote distances between residues
and poses. Red dashes denote H-bonds. Black dashed circles denote steric clashes between poses and residues.
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Two adjacent clusters of NP poses were identified: the “upper” cluster was in the pocket formed
by F72, L181 and L188, while the other cluster was closer to the haem and contacted L87, A264
and T268 (Fig. 3.28-A). From the pose overlay, there was a significant region of pocket for NP
poses where the (S)- pose was not found. From the comparison, it was striking how bulky
substitutions at L188 could destabilise the NP poses without affecting the (S)-p pose, as L188
was close to the main cluster NP poses (3.1 A) but much farther away from the (S)-B pose (9.1

A) (Fig. 3.28-B).

Figure 3.28 Overlay of simulation structure of GL/A1841/1263G/A328G/S72F (yellow) with (A) all NP poses (green)
and (B) the lowest energy (S)-B pose (cyan) with NP poses (light green). Black dashes with black labels denote
distances between residues and poses. Red dashed circles highlight the region where NP poses are bound.

The L188F/M/W mutations were introduced to the F87L/S72F variant. Experimentally, all
three variants maintained the selectivity and improved TTN for (S)-5c¢. The F87L/S72F/L188F
and F87L/S72F/L188W variants gave, respectively, 95% and 94% of 5¢ with 91% and 92% ee,
TTN =900 and 990, but the GL/A1841/1263G/A328G/S72F/L188M variant showed the best

selectivity and activity, giving 97% of 5¢ with 92% ee, and TTN of 1490 (Fig. 3.29).
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Figure 3.29 The effect of the L188 mutations. Precursor: GV/A1841/1263G/A328G.

To summarise, docking analysis of 5 with GV/A1841/1263G/A328G predicted the “correct”
oxidation product and (S)-p stereochemistry found by experiment. These “correct” poses
aligned well and comparison with NP poses and poses for other products led to mutation designs
that improved product selectivity and enzymatic activity. Combination of the effective
mutations showed further improvements and the F87L/S72F variant was identified as a highly
selective but slightly less active variant. Docking analysis on this variant reflected the
enantioselectivity-enhancing effects observed from experiments. Comparison of the (S)-p poses
with NP poses led to the discovery of the L188M mutation which greatly enhanced the TTN.
Overall, the three rounds of docking guided mutagenesis required 30 variants generated and
tested; the product selectivity was improved to 97% of 5c with 92% ee by the
F87L/S72F/L188M variant, compared with 76% of 5¢ and 79% ee by the template, and the

TTN improved to 1490, nearly five times that of the template (300).
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3.4 Docking analysis for the y-selective variant

3.4.1 Vina docking analysis for the KU3/A330P/S72W variant

3.4.1.1 MD simulations and docking of the KU3/A330P/S72W variant

Having achieved high selectivity and activity for the (S)-enantiomer of the B-alcohol by
docking-guided mutagenesis, docking analysis of the y-selective variants was carried out. High
selectivity was observed for the (R)-y alcohol product of N-Boc-azepane 1 at 90% of 1a and
90% ee for (R)-1a (TTN = 10060) with the RLYF/H171L/1263G/A330W/L437S variant. The
(S)-selective variant KU3/A330P/S72W showed a high regioselectivity of 90% of la but a
slightly lower enantioselectivity at 84% ee for (S) and lower TTN (8440), and was chosen to

perform initial docking analysis (Table 3.11).

Table 3.11 Best variants and selectivity for two enantiomers of the y-alcohol product 1a of azepane.

Products Variant Regioselectivity ee TTN
(R)-y-ol, (R)-1a RP/H171L/1263G/A330W/L437S 90% 90%, R 10060
(S)-y-ol, (S)-1a KU3/A330P/S72W 90% 84%, S 8440

Three replica 100-ns MD simulations were carried out for KU3/A330P/S72W. The low RMSD
(1-2 A) values indicated stable structures for all three simulations (Figure A5.11-A, Appendix
Ab5.4.2). Eight clusters consisting of 90% of the total population for each replica were generated
(Figure A5.11-B, Appendix A5.4.2). Substrate 1 was docked into these eight clusters.
Surprisingly, among the 72 poses generated, very few productive poses were found: there were
two poses for (S)-y oxidation, one for (R)-y, one for o, and one for B, together with 67 NP poses
(Fig. 3.30). Moreover, all productive poses were from replica 3. To explore this, the structures
of each cluster were analysed. As with previous observation, all clusters within the same replica
showed little deviation. The most populated clusters from each replica, R1C1, R2C1 and R3C1,

were overlaid and further examined.
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Figure 3.30 The affinity energy of output poses from Vina docking of N-Boc-azepane, 1, with MD-simulated
structures of the variant KU3/A330P/S72W. RxCy denotes cluster y of replica x. The numbers in brackets indicate
the population of each cluster.

3.4.1.2 Structural analysis for the simulated clusters

From the overlay, the F87 side chain of R1C1 and R2C1 were directly above the haem and
close to the ferryl oxygen (4.2 A). This was the likely reason for the absence of productive
poses, as the substrate would be “pushed away” by the benzene ring of F87 (Fig. 3.31). On the
other hand, the F87 side chain in R3C1 was pulled back and further from ferryl oxygen (5.5 A),
which would leave more space for the substrate to approach haem. The close approach of A328
and F87 (~6.6 A) in R1 and R2 also meant that productive poses could be destabilised by steric
clashes, while in R3 these residues were farther apart (9.8 A). Furthermore, the W72 side chain
in R1C1 and R2C1 pointed away from the | helix, making a larger substrate binding pocket
above the haem which might allow more NP poses. The R3C1 W72 was rotated by ~60°
towards the | helix and restricted the pocket, which would force the substrate to bind closer to

heme and more likely to generate productive poses (Fig. 3.31).
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Figure 3.31 Overlay of selected residues from R1C1 (magenta), R2C1 (yellow) and R3C1 (blue) structures of
KU3/A330P/S72W, with (A) and (B) showing different views. Black dashes with labels denote distances.

These observations suggested that, with Vina rigid-body docking, bulky residues around the
active site, especially F87, could significantly affect the output and, in some cases, eliminate
productive poses altogether. To address this, one obvious strategy was to increase the number
of replicas when performing MD-simulations. However, this could be time-consuming and
impractical because, as many as 100 replicas might be needed to give a close resemblance of
the conformational space for the variant structure. Thus, flexible-receptor docking, where side

chains of specified residues were allowed to undergo conformational changes, was explored.

To this end, the alternative docking approach of Autodock for Flexible Receptor (ADFR) was
adopted, instead of the flexible-receptor docking function of Autodock Vina. Sanner et al.
demonstrated that, compared with Vina, the ADFR approach showed greatly improved success
rates when cross-docking ligands into apo receptors with the side-chains made flexible.?%
These cross-docking experiments were performed with datasets SEQ17, a receptor diversity set
containing 17 pairs of apo-holo structures, and CDK2, a ligand set with one CDK2 apo structure
and 52 known bound inhibitors. The ADFR method also down-weighted the contribution of the

receptor internal energy in the scoring function, which resulted in increased ranking for the

112



correctly docked pose in the cross-docking experiments. ADFR docking runs were also less
time-consuming: the run time increased linearly as the number of flexible side chains increased,
while in Vina the run time scaled exponentially. Thus, the ADFR approach was explored for

flexible-receptor docking analysis of substrate 1 with KU3/A330P/S72W.

3.4.2 The ADFR approach

In the ADFR approach, the docking site was defined by selecting residues, instead of a 30 x 30
x 30 A box as in the Vina approach. With P450gwms, residues 26, 72, 75, 78, 82, 87, 181, 260,
263, 328, 329, 330, 332, 354, 437 and 438 were selected to define the docking site, as these

residues shaped the active site (Fig. 3.32).

B’ helix

-,

| helix

Figure 3.32 The active site structure of N-palmitoylglycine (NPG)-bound P450sws and key amino acid residues.
Red dashed circles denote the residues used to define the ADFR docking site.

Selection of flexible residues was then explored. In theory, the more flexible residues the more
accurate the prediction would be. However, as the number of flexible residues increased, the

docking run time also increased. Thus, a balance had to be struck between meaningful output
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and run time. To explore this, substrate 1 was docked with the eight clusters using the ADFR
approach with a different number of flexible residues (0, 4, 8, 12 and 16). These residues were
selected from V26, W72, L75, V78, A82, F87, L181, T260, 1263, A328, P329, P330, S332,
M354, L437 and T438, as the side chains were in the active site and usually had significant
effects on substrate binding. The outputs were examined and the number of productive poses
and the “correct” pose, I.e. (S)-y pose, were compared (Fig. 3.33). With no flexible side chains,
the docking run with eight clusters took 15 mins, and few productive poses were generated: one
pose for (S)-y oxidation, one for (R)-y, one for a, and one for B, which was similar to the Vina
output. When the number of flexible residues was set as four (W72, F87, 1263 and T438), the
docking run time increased to 150 min. There were 28 productive poses generated, with nine
(S)-y and four (R)-y poses. When eight residues were set to be flexible (W72, L75, F87, T260,
1263 S332, L438 and T438), the number of productive poses was slightly higher, at 30, with 10

(S)-y poses and four (R)-y poses.
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Figure 3.33 Docking run time, number of productive poses and “correct” poses generated by docking of substrate
1 with eight clusters of KU3/A330P/S72W using ADFR with 0, 4, 8,12 and 16 flexible residues.
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As the number of flexible residues increased further to 12 and 16, there was no significant
increase in the number of productive poses (32 and 31, respectively) and (S)-y poses (both 11),
but the total run time increased linearly (430 and 540 min). It was therefore concluded that
having four to eight residues set as flexible was a good compromise between run time and

meaningful outputs, for the docking of 1 with KU3/A330P/S72W.

3.4.3 Analysis of ADFR docking results

3.4.3.1 General outputs

The docking output for four flexible residues was analysed. In ADFR, the docking run with
each cluster generated 50 binding conformations by default, which were then grouped based on
affinity energy and binding orientation to give the final output poses. Docking with each cluster
typically generated 5 to 20 grouped poses depending on the number of similar poses, instead of

a fixed number of poses (nine for each cluster) in the Vina approach.

From the docking with eight flexible residues, there were 57 poses generated altogether. Of
these, there were 10 poses for (S)-y oxidation, four for (R)-y, nine for a, and seven for 3, together
with 27 NP poses. The predicted (S)-vy to (R)-vy ratio based only on the number of poses was 2.5,
much lower than 12 observed from experiment. Weighting by affinity energy and cluster
population, as well as the group size of poses, increased the S:R ratio to 10, much closer to the
experimental value of 12. However, the weighted o (27%) and B selectivity (18%) were both

much higher than the experimental data (Fig. 3.34).
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Figure 3.34. The affinity energy of output poses from docking of N-Ips-azepane, 5, with MD-simulated structures
of the variant KU3/A330P/S72W. RxCy denotes cluster y of replica x. The numbers in brackets indicate the
population of each cluster.

Table 3.12 Predicted selectivity for oxidation products of the substrate 5 calculated from docking with MD-simulated
structure of KU3/A330P/S72W and the corresponding experimental data.

Pro-S-y Pro-R-y S-v/R-vy Pro-a Pro-p
Number of poses 10 4 25 9 7
Predicted selectivity based on 34% 13% 25 30% 230
number of poses
PopuIatlon/ener_gy/cluster size- 50% 5% 10 27% 18%
weighted selectivity
Experimental data 83% 7% 12 4% 6%

structures to examine the movement of residues, especially F87.

To summarise, the ADFR docking of 1 with KU3/A330P/S72W showed many more productive
poses than Vina docking with the same simulation structure. (S)-y poses were observed across
all replicas in ADFR docking, whereas with Vina only R3-structures showed two poses for (S)-

v oxidation. The R1 and R2 structures after ADFR docking were overlaid with the original

From the overlaid R1C1 structures with the lowest energy (S)-y pose, it was clear that the (S)-
y-pose would be destabilised by the original R1C1 F87 side chain, which was rotated by ~60°

towards the B helix and moved out of the way after the ADFR run (Fig. 3.35-A). Furthermore,
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the post-ADFR W72 side chain moved towards the (S)-y pose and formed a hydrogen bond to
the Boc group to stabilise the pose. The other two flexible residues L437 and 1263 showed
conformational changes but had no effect on the (S)-y pose due to the long distances (6.8 A and

7.1A).

W72

B’ helix

| helix

ADFR L437

ADFR W72

P330
Q’\/ o

ADFR L437

70A
L437

B’ helix

7.4 A
ADFR 1263
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Figure 3.35 Overlay of selected residues (yellow) and their post-ADFR conformations (magenta) of the simulation
(A) R1C1 and (B) R2C1 structures of KU3/A330P/S72W, together with the lowest energy (S)-y-pose (cyan). Black
dashes with black labels denote distances between residues and poses. Red dashes denote H-bond. Red dashed
circles denote steric clashes.
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Comparison of the original vs. post-ADFR R2C1 structures showed similar trends: the F87 side
chain clashed with the (S)-y pose in the simulation structure, but after ADFR run the side chain
rotated away (by ~45° towards the | helix) and created space for the pose (Fig. 3.35-B). As with
R1C1, the R2C1 W72 side chain was closer to the (S)-y pose after ADFR run and hydrogen
bonding was observed, while in the original structure W72 was farther from the pose. Both
L437 and 1263 were far from the (S)-y pose even after ADFR (7.0 A and 7.4 A). These
observations demonstrated that F87 was the key factor affecting the production of meaningful
outputs: in R1 and R2 structures the binding regions for (S)-y pose was hindered by the F87
side chain, but once conformational changes of F87 were allowed in ADFR, these regions were

freed up, more productive poses were obtained.

However, due to the different parameters and algorithms, etc., direct comparison between the
output distribution and predicted selectivity from Vina and ADFR approaches might not be
meaningful. Instead, the binding poses for different products would provide insight in enzyme-

substrate binding interactions and guide mutagenesis.

3.4.3.2 Analysis of binding poses

The (S)-y poses showed good alignment; the Boc group was sequestered in the pocket formed
by W72, P330 and S332, while the azepane ring pointed towards the | helix and contacted T260,
1263 and T438. In the lowest energy pose, Cy of the azepane ring was 3.2 A from the ferryl

oxygen (Fig. 3.36).
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Figure 3.36 Overlay of MD-simulation structures of KU3/A330P/S72W (yellow) with (A) all (S)-y-poses (cyan), (B)
the lowest energy (S)-y-pose (cyan). Black dashes with black labels denote distances between residues and poses.

The two (S)-y poses from the Vina rigid-body docking run with the R3 structures were overlaid
with the ADFR poses as comparison. From the overlay, the (S)-y poses from these two
approaches aligned reasonably well, with the Vina poses a little farther away from the I helix
(Fig. 3.37). This indicated that given reasonable side chain conformations, as in R3 structures,
Vina could give similar meaningful binding poses as ADFR, but flexible side chain docking

was essential for variants with bulky residues such as F87 above the haem.
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Figure 3.37 Overlay of all (S)-y-poses (light cyan) generated from the ADFR approach and the (S)-y-poses (green)
from the Vina approach. Black dashes with black labels denote distances between residues and poses.

The NP poses were clustered above the haem, from around the | helix to the pocket formed by
W72, P330 and S332 (Fig. 3.38-A). From the overlaid structure, two binding regions were
identified for NP poses where the (S)-y pose was not located; the major cluster was close to the
I helix and contacted T438, while the other cluster was close to S332 and W72 (Fig. 3.38-B).
Mutations T438L/F/M and S332F/M were thus designed to disfavour the NP poses and improve
the enzymatic activity. The S332 mutations might not work as anticipated, as S332 was quite
close to the (S)-y pose (4.6 A) and bulky substitutions here might thus affect the (S)-y selectivity.
On the other hand, the T438 mutations could be more successful as the T438 was close to the

NP poses (3.3 A) but much farther away from the (S)-y pose (9.6 A).
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Figure 3.38 Overlay of MD-simulation structures of KU3/A330P/S72W (yellow) with (A) all NP poses (green), (B)
all NP poses (light green) and the lowest energy (S)-y-pose (cyan). Black dashes with black labels denote distances
between residues and the (S)-y-pose. Blue dashes with blue labels denote distances to the NP poses.

The (R)-y poses adopted similar binding orientation as the (S)-y poses. The protecting group
contacted W72 and S332 while the azepane ring pointed towards the | helix. From the overlay,
all (R)-y poses were within the vicinity of the region of pocket formed by the (S)-y poses and
no specific binding region was found for (R)-y poses (Fig. 3.39). Therefore, it was not
straightforward to design mutations to seek improvement to enantioselectivity for (S)-y alcohol.
This revealed one of the limitations of the docking-guided mutagenesis approach because it

relied on the presence of specific binding pockets for the “unwanted” poses. Such pockets were
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easier to be identified when the variant to be studied was not already highly selective or active.
Nonetheless, tests of the mutations proposed based on the analysis of NP poses vs. (S)-y poses

would be meaningful.
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Figure 3.39 Overlay of MD-simulated structures of KU3/A330P/S72W (yellow) with all (R)-y-pose (green) and (S)-
y-pose (light cyan). Black dashes with black labels denote distances between residues and poses.

3.4.2.3 Mutagenesis tests

The S332F/M and T438L/F/M mutations were tested for their activity-enhancing effects (Fig.
3.40). The S332 mutations slightly improved TTN to 9950 and 9100, respectively by the S332F
and S332M variants, from 8440 by the precursor, while significantly reducing both regio- and
enantio-selectivity to 75-78% of 1a with 70-73% ee for (S)-1a, from 90% of 1a with 84% ee
by the precursor. On the other hand, the T438 mutations maintained the product selectivity and
increased TTN to ~12000, with T438F being the most active (TTN = 12400). These
observations were in agreement with the hypothesis that the bulky mutations at S332 might
destabilise both NP and (S)-y poses and that T438 mutations could disfavour the NP poses

without affecting (S)-y poses.
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Figure 3.40 The effect of the S332F/M and T438L/F/M mutations. Precursor: KU3/A330P/S72W.

3.4.3 Summary for the docking analysis of KU3/A330P/S72W

Vina rigid-body docking of 1 with KU3/A330P/S72W showed few productive poses. The
ADFR approach was adopted to perform flexible-residue docking, as it out-performed the Vina
flexible-residue method in cross-docking tests.?? Control docking experiments showed that
four to eight flexible residues would be enough to generate meaningful output without long
running time (< 300 min). Moreover, with no flexible residues (i.e., rigid body), ADFR docking
gave similar output as the Vina approach. Analysis of the post-ADFR conformations of flexible
residues suggested that the positioning of F87 was key to the adoption of productive poses and
having F87 as a flexible residue could increase the likelihood of “correct” poses. It was
therefore concluded that for three- or four-replica docking analysis of P450gm3 variants with
F87 or bulky mutations at F87 present, the ADFR approach must be applied. For variants with
small substitutions at F87, the rigid-body Vina approach could be utilised. ADFR docking with

four flexible residues indicated (S)-y alcohol as the major product, in agreement with the
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experimental data. The analysis of (S)-y poses vs. NP poses led to designs of S332 and T438
mutations which were found to enhance enzymatic activity; the KU3/A330P/S72W/T438F
variant was the most active (TTN = 12400), increasing the TTN by ~50% from 8440 while
maintaining the product selectivity (90% of 1a with 84% ee). On the other hand, it was difficult
to design enantioselectivity-enhancing mutations as the (R)-y and (S)-y poses substantially
overlapped and no specific binding regions for (R)-y poses was identified. This indicated the
docking-guided mutagenesis approach relied on significant differences between the correct
poses and poses for other products, which was difficult to identify if the variant was already
highly active (>85% regioselectivity and ee). One approach would be to deploy site-saturation
mutagenesis at S332 and T438 and present the substrate with varied steric demand from the
enzyme and alter the (S)- and (R)-poses to achieve increased enantioselectivity. However,
expanding the scope of the docking analysis studies by employing both Vina and ADFR

approaches on other substrates could be meaningful.
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3.5 Docking guided mutagenesis for azocane

3.5.1 Docking analysis for the GV/A1841/1263G/A328G variant

3.5.1.1 General docking outputs

Docking analysis was performed on the azocane substrate to expand the scope of research and
seek improvements in product selectivity and enzymatic activity for azocane oxidation. From
the screening and initial engineering, the highest selectivity for the two enantiomers of the 3
alcohol 7c were given by similar or same variants as for azepane. The (S)-p alcohol was most
favoured by the GVV/A1841/1263G/A328G variant, giving 76% of 7c, 77% ee for S (TTN = 180).
The same variant was most (S)-p selective for N-Ips-azepane 5 oxidation (Table 3.13). The
highest selectivity for the (R)-p alcohol was given by the R19/S72A/A330W variant (85% of
7¢, 99% ee for R, TTN = 400), which had similar mutations as the most (R)-p selective variant

for azepane, VQ/S72G/A330W.

Table 3.13 Best variants and selectivity for two enantiomers of the B-alcohols 5¢ and 7c from initial screen.

Products Variant Regioselectivity ee TTN

(S)-p-ol, (S)-7c GV/A1841/1263G/A328G 76% 7%, S 180
(R)-p-ol, (R)-7¢c R19/S72A/A330W 85% 99%, R 400
(S)-p-ol, (S)-5¢ GV/A1841/1263G/A328G 76% 79%, S 290
(R)-p-ol, (R)-5¢ VQIS72G/A330W 91% 96%, R 1070

The GV/A1841/1263G/A328G variant was chosen for docking analysis for N-Ips-azocane 7, as
it was the same variant that was docked with N-Ips-azepane 2 and a direct comparison could be
drawn between the two. Vina rigid-body docking was performed on substrate 7 with the seven
clustered structures of GV/A1841/1263G/A328G. The (S)-B poses were most populated among
the productive poses. There were eight poses indicating (S)-p oxidation, three for (R)-p, three

for a, six for y and six for 6, together with 37 NP poses (Fig. 3.41).
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Figure 3.41 The affinity energy of output poses from Vina docking of N-Ips-azocane, 7, with MD-simulated structures
of the variant GV/A1841/1263G/A328G. RxCy denotes cluster y of replica x. The numbers in brackets indicate the
population of each cluster.

Similar to the observation in docking with N-Ips-azepane, poses from replica 1 dominated the
productive and especially (S)-B poses. Overlay of the R1C1, R2C1 and R3Cl1 structures with
the lowest energy (S)-p pose indicated that the T268 side chain of R1C1 formed a hydrogen
bond with the sulfonyl oxygen while the T268 side chains in the other two structures would
clash with this (S)-p pose (Fig. 3.42). In R2C1 the T268 side chain formed a hydrogen bond
with H266. Other residues, such as S72, L75, 1263, G328, A330 and L437, showed rotamer
conformations or backbone shifts but none of these would affect the (S)-B pose. These
comparisons again demonstrated the importance of using multiple replicas for MD simulations

and substrate docking.
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Figure 3.42 Overlay of selected residues from R1C1 (yellow), R2C1 (magenta) and R3C1 (blue) structures of
GV/A1841/1263G/A328G, together with the lowest energy (S)- pose. Black dashes with labels denote distances.
Red dashes denote H-bond. Red dashed circles denote steric clashes.

3.5.1.2 Binding pose analysis and mutagenesis

The (S)-p poses aligned well. The Ips group was close to the I helix and contacted V87, G263,
T268, while the azocane ring pointed towards the B1 strand and was in van der Waals contact
with L75, V87, T268, G328 and A330. Hydrogen bonding between T268 and the sulfonyl
oxygen was observed (Fig. 3.43-A). These poses were then overlaid with the lowest energy (S)-
B-pose from docking of N-Ips-azepane 2 with the same simulated clusters of
GV/A1841/1263G/A328G (Fig. 3.43-B). The docked azocanes mostly aligned well with the
azepane pose. However, some of the Ips-azocane (S)-p poses were quite close to L75 and V87,
compared with their azepane counterparts, which could affect mutation design, as bulky

mutations at these two residues could potentially affect the ee for (S)-7c as well.
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Figure 3.43 Overlay of (A) all (S)-B-poses from docking with N-Ips-azocane 7 (cyan) and (B) the azocane (S)-$
poses (light cyan) with the lowest energy azepane (S)-p pose (blue), together with selected residues of the
simulated GV/A1841/1263G/A328G structure.

Binding poses for different products were analysed to design mutations. Overlaying of the
lowest energy (S)-p pose with (R)-p poses revealed specific binding pockets for the (R)-
configured poses where the (S) poses were not located (Fig. 3.44). Mutations S72F/M, L75F/M

and V87L/I could disfavour (R) poses and improve the ee for the (S)-p alcohol (S)-7c.

Figure 3.44 Overlay of lowest energy (S)-p pose (cyan) with the (R)-p poses (light green), together with selected
residues of the MD-simulation structure of GV/A1841/1263G/A328G (yellow).
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The L75F/M variants maintained the regioselectivity for 7c (74% and 75%), but significantly
decreased the ee (50% and 61%) (Fig. 3.45). Both variants also showed almost 2-fold
improvements of the TTN, to 330 and 320. The F87I/L variants showed improved
regioselectivity (87% and 90%) and TTN (420 and 440), but again lowered ee to ~55%. The
S72F/M variants enhanced the ee to 88% and 90% while maintaining the regioselectivity (72%
and 74%), with improved TTN at 410 and 420. The observations that L75 and F87 mutations
decreased ee supported the hypothesis that they could interfere with the (S)-p poses. The S72F
variant was selected as the template to conduct further mutagenesis to seek improvement in

product selectivity and TTN.
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% 7c wmmmm ce (%) --O-- Conversion (%) —@— TTN for (S)-7c

Figure 3.45 The effect of the L75M/F, F87L/I and S72M/F mutations. Precursor: GV/A1841/1263G/A328G.

3.5.1.3 Docking analysis of the GVV/A1841/1263G/A328G/S72F variant

Three replica MD simulations were performed for the GV/A1841/1263G/A328G/S72F variant
and substrate docking was conducted for 7 with the simulated structures. The output indicated
the (S)-p alcohol as the major product and the (S)-P poses aligned well. From the overlay of the

lowest energy (S)-B pose and NP poses, specific binding regions for NP poses were identified
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where the (S)-p ones were not located. This “NP region” was close to residues F72, L188 and
S332 (Fig. 3.46). Mutations L188F/M and S332F/M were thus designed as they could disfavour

the NP poses without affecting the (S)-p poses.

L188
“.a2A NP
\NF72 v, (yellow) S-B
o (cyan) | helix

G263

Figure 3.46 Overlay of lowest energy (S)-p pose (cyan) with the NP poses (light yellow), together with selected
residues of the simulated GV/A1841/1263G/A328G/S72F structure (green). Red dashed circle denotes the binding
pocket for NP poses.

Experimentally, the S332F/M variants showed significantly improved TTN of 900 and 930,
while maintaining the regioselectivity (71%) and slightly increasing ee (93% and 95%) (Fig.
3.47). The L188F/M variants improved both the TTN (960 and 1000) and regioselectivity (81%
and 80%), while maintaining the ee (90% and 91%). Among these, the
GV/A1841/1263G/A328G/S72F/L188F variant showed most significant improvements
compared with the precursor; the TTN was increased to 1000, five-fold of 180 by the precursor,
the ee was enhanced from 77% to over 90%, and the regioselectivity was slightly higher (80%)

than the precursor (76%).
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Figure 3.47 The effect of the S332F/M and L188F/M mutations. Precursor: GV/A1841/1263G/A328G.

To summarise, the docking of N-Ips-azocane 7 with GV/A1841/1263G/A328G suggested the
(S)-P alcohol as the major product, in agreement with experimental data. The overlaid (S)-p
poses showed close resemblance with the (S)-p poses from docking of N-Ips-azepane 2 with
this variant. The overlay of (S)-B poses with poses for other products helped the design of new
variants that showed improved product selectivity and enzymatic activity. Docking analysis
with the best variant from the first round of mutagenesis, GV/A1841/1263G/A328G/S72F, led
to the GV/A1841/1263G/A328G/S72F/L188F variant with improved TTN (1000 vs. 180), ee
(91% vs. 77%), and regioselectivity (80% vs. 76%), compared to the GV/A1841/1263G/A328G

identified from the original screening.
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3.5.2 Docking analysis for the R19/S72A/A330W variant

Three replica simulations of the R19/S72A/A330W variant generated 9 clustered structures
(Figure A5.7, Appendix A5.2.2). Due to the retention of F87 in this variant, the ADFR approach
was deployed with four flexible residues (F87, 1263, W330 and L437). The results indicated
the (R)-B alcohol as the major product, in agreement with the experimental data, though the
predicted (R)/(S) ratio of 11 was much lower than 199 experimentally (Figure A5.8, Appendix
Ab5.2.2). The (R)-B poses aligned reasonably well, with the azepane ring pointed towards the I
helix and the Ips group contacted A72 and W330 in most cases (Fig. 3.48). There was one (R)-

B pose adapting the opposite binding direction, but it was within the binding region of other

(R)-B poses.

Figure 3.48 Overlay of all (i)-p poses with selected residues of the simulated R19/S72A/A330W structure (yellow).
Black dashes with labels denote distances between residues and poses.

Since this variant showed high regioselectivity (85%) and striking enantioselectivity (99% ee)
but a low TTN (340), mutations to improve enzymatic activity were of interest. The overlay of
NP poses with the lowest energy (R)-p pose revealed a binding region for NP poses close to

L181, 1263 and L437 (Fig. 3.49). The mutations L181F/M and L437F/M were introduced.
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Figure 3.49 Overlay of the lowest energy (R)-B pose (cyan) with NP poses (green), together with selected residues
of the simulated R19/S72A/A330W structure (yellow). Red dashed circle denotes the binding pocket for NP poses.
Mutations L181F/M and L437F/M could disfavour the NP poses without affecting the (R)-p poses and thus improve
TTN.

Experimentally, all the L181 and L437 mutations tested maintained the product selectivity (~85%
of 7c, 99% ee). The L437F/M variants improved TTN to >1000 while the L181F/M
showed >2000 TTN. The R19/S72A/A330W/L181F variant was the most active, with a TTN

of 2700, an eight-fold improvement over the precursor (Fig. 3.50).
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Figure 3.50 The effect of the L437F/M and L181F/M mutations. Precursor: R19/S72A/A330W.
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3.6 Summary of docking-guided mutagenesis for azepane and

azocane

MD simulations and substrate docking have provided insight into substrate—enzyme
interactions and led to the design of new variants with significantly improved product
selectivity and enzymatic activity. Two docking approaches, Autodock Vina and ADFR, were
explored and compared for their performance with the cyclic amine substrates. It was concluded
that, for variants with bulky residues in the P450sm3 active site, e.g., F87 and L328, the ADFR

approach was required, but otherwise, the Vina rigid-body docking could be utilised.

Although the absolute affinity energy of docking poses generated in vacuum are unlikely to be
reliable, the predicted selectivity, especially when weights were assigned for each pose using
cluster population and affinity energy as specified in 3.2.1.2, was usually in agreement with the
major product observed experimentally. Analysis of substrate binding interactions and overlay
of poses for different products aided the design of effective mutations. Combinations of these
mutations, together with iterative docking analysis on the best variants for each generation,

resulted in significantly improved selectivity and TTN.

For the (S)-p alcohol of azepane, three rounds of guided mutagenesis improved (S)-f selectivity
and TTN, from 76% of 5¢c and 79% ee (TTN = 290) by the GV/A1841/1263G/A328G variant,
to 97% of 5¢ and 92% ee (TTN = 1490) by GL/A1841/1263G/A328G/S72F/L188M (Fig. 3.51).
Starting from the same precursor, and by two rounds of mutagenesis, selectivity and TTN for
the azocane (S)-p alcohol (S)-7c was improved to 80% of 7c and 91% ee (TTN = 1000) by the

GV/A1841/1263G/A328G/S72F/L188F variant, from 76% of 7c and 77% ee (TTN = 180).

This approach was especially efficient in improving enzymatic activities. For the (R)-y alcohol
(R)-1a of azepane, guided mutagenesis led to the RLYF/H171L/1263G/A330W/L437S/V78F

variant (94% of 1la, 93% ee, TTN = 14500) in just one round, while the template,
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RLYF/H171L/1263G/A330W/L437S, showed 90% of 1a with 90% ee (TTN = 10300). For the
other enantiomer, (S)-1a, the KU3/A330P/S72W/T438F variant (90% of 1a, 84% ee, TTN =
12630) was also discovered by one round of guided mutagenesis, starting from the template

KU3/A330P/S72W (90% of 1a, 84% ee, TTN = 8440).

On the limitation aspects, the docking-guided mutagenesis approach relied heavily on binding
orientations of poses being sufficiently different. In cases where there was too much overlap
between the target productive pose(s) and others, little could be done to design mutations to
improve selectivity or TTN. To tackle this, further efforts are needed to improve the basic MD
simulation and substrate docking methodology; alternatively, site-saturation mutagenesis at
residues that contact the cyclic amine rings can be conducted. Nevertheless, the application of
docking-guided mutagenesis on more complex cyclic amine systems, such as bicyclic amines,

would be of great interest.
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Figure 3.51 Highest selectivity and TTN achieved for all remote products of azepane and azocane and relevant
variants by library screening and guided mutagenesis. Marked in blue are the ones that have been improved through
docking guided mutagenesis.
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4. Bicyclic and spirocyclic amines

4.1 Introduction

Recently, there has been growing interest in introducing more 3-dimensionality and saturation
into building blocks in pharmaceutical and agrochemical industries.?*>24* This chapter explores
the selective functionalisation of two cyclic amines with more 3D structures—the bicyclic amine
7-azabicyclo[2.2.1]heptane and the spirocyclic amine 8-azaspiro[4.5]decane. The combined
strategies of library screening, substrate engineering and docking-guided mutagenesis were

deployed for high regio- and enantioselectivity for the remote oxidation products.

Biocatalytic hydroxylation of 7-azabicyclo[2.2.1]heptane has been reported by Hemenway,?*
Olivo,?*® and Marshall®*” using Beauveria bassiana and Rhizopus nigricans. However, low to
moderate enantioselectivities were observed; the highest enantioselectivity for the (S)-endo
alcohol (64% ee) was produced by B. bassiana, and the same microorganism also showed
highest ee for the (R)-endo product at 22%. For the exo alcohol product, highest ee for the (S)-

enantiomer was 42% found with R. nigricans, while no (R)-exo alcohol was observed (Scheme

4.1).
R. _R
N N
Lzon woh
Microbial (R)-exo (S)-exo
R hydroxylation Not observed 42% ee
°N R. nigricans
A7
R ~
N N~ R
7-azabicyclo[2.2.1]heptane Lb /dl
OH HO
(R)-endo (S)-endo
22% ee 64% ee
B. bassiana B. bassiana

Scheme 4.1 Highest enantioselectivity observed for the hydroxylation products from the work by Hemenway,?4°
Olivo,?%¢ and Marshall.24”
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On the other hand, the direct functionalisation of 8-azaspiro[4.5]decane has not been reported.
Previous work within the Wong and Robertson groups have investigated the P450gm3 oxidation
of N-Boc-8-azaspiro[4.5]decane, which is summarised in Section 4.4.1. High regioselectivity
was achieved for remote hydroxylation products, but the stereochemistry remained
undetermined. This chapter also explores advanced Mosher ester analysis and X-ray

crystallographic study to assign the absolute configuration of these products.

4.2 Initial screen and analysis of the bicyclic compound

4.2.1 Initial screen for N-Boc-7-aza-bicyclo[2.2.1]-heptane

N-Boc-7-aza-bicyclo[2.2.1]-heptane, 8, was synthesised and screened against the 48 variants in
the refined library (Table A2.2, Appendix A2.1). Of these, 29 variants showed >50%
conversion. The three products were purified and characterised as the exo-f alcohol 8a, the
endo- alcohol 8b, and the 3 ketone 8c (Fig. 4.1). Their NMR spectra were in agreement with

previously reported data?*® and information can be found in Appendices A6 and A7.

Boc Boc. Boc< Boc.
P450g\m3

N N N N
OH
8 8a 8b 8c
Figure 4.1 Products characterised from the initial screening of N-Boc-7-aza-bicyclo[2.2.1]-heptane, 8.

The absolute configuration for enantiomers was determined by comparison with reported
specific rotation data (Table 4.1).2* The exo-alcohol 8a isolated from a reaction with the
R19/F871 variant was determined as the (R)-enantiomer, with 99% ee ([a.]Jo = +20.8), while the
R19/F87A/F81W variant afforded (S)-8a, also with 99% ee (Ja]o = —19.9). For the endo alcohol

8b, the R19/S72G/A330W variant gave the (R)-enantiomer with 80% ee ([a]o=—4.1). The (S)-
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configuration of product 8b from GQ/1263G/A328L was assigned by comparison of its [a]p
(+2.3) with the reported data ([a.]o = —3.8) for the (R)-enantiomer. The stereochemistry and ee
of alcohol products given by other variants were determined by chiral-phase GC analysis and

comparison with data for these four compounds.

Table 4.1 [a]p of alcohol products of substrate 8 and the literature data.

Products Variants ee [a]p?® Solvent Literature data
8a +21.1 for R (+)%48
R19/F87I 99%, R +20.8 CH2Cl2
exo-B-alcohol —21.6 for S (-)**®
8a +21.1 for R (+)%48
R19/F87A/F81W 99%, S -19.9 CH2Cl2
exo-B-alcohol —-21.6 for S (-)**®
8b
R19/S72G/A330W 80%, R -4.1 CHCl3 -3.8 for R (-)**°

endo-B-alcohol

8b

GQ/1263G/A328L 44%, S +2.3 CHCIs -3.8 for R (-)*°
endo-B-alcohol

4.2.2 Selectivity trends for exo-p alcohol 8a

From the initial screening, the exo-alcohol 8a was the dominant product, with 23 variants
showing >50% selectivity for 8a, while six variants gave the endo-alcohol 8b as the major
product. The (R)-enantiomer was the predominant for exo-selective variants (>50% 8a), with
16 out of these 23 showing >80% ee for (R)-8a, while three gave >80% ee for the (S)-isomer.
The highest (R)-selectivity was observed with the R19/F871 variant, with 99% of 8a and 99%
ee (TTN = 1970), while the (S)-enantiomer was most favoured by the GLQ/1263G/A328G

variant, at 99% of 8a and 86% ee (TTN = 1880) (Entries 1 & 25, Figure 4.2).

Analysis of the selectivity data revealed key mutations for both enantiomers. For the (R)-
enantiomer, the F871 mutation was sufficient to give striking regio- (99%) and enantio- (99%)
selectivity (Entries 1 & 2, Fig. 4.2). The F87V mutation also promoted ee (up to 97%) but
decreased regioselectivity (~70%; GVQ & K19/F87V, Entries 9 & 10). The F87V/A184l

combination increased regioselectivity (82%) and maintained ee (97%; GV/A184l, Entry 8).
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R19/F871 1
R19/F871/L437LV 2 I
K19/F87V/E267VIVT8I S
K19/F87V/E267V 4 —
GVQIA264G s I
K19/F87V/IA264G e =
GVQ/I263G 7 ———
GV/A184I 8 —
Gva 5 ™ —
K19/F87V 10—
1263G 11
K19/F87VIQ430P 12 [ —
R19/F787A/I1263G 13 =
R19/F87A/A184 14 I —
R19/F87A 15 [ —
GVQIA328G 16—
R19/F87A/A328G/P329G 17 T
K19/F87A/I263A 18 1
K19/F87A/I263G/A82M 19
WT 20
K19/F87A/A82M e 21
K19/F87A/A82M/E267F — 7]
K19/F87A/A328L N 23
GLA/M6IG | 24
GLQ/I263G/A326G |pum—— 25
GL/A1841/1263G/A328G |y M —— 06
K19/F87A/Fg1\ | 07

-100% -80% -60% -40% -20%

o
ES

20% 40% 60% 80% 100%

mmee (%) "%8a

Figure 4.2 Regio- and enantio-selectivity for (R)- and (S)-8a of P450ewms variants from the initial screen. Positive
values represent selectivity for (R)-8a. Negative values represent selectivity for (S)-8a.
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The 1263G mutation was also highly (R)-promoting, as the 1263G variant on its own gave 83%
of 8a and 95% ee (Entry 11), and addition of 1263G to the GVQ variant improved its selectivity
to 87% of 8a and 97% ee (Entry 7 & 9). Other mutations, such as E267V (Entry 4), V781 (Entry

3), A264G (Entries 5, 6,9 & 10), and Q403P (Entries 10 & 12) also favoured the (R)-enantiomer.

The F87A mutation lowered the (R)-selectivity, with R19/F87A giving 57% of 8a and 86% ee
(Entry 15, Fig. 4.2). The selectivity could be rescued by 1263G, as R19/F87A/1263G gave 76%
of 8a and 95% ee (Entry 13), but not 1263A, with K19/F87A/1263A giving 55% of 8a and 57%
ee (Entry 18). The A82M mutation significantly decreased (R)-selectivity, e.g., addition of this
mutation to the R19/F87A/I1263G variant lowered its selectivity to 50% of 8a and 40% ee

(Entries 13 & 19).

Strikingly, substitution of F87V with F87L reversed the enantioselectivity, as the GLQ/1263G
variant gave 99% of 8a and 56% ee for (S)-8a, while its GVQ/1263G counterpart afforded 87%
of 8a and 97% ee for R (Entries 7 & 24, Fig. 4.2). The addition of A328G to GLQ/1263G
maintained the high regioselectivity and further increased (S)-selectivity, to 86% ee by
GLQ/1263G/A328G (Entry 25). Considering the importance of mutations F87L, 1263G and
A328G to (S)-exo-selectivity, a few variants generated in the docking-guided mutagenesis for
azepane were tested against 8 to investigate the effect; these are GL/A8141/1263G/A328G and
a few variants derived from it with additional mutations at S72, L75 and A330. Among these,
the GL/A1841/1263G/A328G variant was the most effective and further improved (S)-exo-
selectivity, giving 99% of 8a and 90% ee (Entry 26). The F81W mutation promoted (S)-
selectivity but lowered regioselectivity, with the K19/F87A/F81W variant giving 67% of 8a
and 99% ee (Entry 27). The addition of F81W mutation to the GL/A1841/1263G/A328G variant

could lead to further improved product selectivity for (S)-8a.
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4.2.3 Selectivity trends for endo alcohol 8b

For the endo alcohol 8b, the (R)-enantiomer was dominant: six out of the seven highly endo-
selective variants gave high selectivity for (R)-8b, while one favoured the (S)-isomer. Mutations
A330P/W and S72G/A were important for (R)-selectivity. The KU3/A330P/S72W variant was
the most selective at 93% of 8b and 96% ee for (R) (Entry 1, Fig. 4.3). The A330W mutation
showed high regioselectivity but lower ee (95% of 8b and 68% ee; Entry 5, Fig. 4.3). Addition
of S7T2A/G mutations to the R19/A330W variant maintained the regioselectivity (95%) and

improved ee to ~80% (Entries 3 & 4, Fig. 4.3).

Entry
KU3/A330P/S72W 1 1
GVQ/I263G/A328L 2
R19/A330W/S72G Ee—
R19/A330W/S72A 4
R19/A330W 5 |

GVQ/I263V/A328L ¢

WT i
GQ/I263G/A328L I

-100% -80% -60% -40% -20% 0% 20% 40% 60% 80% 100%

mmee (%) % 8a

Figure 4.3 Regio- and enantio-selectivity for (R)- and (S)-8b of P450sms variants from the initial screen. Positive
values represent selectivity for (R)-8b. Negative values represent selectivity for (S)-8b.

The A328L mutation also favoured (R)-8b, as addition of this mutation to the (R)-exo-selective
variant GVQ/1263G (87% of 8a and 97% ee; Entry 7, Fig. 4.2) switched the diastereoselectivity
to endo- with high ee (GVQ/1263G/A328L; 95% of 8b and 80% ee; Entry 2, Fig. 4.3).

Substitution of 1263G with 1263V maintained the regioselectivity but decreased the ee (95% of
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8b and 56% ee; GVQ/1263G/A328L, Entry 2, Fig. 4.3). The reversion of the F87V mutation in
the GVQ/1263G/A328L variant also inverted the enantioselectivity while keeping the
regioselectivity and resulted in the only one variant with significant (S)-endo-selectivity from

the initial screen, GQ/1263G/A328L (95% of 8b and 44% ee for S; Entry 8, Fig. 4.3).

4.2.4 Summary of the initial screen for substrate 8

Overall, the panel of 48 variants showed good enzymatic activity and high product selectivity
for substrate 8. The (R)-exo alcohol (R)-8a was the dominant product with the highest
selectivity at 99% of 8a and 99% ee. High regio- and enantio- selectivity for the (S)-exo (99%
of 8a and 90% ee) and (R)-endo (93% of 8b and 96% ee) products were also observed. Only
the variant GQ/1263G/A328L from the initial screening favoured the (S)-endo alcohol, but with
a low ee (95% of 8b and 44% ee). Docking-guided mutagenesis was carried out with this variant

to improve the (S)-endo-selectivity.
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4.3 Docking-guided mutagenesis for the (S)-endo alcohol

4.3.1 Docking analysis with the GQ/1263G/A328L variant

Three replica MD simulations were performed for the GQ/I263G/A328L variant and nine
clustered structures, constituting 90% of the total population for each replica, were generated.
Docking of substrate 8 with these nine clusters revealed an (S)-endo preference over the (R)-
endo poses, with a weighted (S):(R) ratio of 2.0, close to 2.5 from experimental data (Fig. A5.14,
Appendix A5.4). However, the predicted exo-selectivity at 52% was much higher than
experimental data at 6%. This suggested substrate docking could not be applied to predict the
product regioselectivity of oxidation products for the bicyclic substrates, while the enantio-

preference could be reflected correctly.

From the overlay of binding poses, there were two groups of (S)-endo poses and they were close
to each other. The bicyclic ring of both groups pointed towards but did not contact the | helix
(Fig. 4.4). For one of these two groups, the Boc groups were close to the B1 strand, while in the

other two (S)-endo poses the protecting group was rotated by ~15° and closer to L75 and S72.

Specific binding regions for the (R)-endo poses were identified which were close to residues
A330 and S332, although there was overlap between the (R)-endo and (S)-endo poses (Fig. 4.5).
The mutations A330F/M and S332F/M were proposed since, although some (S)-endo poses
might be sacrificed, these mutations could disfavour most of the (R)-endo poses without

affecting the lowest energy (S)-endo pose, and could improve the ee for S.
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Figure 4.4 Overlay of MD-simulation structures of GQ/1263G/A328L (yellow) with all (S)-endo poses (cyan). Black
dashes with black labels denote distances between residues and poses.
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Figure 4.5 Overlay of the lowest energy (S)-endo pose (cyan) with the (R)-endo poses (green), together with the
simulation structure of GQ/I263G/A328L (yellow). Black dashes with black labels denote distances between
residues and poses.

Overlay of the lowest energy (S)-endo pose with the NP poses revealed significant differences
in the binding orientations (Fig. 4.6). The NP poses were sequestered in the pocket formed by
residues L75, V78, A82 and T260, while the (S)-endo pose was not located in this region. Bulky

mutations at residues V78, A82 and T260 might improve enzymatic activity.
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Figure 4.6 Overlay of the lowest energy (S)-endo pose (cyan) with the NP poses (green), together with the
simulated structure of GQ/I263G/A328L (yellow). Black dashes with black labels denote distances between
residues and poses.

4.3.2 Mutagenesis tests for the GQ/1263G/A328L docking

On the enantioselectivity aspect, the S332F/M mutations both maintained the high
regioselectivity (~97% of 8b) and slightly improved ee (~52%) and TTN (~360) (Fig. 4.7). The
A330L/F variants out-performed their S332 counterparts: they showed higher ee (~63%) and
TTN (~440) and maintained the regioselectivity (~95% of 8b). The A330M variant failed to

express after three trials.

The L75F/M variants increased ee (~51%) and TTN (370) slightly but reduced the
regioselectivity (~86%) (Fig. 4.8). The V78 and A82 mutations showed similar effects, with
the A82M variant gave the highest selectivity (95% of 8b, 50% ee) and TTN (460) among these.
The A82F variant could not be expressed. Surprisingly, the T260 variants greatly improved ee
while maintaining regioselectivity and increasing TTN, with the GQ/1263G/A328L/T260L
variant being the most effective, giving 76% ee, almost doubled the 44% ee by the precursor

GQ/1263G/A328L, with a regioselectivity of 95% and a TTN of 480.
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Figure 4.7 The effect of the S332F/M and A330L/F mutations. Precursor: GQ/I263G/A328L.
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Figure 4.8 The effect of the L75F/M, V78L/F, A82M and T260I/L mutations. Precursor: GQ/I263G/A328L.

The most effective variant GQ/1263G/A328L/T260L was selected as the template for further

docking analysis and mutation design.
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4.3.3 Further mutagenesis on the GQ/1263G/A328L/T260L variant

Docking analysis with MD-simulation structure of GQ/1263G/A328L/T260L indicated a higher
predicted (S):(R) ratio at 4.5, compared with 2.0 by docking with GQ/1263G/A328L, although
there were still many more exo poses (42%) generated than experimentally observed (5%). The
analysis of binding poses suggested that the effective mutations S332F/M and A330F (for
enantioselectivity) and V78L/F, and A82M (for TTN) in the first round of mutagenesis could
further improve product selectivity and enzymatic activity when introduced to the

GQ/1263G/A328L/T260L variant (Figures A5.15 and A5.16, Appendix A5.4).

Experimentally, the S332F/M mutations further improved ee to ~86% while maintaining
regioselectivity (~96%) and TTN (~540) (Fig. 4.9). The A330F mutation out-performed its
S332 analogues with the GQ/1263G/A328L/T260L/A330F variant giving 98% of 8b with 89%

ee and a TTN of 920, the highest selectivity and enzymatic activity observed for S-8b.

100% - 1000
90(%] B 900

- 800
80%

- 700
70% L 600
60% - 500
50(%) E 400

- 300
40%

- 200
30% L 100
20% 0

% 8a mmmmm ce (%) - -O-- Conversion (%) —@&— TTN

Figure 4.9 The effect of the S332F/M and A330F mutations. Precursor: GQ/I1263G/A328L.
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For the activity-enhancing designs, the T260L/V87L and T260L/V87F variants showed an
improved TTN of ~950, twice the activity of the T260L variant, while maintaining both
regioselectivity (~95%) and ee (~78%) (Fig. 4.10). The T260/V78 combinations gave much
higher TTN than single mutation at both sites. The T260L/A82M variant showed similar effects

as its V78L/F counterparts with even higher TTN (1100).
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/
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Figure 4.10 The effect of the V78L/F, A82M mutations. Precursor: GQ/I1263G/A328L.

The T260L/A330F/A82M variant was then generated the combine these effective mutations.
However, this variant maintained the TTN (950) and regioselectivity (96%) but decreased the
ee to 82% from 89% by the T260L/A330F variant. Site-saturation mutagenesis at A82 as well

as further docking analysis with the GQ/1263G/T260L/A330F variant will be of interest.
4.3.4 Summary of docking-guided mutagenesis for (S)-endo alcohol

Docking analysis of the bicyclic compound 8 with simulated structures of GQ/1263G/A328L

indicated an S:R ratio (2.0) close to the experimental data (2.5). However, the weighted exo-
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selectivity (52%) was over-estimated, indicating further refinement of the fundamental
methodologies of MD simulations and substrate docking would be needed to give closer
resemblance of experimental product selectivity of the bicyclic amines. Nevertheless, the
analysis of binding poses led to mutations that improved selectivity and TTN for (S)-8b. Among
these, the GQ/1263G/A328L/T260L varaint showed surprising effects and greatly improved the
ee to 76% from 44% by the template variant GQ/1263G/A328L, while slightly enhancing TTN
(480) and maintaining regioselectivity (95%). Docking analysis with this variant led to the
GQ/1263G/A328L/T260L/A330F variant which showed the highest (S)-endo-selectivity at 98%
of 8b with 89% ee (enantiomeric ratio, er = 17, almost seven-fold of the GQ/1263G/A328L

template) and a TTN of 920.

Overall, high regio- and enantio-selectivity for all four enantiomers of the remote oxidation
product of substrate 8, the (R)-exo (99% of 8a with 99% ee), (S)-exo (99% of 8a with 90% ee),
(R)-endo (92% of 8b with 96% ee) and (S)-endo (98% of 8b with 89% ee) alochols, were

achieved (Fig. 4.11).

Boc _Boc
N N
Azon woh
(R)-8a (S)-8a
Variant lib 99%, 99% ee 99%, 90% ee
arlant fibrary TTN >100000 TTN >2000
Boc . screening R19/F87! GL/A1841/1263G/A328G
Lb Docking guided BOC\N N/BOC
8 mutagenesis Lb )dk
OH HO
(R)-8b (S)-8b
92%, 96% ee 98%, 89% ee
TTN =1800 TTN =920

KU3/A330P/S72W  GQ/I1263G/A328L/T260L/A330F

Figure 4.11 The highest selectivity achieved for four enantiomers of the remote oxidation products of substrate 8.
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4.4 The spirocyclic substrates

4.4.1 Initial screen for N-Boc-8-azaspiro[4.5]decane

Previously, the oxidation of N-Boc-8-azaspiro[4.5]decane 9 by P450sm3 variants was studied
within the Wong and Robertson groups. Initial screening of substrate 9 against 48 variants of
the initial library (Table A2.1, Appendix A2.1) revealed high enzymatic activity. There were
34 showing >50% conversion at an enzyme:substrate ratio of 2000:1. Four remote
functionalisation products were characterised: the B’ alcohol 9a, the B’ ketone 9b, the o’ alcohol
9c and the o ketone 9d (Fig. 4.12). There was also one unknown minor product (<10% across

the screening).

a B o HO o
B OH 0
P450gy3
Boc—N/_\;<:| e Boc—N/_\_.O/ Boc—N/_\_.<:/|/ Boc—N R Boc—N R
< N < = <
9 9a 9b 9c 9d

Figure 4.12 Products characterised from the initial screening of N-Boc-8-azaspiro[4.5]decane 9.

High regioselectivity for alcohols 9a and 9c were observed. The B’ alcohol 9a was most
favoured by the R19/F871 variant, with 99% regioselectivity at 98% conversion (Entry 1, Table
4.13). Mutations F81W (Entry 2), 1263G (Entry 3 & 4) and A328I (Entry 2 & 5) also promoted
[’-oxidation. On the other hand, the variant K19/F87A/A82M (Entry 11) showed the highest
a'-selectivity, at 99% with 99% conversion. The a’ alcohol 9¢ was also favoured by mutations

F87A (Entry 8), F87V (Entry 10), and 1263A (Entry 9).

The absolute configuration and ee data of products 9a and 9¢ was not determined in previous
work. There were no published data for comparison to determine the stereochemistry; chiral

phase GC analysis did not give resolution of the different enantiomers.
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Table 4.13 Regioselectivity and conversion of selected variants for hydroxylation products of 9 (substrate : enzyme
=2000:1).

Entry  Variants Conv. 9a 9b 9c ad others
1 R19/F871 98% 99% - 1% - -

2 RT2/F81W/A328I 50% 96% 2% 2% - -

3 RP/H171L/1263G 97% 70% - 30% - -

4 GVQ/I1263G 99% 69% - 29% 2% -

5 K19/F87A/1263A/A328I 96% 57% - 43% - -

6 RP 90% 45% - 55% - -

7 RP/F87V 98% 20% - 70% - 10%
8 R19/F87A 94% 16% - 82% - 2%
9 K19/F87A/1263A 93% 2% - 97% 1% -

10 GVQ 15% 2% 1% 97% - -

11 K19/F87A/A82M 99% 1% - 99% - -

The stereochemical outcomes were studied by advanced Mosher ester analysis and X-ray
crystallography in this project. The broad signals in the 'H NMR spectra of 9a and 9c¢ due to
the rotamer conformation of the Boc group hampered the analysis of the Mosher esters. The
absence of a heavy atom in the Boc derivative would also make determination of the absolute
configuration by X-ray crystallography analysis less conclusive. As discovered in the substrate
engineering work for azepane and azocane, the derivatives with sulfonyl protecting groups gave
sharp peaks in the 'H NMR spectra. The presence of sulfonyl atom would also benefit
crystallographic  analysis. Thus, N-Ms-8-azaspiro[4.5]decane (10) and N-Ips-8-
azaspiro[4.5]decane (11) were prepared and screened against the 48 variants in the refined

library (Table A2.2, Appendices A2.1).

4.4.2 Initial screen for N-Ms-8-azaspiro[4.5]decane

The Ms-derivative 10 was a good substrate for P450sm3 oxidation — 36 out the 48 variants in

the refined library showed >50% conversion at a 2000:1 substrate-to-enzyme ratio. Two remote
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hydroxylation products, the o' alcohol 10a and the " alcohol 10b were characterised (Fig. 4.13).

The a alcohol 10c was also observed.

10a

Ms—N

HO

10b

HO

Ms—N

Figure 4.13 Products characterised from the initial screening of N-Ms-8-azaspiro[4.5]decane 10.

The highest selectivity for the B’ alcohol was found with the R19/F87A/A328F variant, which

gave 92% of 10a but with a low conversion of 35% (Entry 1, Table. 4.14). The A328L (Entry

2) and A328I (Entry 4) variants also showed high regioselectivity (~90%) for 10a but both with

low conversion (<50%). The 1263G mutation promoted p’-selectivity as well as enzymatic

activity, with the RP/H171L/1263G giving 90% of 10a with 86% conversion. Addition of 1263G

to an o/-selective variant, GVQ (95% of 10b; Entry 10), strikingly switched the regioselectivity,

with the GVQ/1263G variant showing 85% of 10a with 90% conversion (Entry 5).

Table 4.14 Regioselectivity and conversion of selected P450sms variants for the hydroxylation products of 10
(substrate:enzyme = 2000:1).

Entry Variants Conv. 10a 10b 10c
1 R19/F87A/A328F 35% 92% 6% 2%
2 R19/F87A/A328L 24% 92% 5% 3%
3 RP/H171L/1263G 86% 90% 10% -

4 K19/F87V/A328I 50% 90% 10% -

5 GVQ/I1263G 90% 85% 13% 2%
6 GVQ/I1263G/V78L 60% 68% 25% 7%
7 KU3/A330P 30% 20% 10% 70%
8 VQ/S72G/A330W 85% 15% 85% -

9 RP/VT78I/E267V 80% 8% 92% -

10 GVQ 85% 5% 95% -

11 R19/F87A/F81W 65% 4% 96% -

12 R19/F87A/A330W 73% 4% 96% -

13 R19/F87A 99% 4% 96% -
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The o’ alcohol 10b was most favoured by the R19/F87A variant, with 96% regioselectivity and
99% conversion. The F81W and A330W mutations maintained the regioselectivity (96%) but
decreased conversion to 55% and 73%, respectively (Entries 11 and 12, Table 4.14). The
mutation F87V (Entry 10) and the combination V78I/E267V (Entry 9) also promoted o'-

selectivity.

The a alcohol 10c, which was of less interest, was most favoured by the KU3/A330P variant,
giving 70% regioselectivity (Entry 7), indicating that the A330P mutation should be avoided in

the mutagenesis work to improve selectivity for 10a and 10b.

4.4.3 Initial screen for N-Ips-8-azaspiro[4.5]decane

The N-Ips-derivative 11 was a rather poor substrate for P450gm3 oxidation: 10 out of the 48
variants in the refined library showed >20% conversion (substrate:enzyme = 2000:1). There
were four products across the initial screening and two of these were characterised as the o’
alcohol 1la and the B’ alcohol 11b. The other two were minor products (<5%). High
regioselectivity for 11a and 11b was found and the effect of mutations was similar to the trends

observed with the N-Ms-derivative 10.

The o’ alcohol 11b was most favoured by the R19/F87A variant, with 93% regioselectivity and
43% conversion (Entry 11, Table 4.15). Mutations F87V also promoted o'-selectivity, with the
GVQ and K19/F87V variants giving ~90% 11b and ~40% conversion (Entries 8 and 9).
Addition of the E267V mutation to the K19/F87V variant slightly increased the regioselectivity
to 92% but lowered the conversion to 28% (Entry 10). Mutations F81W (Entry 7) and A330W

(Entry 6) also favoured 11b.

The highest p'-selectivity was found with the RP/H171L/1263G variant, with 86% of 11a and

21% conversion. Addition of the 1263G mutation to the o'-selective GVQ variant (Entry 8)
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switched the regioselectivity to B’ with the GVQ/I263G variant giving 80% of 11a and 32%
conversion (Entry 4). The A328L and A328F mutations also promoted B’-selectivity: the
R19/F87A/A328L and R19/F87A/A328F variants gave ~85% of 11la and ~24% conversion
(Entries 2 and 3), while the R19/F87A precursor was highly o’-selective (Entry 11). Addition
of the A328L/F mutations to the RP/H171L/1263G variant might promote the B’-selectivity

further.

Interestingly, the o-selective variant for the N-Ms derivative 10, KU3/A330P, showed little
conversion for 11, and the a alcohol product of 11 was not found across the screening against
the same 48 variants used for 10. These suggested the N-Ips derivative might suppress o-

oxidation.

Table 4.15 Regioselectivity and conversion of selected P450sm3 variants for the hydroxylation products of 11
(substrate:enzyme = 2000:1).

a B oo 5 on HO
Ips—N/_\<:| P450sws Ips—N/_\g Ips—N
AN <
1" 11a 11b

Entry Variants Conversion 1lla 11b Others
1 RP/H171L/1263G 21% 86% 10% 4%
2 R19/F87A/A328L 24% 85% 8% 7%
3 R19/F87A/A328F 26% 83% 9% 8%
4 GVQ/I1263G 32% 80% 13% 7%
5 KU3/A330P <5% - - -
6 RT2/A330W 40% 21% 7% 2%
7 K19/F87A/F81W 35% 14% 83% 3%
8 GVQ 38% 5% 90% 5%
9 K19/F87V 40% 4% 90% 6%
10 K19/F87V/IE267V 28% 5% 92% 3%
11 R19/F87A 43% 6% 93% 1%
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To summarise, the N-1Ips derivative 11 was a much poorer substrate compared with its N-Ms
counterpart 10. Similar selectivity trends were observed for both substrates, but the highest
selectivity for a'- (93%) and p’-(86%) alcohols found with 11 were both lower than those (96%
and 92%, respectively) observed for 10. Therefore, N-Ms-8-azaspiro[4.5]decane 10 was
selected to conduct further stereochemistry determination studies. Mosher ester analysis was

carried out for the two remote functionalisation products 10a and 10b.

4.4.4 Mosher ester analysis for stereochemistry and ee determination

Mosher ester analysis is an NMR-based method for deducing the absolute configuration of a
secondary alcohol/amine centre.?*® Different arrays of chemical shifts in *H NMR spectra are
displayed by the protons in diastereomeric (R-/S-) a-methoxy-a-trifluoromethylphenylacetic
acid (MTPA) esters (as derived from conjugation of the carbinol of amino groups with MTPA),
due to the shielding effect imposed by the phenyl group to protons residing above or below the
plane of the aryl ring. This results in different AS®® values (i.e., 5} — %, the difference in
chemical shifts of a proton in the R- vs. S-MTPA esters) in the two configurations of the alcohol
group. Comparative analysis of the experimental AR values against the predicted values based
on both (R)- and (S)-alcohols then gives a deduction of the configuration of the alcohol being
examined. Furthermore, Mosher ester analysis could also be used to determine the enantiomeric
ratio of the two enantiomers in an alcohol sample from the relative intensities of analogous

resonances in each of the MTPA esters.2%°

The B’ alcohol 10a afforded by the RP/H171L/1263G variant was firstly analysed. The purified
product 10a was reacted with two enantiomers of the Mosher’s acid following the protocol of
Hoye et al.?* to give the (R)- and (S)-MTPA esters (Fig. 4.14). Assuming an (S)-configuration

of the alcohol group, i.e., (2S)-10a, the two protons at C1 would experience more shielding
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from the phenyl group in the (R)-MTPA ester than in the (S)-MTPA ester (Fig. 4.14). Thus, a
negative ASRS was predicted for the C1 protons (Table 4.16). The predicted AdR® for protons at

C2, C3, C4, C6 and C10 are listed in Table 4.16.

MeO Ph
N Ph o) OMe o)
<., 9 10 N N N
g N 4 MeQ CIOC)\CFg 8o 0 CIOC)\CFs Sy 9 10
8 3 5 \oPh G NS . o' N ‘ Ph
; 6 5 CF, 8 3 oH 8 - 3 o .\\QM
12 ;7 65 7 5 CF;
o (S)-MTPA-CI 12 (R)-MTPA-CI LRI
(25)-10a-(R)-MTPA ester (25)-10a (2S)-10a-(S)-MTPA ester
MeO Ph
N
Sy_9 10 YePh N \OMe \S”o
o', ‘s o ClOC” “CF; S 10, CIOC™ “CFy SN0,
; 6 5 2 (O 3 8 3 0
1 O/UW,/C’:s ; 65 2 ; 6 5 2 oF
ot “OMe (S)-MTPA-CI 1 DOH (R)-MTPA-CI 107 s
MeO Ph
(2R)-10a-(R)-MTPA ester (2R)-10a (2R)-10a-(S)-MTPA ester

Figure 4.14 Scheme for the synthesis of the (R)- and (S)-MTPA esters from (2R)- and (2S)-10a.

Table 4.16 Predicted qualitive ASRS values of protons at C1, C2, C3, C4 ,C6 and C10 based on (2R) and (2S)
conformations of 10a.

Assumed Predicted AoRS

configuration c1 c2 o3 - s 1o
(2R)-10a >0 <0 <0 _ >0 <0
(2S)-10a <0 >0 >0 >0 <0 B

The 'H NMR spectra of the (R)- and (S)-MTPA esters were obtained and analysed. The
chemical shift of the C2 proton was 5.44 ppm in the (R)-ester spectrum, while the resonance
was at 5.42 ppm for the (S)-ester, resulting in a AJ"° value of +0.02. This experimental data is
consistent with the predicted shift (> 0) for a (2S)-configuration (Fig. 4.15). Similar analysis of
ASRS of protons at C1, C3, C4, C6 and C10 mostly supported (2S)-configuration of the alcohol
10a (Table 4.17). The major enantiomer in the product 10a afforded by the RP/H171L/1263G

was thus tentatively assigned an (S)-configuration.
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(R)-MTPA ester
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Figure 4.15. Comparative analysis of chemical shifts of proton 2 in 'H NMR spectra of (R)- and (S)-MTPA esters.

Table 4.17 Comparative analysis of the A5RS values of protons against the predicted values based on (2R) and (2S)

configuration of 10a formed by the RP/H171L/1263G variant.

J in (R)-ester

Jin (S)-ester

Predicted A8RS

Preen (ppm) (ppm) T TS a———
1 1.65 1.71 -0.06 >0 <0

1" 1.82 1.85 -0.03 >0 <0

2 5.44 5.42 +0.02 <0 >0

3 1.90 1.84 +0.06 <0 >0

3" 2.06 2.05 +0.01 <0 -

4' 1.56 1.54 +0.02 - >0

4" 1.61 1.54 +0.07 — >0

6 1.55 1.56 -0.01 >0 <0

10 1.55 1.55 0 <0 -

It is worth noting, though, that this analysis is based on the assumption that the ester adopts the

S-trans arrangement about the O—CO bond, and both the methine proton of the alcohol and the
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the trifluoromethyl (CFs) substituent of the MTPA moiety are syn-coplanar with the carbonyl

group. However, in the spirocyclic system this assumption is not realistic, since the MTPA

moiety is bonded to the cyclopentane ring of 10a and not a chair structure as the usual Mosher’s

model describes.?®® Thus, the assignment of absolute stereochemistry of product 10a remained

tentative and X-ray crystallography study was required to confirm the configuration.

Nevertheless, the Mosher ester analysis remained a powerful tool to determine the ee of alcohol

samples. The diastereomeric resonances of the methine group in the MTPA moiety were used

to conduct the calculation, as they were relatively isolated and therefore had no overlapping

issues. From integration of these resonances in both (R)- and (S)-MTPA esters, the ee of alcohol

10a produced by the RP/H171L/1263G variant was determined to be ~78% (Fig. 4.16).

(R)-MTPA ester

78% ee N

/“ \ /o .

J =
e INF
o FOF

(S)-MTPA ester

77% ee S

3.60 3.59 3.58 3.57

T T
356 3.55 3.54 353 352 351 350 3.49 348 347 346  3.45
f1 (ppm)

Figure 4.16. The ee calculation based on resonances of the MTPA methine groups of diastereomers .
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4.4.5 X-ray crystallography study

In order to confirm the absolute stereochemistry of the alcohol 10a, X-ray crystallography study
was conducted. Single crystals of 10a were obtained by the vapour diffusion method: purified
10a (11 mg) was dissolved in ethyl acetate (~500 pL) in a small vial, which was placed into a
larger container filled with hexane. The larger container was sealed and left still for several
days to afford light yellow crystals. X-ray diffraction data was collected and analysed by Dr.
Kirsten Christensen of the Department of Chemistry, University of Oxford. The major
enantiomer of alcohol 10a produced by the RP/H171L/1263G variant was determined to have
an (S)-configuration (Fig. 4.17). This assignment supported the conclusion of the Mosher ester

analysis.

Figure 4.17. The ellipsoid plot for the crystal structure of 10a as analysed from the X-ray diffraction data of the
single crystal. Black lines represent structure of the major enantiomer (S-f’ configurated); Black dashed lines
represent the minor enantiomer (R-B’ configurated).

4.4.6 Docking analysis with the RP/H171L/1263G variant

Docking analysis was conducted to understand the binding interactions and guide mutagenesis.
Substrate 10 was docked with nine clusters of MD-simulation structures of RP/H171L/1263G
(Fig. 5.17, Appendices A5.5) using the ADFR approach with residues L75, F87, P329, L437

and T438 set as flexible. Among the 95 poses generated, there were eight poses for S-p’
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oxidation, seven for R-p’, ten for a’ and one for B, together with 69 non-productive poses. The
S/R raito based on both pose counts (2.3) and weighted selectivity (4.8) were lower than 8.0
from experimental data (Table 4.18). The spirocyclic system has much greater complexity than
the 7-azabicyclo[2.2.1]heptane and azepane substrates, which is likely the cause of the lower
(S)/(R) raito and proportion of p’-oxidation in the weighted selectivity. On the other hand, there
were few B-poses (3%) and none for a-oxidation, which agreed with the experimental trends,
with no a- and - alcohols detected. This suggested that docking was able to predict the correct
binding direction, i.e., with the cyclopentane ring facing the ferryl oxygen, although the regio-

and enantio-selectivity within the ring appeared to be more difficult to model.

Table 4.18 Predicted selectivity for oxidation products of the substrate 10 calculated from docking with MD-
simulated structures of RP/H171L/1263G and their corresponding experimental data.

Variants Pro-S-p* Pro-R-p’ S-B/R-B Pro-a’ Pro-a Pro-p
Number of poses 9 4 1.1 10 0 1
RP/H171L/1263G  Population/energy- 48% 10% 48 34% _ 3%
(S-selective) weighted selectivity
Experimental data 80% 10% 8.0 10% - -

The binding poses were then analysed. All S-B’ poses aligned surprisingly well, considering the
flexibility of the substrate (Fig. 4.19-A). In these poses, the Ms groups were in the pocket
formed by residues S72, A330 and L437, and the cyclopentane ring pointed towards the I helix
and contacted F87 and L437. There was significant distance between the G263 residue and
these poses, therefore the 1263G mutation might have transmitted effects on other residues
which in turn shaped the active site for S-p’ oxidation of 10 to be dominant. In the lowest energy

S-B’ pose, the CB’ atom was 3.3 A from the ferryl oxygen (Fig. 4.19-B).

The R-B' aligned quite well and there was significant overlap between these and the lowest
energy S-p’ pose (Fig. 4.20). As a result, it was difficult to design mutations that might interrupt
R-B’ poses without affecting S-p’. Site-saturation mutagenesis at S72, A330 and L437 might

bring in altered binding orientation and improved enantioselectivity. However, it remained very

161



time-consuming to analyse the ee of new variants since chiral-phase GC could not be used for
this substrate and these analyses must be done by Mosher ester derivatisation of purified alcohol
products afforded by each variant. Therefore, these mutations were not tested, but could be
followed up in the future when a more convenient enantioselectivity screening analysis method

is established for the spirocyclic amines.

L437 .

“41A L437 s 41A

| helix | helix

Figure 4.19 Overlay of MD-simulation structures of RP/H171L/1263G (yellow) with (A) all (S)-B' poses (cyan); and
(B) the lowest energy (S)-B' pose (cyan). Black dashes with black labels denote distances between residues and
poses. Red dashes denote H-bonds.

L437 Yy

I helix

Figure 4.20 Overlay of lowest energy (S)-B’ pose (cyan) and (R)-B’ pose (green), together with the MD-simulation
structures of RP/H171L/1263G (yellow). Black dashes with black labels denote distances between residues and
poses.
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On the other hand, the overlay of NP poses with the lowest energy S-p’ pose revealed significant
differences—a “NP specific” region was identified where the lowest energy S-pB’ pose was not
located (Fig. 4.21). This region was close to residues M185 and L188. Mutations M185F/Y/W
and L188M/F/Y/W were proposed as they could disfavour some NP poses while keep the S-p’
pose. These were again not tested experimentally due to the lack of an efficient screening

method to analyse the enantioselectivity of new variants.

Figure 4.21 Overlay of lowest energy (S)-B’ pose (cyan) and NP pose (green), together with the MD-simulated
structures of RP/H171L/1263G (yellow). Black dashes with black labels denote distances between residues and
poses. Red dashed circles highlight the region where NP poses are bound but the (S)-B’ pose are not.

4.4.7 Mosher ester analysis for other variants

Mosher ester derivatisation was performed for a few other B’-selective variants and the
stereochemistry and ee of 10a from these variants were determined by comparison of their H
NMR spectra with those from the RP/H171L/1263G variant. Among these, the
K19/F87V/A328l variant favoured the (R)-enantiomer, giving 90% of 10a with 88% ee (Entry

1, Table 4.19), while its A328F analogue (Entry 2) showed higher regioselectivity (96%) but
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much lower ee (60%). Interestingly, substitution of the F87V with F87A effectively switched

the enantioselectivity to (S) with 70% ee by the R19/F87A/A328L variant (Entry 3).

The absolute configuration and ee of product 10b were then studied. Mosher ester analysis of

10b produced by the VQ/S72G/A330W variant suggested it had an (S)-configuration with 95%

ee (Table A3.5, Appendix A3.3.1). Attempts to obtain single crystals of 10b for X-ray

diffraction study were unsuccessful. Thus, the assignment remained tentative. A screening

Mosher ester analysis with a few 10b-selective variants was conducted to determine the

stereochemistry and ee. All the tested variants (Entries 6-10, Table 4.19) showed high S-a'-

selectivity, giving >92% of 10b, with ~95% ee for (S). However, no preference for (R)-10b was

observed.

Table 4.19 Regioselectivity and ee for products 10a and 10b by selected variants from initial screen..

Product Entry  Variants Conversion Regioselectivity ee
OH 1 K19/F87V/IA328I 50% 90% 88%
MS—N\_/_><:|.\ 2 R19/F87V/A328F 50% 96% 60%
(R)-10a
OH 3 R19/F87A/A328L 40% 92% 70%
Ms—N\_/_><:|/ 4 RP/H171L/1263G 85% 90% 7%
(S)-10a
5 VQ/S72G/A330W 100% 84% 95%
HO 6 R19/F87A/A82M/A330W 73% 97% 96%
Ms_Nﬁ\@ 7 R19/F87A/F81W 55% 95% 94%
(S)-lOt:_\ 8 R19/F87A 100% 96% 95%
9 GVQ 85% 95% 95%
10 RP/V78I/E267V 100% 92% 96%

4.4 Summary for the bicyclic and spirocyclic substrates

The combined strategies of initial screening, substrate engineering and docking-guided

mutagenesis were deployed to the bicyclic amine 7-aza-bicyclo[2.2.1]-heptane and the
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spirocyclic amine 8-azaspiro[4.5]decane to expand the substrate scope. From the initial and
some further screening, high regio- and enantio-selectivity for three enantiomers of remote
oxidation products of N-Boc-7-aza-bicyclo[2.2.1]-heptane 8, the (R)-exo (99% of 8a with 99%
ee by R19/F871), (S)-exo (99% of 8a with 90% ee by GL/A1841/1263G/A328G), and (R)-endo
(92% of 8b with 96% ee by KU3/A330P/S72W) alcohols were observed (Fig. 4.22). While
only low enantioselectivity for the (S)-endo alcohol was identified at 95% of 8b with 44% ee
by GQ/1263G/A328L, which was the only variant from the initial screen that favoured the (S)-
endo product. With two rounds of docking-guided mutagenesis, the GQ/1263G/T260L/A330F
variant was generated, which improved (S)-endo-selectivity to 98% of 8b with 89% ee, doubled

the 44% ee by GQ/1263G/A328L.

Boc\N Boc. Boc. Boc. Boc.
P450g\3 OH
—_— >
OH
OH
OH
8 (R)-8a (S)-8a (R)-8b (S)-8b
99%, 99% ee 99%, 90% ee 89%, 96% ee 98%, 89% ee
TTN >100000 TTN >2000 TTN = 1800 TTN =920
R19/F87I GL/A1841/1263G/A328G  KU3/A330P/S72W GQ/I263G/T260L/A330F
HO
P4SOBM3 ~‘\OH OH
Ms—N R —_— Ms—N/_\:<:| Ms—N R Ms—N R
AN AN < AN
10 (R)-10a (S)-10a (S)-10b
90%, 88% ee 90%, 77% ee 96%, 95% ee
TTN = 1540 TTN = 1440 TTN = 1870
K19/F87V/A328I RP/H171L/1263G R19/F87A

Figure 4.22 Highest selectivity and TTN achieved for all remote products of the bicyclic and spirocyclic substrates
8 and 10. Marked in blue are products for which the selectivity and TTN have been improved through docking-
guided mutagenesis.

For the spirocyclic amine, the assignment of the absolute stereochemistry of oxidation products
was hardened by the fact that there was no literature data to compare with. Mosher ester analysis
was explored but the relevant assignments were tentative. Instead, it was used to determine the

ee of products from each variant. Single crystals were obtained for the " alcohol 10a produced
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by the RP/H171L/1263G variant. X-ray crystallography study conducted by Dr Kirsten
Christensen confirmed the this as the (S)-enantiomer. Mosher ester analyses were carried out
for products from selected variants to determine the enantioselectivity. High selectivity for the
(R)-B" (90% of 10a and 88% ee by K19/F87V/A328I), (S)-p’' (90% of 10a and 77% ee by
RP/H171L/1263G), and (S)-a' (96% of 10b and 95% ee by R19/F87A) alcohols were observed
(Fig. 4.22). No variant showed (R)-a’ preference across the screening. Docking analysis of
substrate 10 with the RP/H171L/1263G variant revealed key residues and some mutations that
could improve enzymatic activity and product selectivity were proposed. Future work to test

these variants will be of interest.
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5. Experimental details

5.1 General materials, reagents, and equipment

Bacterial culture media components, kanamycin and IPTG were from Melford Laboratories,
UK. Hen egg white lysozyme was from Sigma-Aldrich. NADP* was from Prozomix, UK, and
glucose dehydrogenase (GDH) was supplied by Codexis, California. Oligonucleotides for site
directed mutagenesis were supplied by Eurofins Genetic Service, UK. Water (p ~14 MQ/cm)
used for bacterial growth and buffers was from a Milipore ELIX-5 system. Buffers for
molecular biology experiments were prepared using ultrapure water (p > 18 MQ/cm) from a
Millipore Milli-Q system. Media were autoclaved at 121 °C for 30 min. Components sensitive
to high temperature were first sterilised via a 0.22 um syringe filter prior to being added to the
autoclaved media (cooled to below 40 °C). Media and buffers used in bacterial culture or

enzymatic reactions were prepared as listed in Table 5.1.

Table 5.1 Components and preparation of media and buffers.

Media/buffers Components

LB 10 g tryptone, 5 g yeast extract, 10 g NaCl, then add water up to 1L.

LBagar 10 g tryptone, 5 g yeast extract, 10 g NaCl, 15 g bacto-agar, then add water up to 1L
FByglycerol 7.4 g K2HPOg4, 1.8 g NaH2POs4, 1.3 g (NH4)2S04, 1.0 g Na2SOs, 0.6 g Nascitrate-2H20,

0.3 g NH4Cl, 2.5 mL glycerol, then add water up to 0.5 L (after autoclaving and cooled
down to 40 °C, add 1.5 mL inoculation solution).

Trace elements 20.1 g Na2EDTA, 0.7 g CaCl2-H20, 0.25 g CoCl2-6H20, 0.10 g CuSO4-5H20, 16.7 g
FeClz-6H20, 0.132 g MnS04-4H20, 0.18 g ZnS04-7H20, then add water up to 1L.

SOC 20 g tryptone, 5 g yeast extract, 0.5 g NaCl (after autoclaving, add 10 mL 1 M MgClz,
10 mL 1 M MgSO4, 2 mL 20% w/v glucose).

Inoculation solution 15 mg kanamycin, 250 mg MgS0O4-7H20, 50 mg thiamine-HCI, add trace elements
soluion to 1.5 mL.

Induction solution 380 mg IPTG, 672 mg 8-ALA-HCI, 112 mg FeSO4:7H20, 600 mg kanamycin, then add
water up to 40 ml.

200 mM KPi 2.4 g KH2POg4, 31.7 g K2HPO4, then add water up to 1L.
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The amine substrates were supplied by Fluorochem, ChemCruz, Merck and Alfa Aesar, UK.
Chemical reagents and solvents (HPLC grade) were from Merck, ThermoFisher Scientific and
Acros, UK. Amine oxidation products were purified by flash column chromatography using
Geduran Silica 60, 40-63 um (ThermoFisher Scientific, UK), with petroleum ether (b.p. 30—40
°C)lethyl acetate as the eluting solvent. Analytical thin-layer chromatography (TLC) was
performed using petroleum ether (b.p. 30-40 °C)/ethyl acetate mixtures and bands were

visualised and analysed with phosphomolybdic acid staining reagents.

Sonication was carried out using a Misonix 3000 sonicator and Fisher Scientific FB-505
ultrasonic processor. Mutagenesis and PCR reactions were carried out in a Techne thermocycler
or a Cetus thermocycler from Perkin-Elmer. UV-vis spectra were acquired on a Varian
CARY50 spectrophotometer using 1 cm pathlength quartz cuvettes. NMR spectra (*H, C,
COSY, HSQC, HMBC, NOESY) were acquired on Bruker AVI111-500 (500/125 MHz), Bruker
AVI11-400 (400/100 MHz), or Bruker AV-400 (400/100 MHz) spectrometers. High resolution
mass spectra (HRMS) were acquired on a Bruker microTOF spectrometer. Gas
chromatographic (GC) analyses were carried out with a ThermoFisher Scientific Trace 1300
instrument. Substrate conversion and product percentages were determined from integrated
peak areas. Optical rotations were measured on a UniPol 2000 digital polarimeter (Schmidt &
Haensch, Germany). Measurements were taken at 25 °C using a wavelength of 589.44 nm. The
pathlength of the cell was 1 dm. [a]»?® was calculated by the formula [a]o = a/(Ixc), where a is
the average reading taken from the polarimeter, | is the pathlength in decimetre, and c is the

concentration of sample in g/100 mL.

X-ray crystallographic study was carried out by Dr Kirsten Christensen of the Department of
Chemistry, University of Oxford. Low temperature single crystal X-ray diffraction data were
collected using a (Rigaku) Oxford Diffraction SuperNova A diffractometer. Data were reduced

using CrysAlisPro, solved using SuperFlip?! and refined using CRYSTALS.?>2252 The Flack x
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parameter was refined in each case.?>*?° Bayesian analysis of the Bijvoet pairs was also carried
out using all the data used in the refinement.?®® This gave the Hooft y parameter, the P2
probability (the likelihood that the hand is correct given the crystal was enantiopure), and the
P3 probability (the likelihood that the hand is correct given the crystal was enantiopure or
racemic). Full crystallographic data (in CIF format) has been deposited with the Cambridge

Crystallographic Data Centre (CCDC 2159261-62).

5.2 Mutagenesis and DNA preparation

5.2.1 PCR reactions

Primers for PCR reactions used in this project are listed in Table A2.4, Appendix A2.l.
Solutions of both the forward and reverse primers, each at 10 uM concentration, were prepared
in ultrapure water. To a 200-uL autoclaved PCR microcentrifuge tube, the following
components were added: 29 uL water, 5 uLL ANTP, 5 uLL 10x Q5 polymerase reaction buffer,
1-2 pL parent DNA, 2 uL DMSO, 1.5 pL forward primer, 1.5 pL reverse primer and 1 pL. Q5
polymerase to make a total volume of 50 uL. After being gently pipette-mixed and centrifuged
for 5 seconds at 4000 g, the microcentrifuge tube was placed in the thermocycler and the

program listed in Table 5.2 was run.

Table 5.2 Thermocycle program for PCR reactions.

Stage Cycle(s) Temperature (°C) Duration
iineltrgturation N-A. 98 30s

98 10s
PCR cycles 30-35 Tm—5~Tm—1 30s

72 3min40s
Final extension N.A. 72 2 min
Final hold N.A. 4 o0
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The Tm values of primers were obtained from SnapGene and calculated in comparison with the
WT P450sm3 sequence. Once the thermocycle program was finished, the PCR mixtures were

analysed by agarose gel electrophoresis.
5.2.2 Agarose gel electrophoresis

A suspension of agarose powder (0.5 g) in 50 mL 1x TAE (Tris-Acetate-EDTA) buffer in a
conical flask was heated to form a clear solution in a microwave (2 x 30 seconds). RedSafe™
DNA gel staining (0.5 uL of a 10000% solution) was added into the solution which was poured
into the gel tray with a comb to form sample wells and left to set. The gel was then placed in
the electrophoresis apparatus and extra 1x TAE buffer was added until the gel was submerged.
2 uL of the loading dye was mixed with 10 pL of the PCR mixture and then carefully pipetted
into a well in the gel; 10 uL of a DNA ladder (1 kbp) solution with DNA fragments of certain
length was added to an adjacent well in the gel to provide a reference. A voltage difference of
90 V was applied across the gel for 30 minutes. The gel was then irradiated by a UV
transilluminator. A strong band with the same mobility as a linearised 8500 bp fragment
suggested a successful PCR step. Then, 1 uL of Dpnl, a restriction enzyme which digests
methylated DNA instead of the new DNA produced in vitro by PCR, was added to digest the

template DNA for 2 hours at 37 °C.
5.2.3 DNA transformation

The Dpnl digested PCR mixture (10 uL) was mixed with 40 puL of Escherichia coli (E. coli)
DHS5a competent cells in a 1.5 mL microcentrifuge tube and incubated for 45 min on ice. The
cells were heat-shocked at 42 °C for 60 seconds and then placed back on ice for 2 min. Filter-
sterilised SOC media (600 pL) was added to the mixture which was then incubated for 2 h in a
shaker at 200 rpm, 37 °C. The culture was then spread onto an LBxkan agar plate and placed in a

37 °C oven to grow overnight.
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5.2.4 DNA preparation

A single colony was picked from the agar plate and inoculated into 5 mL liquid LBkan in a 15-
mL centrifuge tube. The tube was left in a shaker at 180 rpm, 37 °C for 16 h. The culture was
centrifuged at 9000 g and 4 °C for 5 min. Plasmid DNA was then extracted and purified using
a GeneJET plasmid miniprep kit from ThermoFisher Scientific following the protocol provided
by the manufacturer. The concentration (ug/uL) of the purified DNA was determined from 5x
Azeo of a 1:100 diluted sample (5 pL solution in 495 uLL. H>O) and the purity was assessed by
the ratio Azeo/Azgo. If this ratio was between 1.5 and 1.8 and concentration greater than 0.1 pg
uL ™%, then 15 uL of the DNA stock was sent for Sanger sequencing by Source Bioscience, UK.
The sequencing was done using two primers, T7F and BM3FP2 (Table 5.3), to ensure the
presence of the desired mutation(s). If the correct sequence was obtained, the plasmid DNA

(0.25 uL) was transformed into 40 uL of competent E. coli BL21 (DE3) as described in 5.2.3.

Table 5.3 The DNA sequences of the T7F and BM3FP2 primers.

Primers Sequence
T7F TAATACGACTCACTATAGG
BM3FP2 CTGCAGCGAGCAAATCCAGACGAC

5.3 Enzyme expression and quantification

5.3.1 Over-expression of P450 enzyme

A single colony of transformed E. coli BL21 (DE3) from a LBkan agar plate was inoculated into
500 mL FBgy media containing 50 ng/mL kanamycin in a 2-L flask and shaken at 120 rpm for
~24 h at 37 °C. A 5 mL aliquot of the culture was mixed with 5 mL sterilised glycerol in a 15-
mL centrifuge tube to prepare a cell bank which was then stored as 1-mL aliquots at —80 °C.

Once the culture reached OD ~0.6, the incubator temperature was lowered to 20 °C and the
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culture left to shake for 1 h. Protein production was then induced by adding 40 uL of 0.4 M
IPTG, and haem synthesis supplemented with 500 uL of 0.1 M 3-ALA and 500 uL of 10 mM
FeClz. The culture was shaking a further 48—72 hours, at 120 rpm, 20 °C, with supplements
(kanamycin, IPTG, &-ALA, and FeCly) added every 24 h. Cells were harvested by

centrifugation at 9,000 g, 4 °C for 10 min.

The cell pellet was re-suspended in 20 mL potassium phosphate buffer (50 mM, pH = 8.0) per
500 mL culture, transferred to a beaker on ice and the cells were lysed by sonication via 10
cycles of 15-second pulses (55% amplification) on with 30-second off. The lysate was
centrifuged for 15 min at 9,000 g, 4 °C to remove the cell debris. The P450 enzyme was
recovered from the supernatant by ammonium sulfate precipitation. The amount of ammonium
sulfate required to take the solution to 40% saturation was calculated
(http://www.encorbio.com/protocols/AM-SO4.html) and added to the solution, which was then
stirred at 4 °C until all the solids had dissolved. The solution was centrifuged at 9,000 g, 4 °C
for 15 min. The supernatant was retained and to this was added the amount of ammonium sulfate
that take the solution from 40% to 60% saturation to precipitate the P450 enzyme. After the
ammonium sulfate had all dissolved the solution was centrifuged at 9,000 g for 5 min at 4 °C,
after which the supernatant was discarded. The retained pellet was then dissolved in 5 ml
potassium phosphate buffer (200 mM, pH = 8.0). The purified enzyme was quantified as

described in 5.3.2 and divided into 1-mL aliquots and stored at —20 °C.

5.3.2 P450 quantification

The P450 enzyme stock solution was defrosted on ice and diluted 20-fold by adding 50 uL to
950 uL of potassium phosphate buffer. A few crystals of sodium dithionite were added to reduce
the P450 enzyme and the UV-vis spectrum was measured and used as the baseline. CO (~20

bubbles) was then gently bubbled through the solution, and a new spectrum was recorded. More
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CO was bubbled through the solution and the spectrum recorded until the 450 nm peak height
was maximised. The UV-vis absorbance at 450 and 490 nm, Asso and Aago, are recorded and

the concentration of the protein was then calculated from the following equation:

20 X (Ag50 — Asg0)

6
91000 x 10

[P450](uM) =

Where e450-490 = 91,000 Mt cm™ is the extinction coefficient.?!

5.4 Substrate screening and product characterisation

5.4.1 Initial screen

Amine substrates were screened with the initial library containing 48 P450gm3 variants on a 1
mL scale. These reactions were conducted in two 24-well plates in 200 mM phosphate buffer
(pH 8.0), along with 4 uM NADP™, 100 mM glucose, 2 U/mL GDH, 2 mM substrate, and 1 uM
enzyme. Screening plates were prepared by aliquoting 100 puL of the 10 uM enzyme solution
into each well along with 900 pL of the solution listed in the Table 5.4. The plates were then
put on a platform shaker and shaken at 140 rpm and ambient temperature for 16 hours. After
this time, 300 pL of each reaction mixture was pipetted into a 1.5 mL microcentrifuge tube
along with 300 pL of ethyl acetate. The mixtures were vortexed and then centrifuged for 2
minutes at 14,300 g to separate the phases. 150 pL of the organic layer was transferred into a
250 pL glass GC insert and GC analyses were carried out with a ThermoFisher Scientific Trace
1300 instrument equipped with a flame ionisation detector (FID) and an Al1310 autosampler
using a DB-1 fused silica column (30 m x 0.25 mm i.d. x 0.25 um film thickness, Agilent
Technology, UK) or for chiral-phase analysis a Cyclosil-B fused silica column (30 m x 0.25

mm x 0.25 um, Agilent Technology, UK) using helium as the carrier gas at a flow rate of 1.5

mL/min. For normal-phase analyses, both the injector and the FID were held at 250 °C. For
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chiral-phase analyses, the injector was held at 200 °C and the FID at 250 °C. The oven settings

and retention times for various products can be found in Appendix A4.1.1.

Table 5.4 Components for screening reactions.

Substance Stock concentration Volume/pL Final concentration
Glucose 1M 100 100 mM

Substrate 200 mM 10 5mM

GDH 2 U/uL 10 2 U/mL

NADP* Y 10 80 uM

Enzyme 10 uM 100 2 UM

Phosphate buffer N/A 770 200 mM

5.4.2 Preparative scale reactions and product characterisation

Preparative scale reactions (20 mL — 200 mL) were carried out for 16-24 h in 200- or 500-mL
beaker with a stirring bar, with the same concentrations as in the initial screening. Progress of
the reaction was monitored by GC. After the reaction had proceeded to >90% conversion (GC),
the reaction mixture was extracted with ethyl acetate (3 x 50 mL). The organic extracts were
combined and washed with 50 mL saturated aq NaHCO3z and then 50 mL brine, dried over
Na>SOyg, filtered, and the solvent removed by rotary evaporation. The residue was dissolved in
~5 mL of EtOAc and transferred to a glass vial. The mixture was then tested with thin-layer
chromatography (TLC) to select the solvent or combination of solvents that could be used for
purification. Column chromatography purification was carried out with Geduran Silica 60,
40—63 um. The fractions were analysed by TLC, stained with a solution of phosphomolybdic
acid in ethanol, and by GC. Fractions containing the same compounds were combined, solvents

removed by rotary evaporation, and the purified compound characterised by NMR and MS.

5.4.3 Preparation of Mosher ester derivatives

Based on the procedure of Hoye et al.,?>” The alcohol product to be derivatised (0.04 mmol.),

was mixed with dry pyridine (10 pL, 0.12 mmol ) in a screw-capped 10 mL glass vial charged
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with a magnetic stirring bar. 1 mL of anhydrous dichloromethane was then added to the mixture.
The (R)- or (S)-(+)-a-methoxy-a-(trifluoromethyl)phenylacetyl chloride (15 uL, 0.08 mmol)
was then added dropwise. The vial was then capped and the reaction mixture stirred at ambient
temperature for 2 h. After 2 h, once the reaction had proceeded to completion (TLC and GC).
The solution was washed with 1 mL saturated aq NaHCO3 and then 1 mL brine, dried over
Na2SOyg, filtered, and the solvent removed by rotary evaporation. The mixture was purified by
silica gel column chromatography (30% ethyl acetate in petroleum ether) to afford the relevant

Mosher esters of the alcohols.

5.5 MD simulations and molecular docking

5.5.1 MD simulations

MD simulations were performed for the haem domain of wild type P450swm3 and variants that
showed high selectivity for relevant products. All structures were relaxed via MD simulations
performed in GROMACS 2018.6.2* Mutations were added to the WT P450gms (PDB code:
1jpz)?*® or the A330P variant (PDB code: 3m4v)'® crystal structures via Pymol. The co-
crystallised substrate for the WT structure, N-palmitoylglycine, was removed prior to adding
mutations. The haem moiety was simulated as the ferryl, Compound I species, using parameters
from Shahrokh, et al.?®® The protein was prepared using the Amber 99SB*-I1LDN force field?®°
with TIP3P water.?®! The protein was placed into the centre of an octahedral box, with a
minimum distance of 10 nm to any box edge, and then solvated with ca. 17500 water molecules
and the net charge neutralised by addition of corresponding Na* ions. Steepest descent energy
minimisation was performed until the maximum force was <500 kJ mol™ nm=. Periodic
boundary conditions were used to model the system, with electrostatic interactions treated by

the particle mesh Ewald method,?®? and bond lengths involving hydrogen atoms constrained
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with the LINCS algorithm.*® Short-range non-bonded interactions were calculated with a 1 nm
cut-off and a timestep of 2 fs was used. For equilibration steps, all protein backbone Ca atoms
were restrained with a positional restraint force constant of 1000 kJ mol™* nm=2. A NVT
equilibration step was performed at 298 K for 100 ps, using the modified Berendsen
thermostat.?®®> This was followed by an NPT equilibration step for 1250 ps utilising the
Berendsen barostat with a time constant of 1 ps.?%* All positional restraints were then removed
and 100 ns of production MD was performed in triplicate or quadruplicate using the Parrinello-
Rahman barostat®®® with a time constant of 5 ps. Structures were recorded every 10 ps. Stability

of the simulations was confirmed by monitoring the RMSD of the backbone Ca atoms.
5.5.2 Molecular docking

The individual MD trajectories were clustered using the Daura algorithm?%® with a RMSD cut-
off of 1.2 A. The backbone Ca atoms of the full sequence of the haem domain of P450gwm3 were
used to calculate the RMSD values for clustering. The clustering resulted in typically ~15
clusters, each containing different number of similar conformations of the enzyme. The central
member of the three most populated clusters, with a population cut-off of 5% of all trajectories,
were used as receptor structures for docking studies, which were performed in Autodock Vina
(for rigid-body docking),?® or ADFR (for flexible receptor docking).??* All water molecules
were removed from the structure prior to the docking calculation. Substrate structures were
obtained from PubChem and energy-minimisation was performed by Chem3D. The resulting
structures were processed by Autodock Tool to generate the PDBQT file for docking runs. In
Autodock Vina, the docking site was defined as a 30 x 30 x 30 A box centred on the ferryl
oxygen, and the affinity energies of binding poses were calculated using the Autodock Vina
scoring function. The exhaustiveness parameter was set as 20, meaning 20 independent
calculations, starting from random conformations, were performed for each receptor-ligand pair,

giving 20 binding poses. These poses were ranked based on their affinity energies and the nine
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poses with the lowest energies were output. In ADFR, the entire active site is accessible and
the side chain of residues at positions 75, 78, 87, 260, 263, 267, 328, 330, 437 and 438 were
selected to have full flexibility on the basis that these were most likely to contact a bound
substrate. By default, an ADFR docking experiment performed 50 independent calculations,
generating 50 binding poses. These poses were then clustered with the objective to remove

duplicated poses and the lowest energy pose from each cluster was reported.

The binding poses output from both Vina and ADFR were analysed using the same criteria. A
binding pose was identified as “productive” if at least one of the carbons had 2.9-4.2 A distance
to the ferryl oxygen. Otherwise, the pose was classified as “non-productive”. For productive
poses, the closest carbon to ferryl oxygen was determined as the hydroxylation site. The C—
H--O and H--O=Fe angles of the two hydrogens on the closest carbon were then examined. The
hydrogen of which the C—H--O angle was closest to 150° (accepted range 130—170°) and the
H--O=Fe angle was closest to 130° (accepted range 110-130°) was assigned as most likely to

be abstracted.
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6. Conclusion and further work

The main goal of this research was to achieve selective remote functionalisation of cyclic

amines by engineered variants of P450sm3. The combined strategies of variant library screening

and substrate engineering were deployed together with docking-guided mutagenesis. High

product selectivity and enzymatic activity were targeted, with the aim of 90% regioselectivity,

90% enantioselectivity and 90% conversion at an enzyme:substrate ratio of >1000:1 for each

product (90/90/90). This goal was achieved for most of the remoted oxidation products of

azepane, azocane, 7-aza-bicyclo[2.2.1]-heptane and the 8-azaspiro[4.5]decane (Fig. 6.1).

R I|30c I?oc Ips Ips
| | |
N P450gys N N N N
—_—
"IOH OH
OH OH
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Figure 6.1. Highest selectivity for the major hydroxylation products of cyclic amines.
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The initial screening and substrate engineering for azepane and azocane led to medium to high
regio- and enantio-selectivity for both enantiomers of all the remote functionalisation products
(up to 90% regioselectivity and 90% ee). Different selectivity patterns were observed for
differently protected derivatives screened against the same panel of 48 P450gms variants.
Notably, the N-isopropylsulfonyl (N-Ips) derivatives (5 and 7) revealed high preference for B
alcohols 5¢ and 7c. From screening data, some common residues/mutations were identified that
promoted the same product of azepane and azocane, such as, 1263G for (R)-y alcohols, A330P
and S72W for (S)-y, A330W for (R)-B, and 1263G/A328G for (S)-B. Rational design based on
these selectivity trends improved selectivity for oxidation products of azepane and azocane as
exemplified in 2.2 and 2.3.4. Iterative docking-guided mutagenesis (IDGM) then led to further
improvement of product selectivity and enzymatic activity and achieved 90/90/90 goal for most

of the oxidation products of azepane and azocane.

The substrate scope was then expanded and the bicyclic amine 7-aza-bicyclo[2.2.1]-heptane
and the spirocyclic amine 8-azaspiro[4.5]decane were studied by deploying these combined
strategies. High regio- and enantio-selectivity for most of the remote oxidation products were
observed after initial screening and substrate engineering. No variant showed a preference for
(R)-a' oxidation of N-Ms-8-azaspiro[4.5]decane 10, and only low enantioselectivity was found
for the (S)-endo alcohol of N-Boc-7-aza-bicyclo[2.2.1]-heptane 8 (95% of 8b with 44% ee)
with GQ/1263G/A328L — the only variant from the initial screen that favoured the (S)-endo
product. Without any indications from the screening results of residues and mutations that could
promote (S)-selectivity for 8b, the value of docking-guided mutagenesis was illustrated by the
generation of the GQ/1263G/T260L/A330F variant after two rounds of IDGM, forming 98% of

8b with 89% ee.

For most of the products, screening against the 48 variants in the initial or refined library were

sufficient to give high selectivity, demonstrating the diversity of mutations and substrate pocket
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topologies in the variant library. Substrate engineering led to significantly altered selectivity
patterns and provided alternative routes to access certain products. Rational design based on
experimental selectivity trends could improve selectivity; however, this required relevant
effective mutations to be present in the library in the first place. This suggested a wider library
(96 or 144 variants etc., instead of 48), with more residues and combination of mutations
included, would be beneficial. Additionally, site saturation mutagenesis at key residues could

be conducted to seek further improvement of enantioselectivities.

The IDGM approach facilitated mutation design to improve enzymatic activity and product
selectivity and only ~10 variants were required in each round of mutagenesis. This approach
only requires the unwanted poses to be sufficiently distinct from the poses for the desired
product. It is simple to apply and complements more comprehensive approaches such as random
mutagenesis, CAST and ISM in engineering enzymes for application in synthesis. The simplest
and most efficient application of IDGM would be to improve enzymatic activities, since this
only requires the NP poses, which are typically distinct from the correct poses, to be disfavoured.
There were many such successful examples in this work, the most significant one being the
discovery of R19/A330W/S72A/L181F variant, which showed a TTN for product (R)-7c of
2700, eight-fold of 340 by R19/A330W/S72A. This was achieved by a single round of
mutagenesis. Notably, the IDGM approach has also allowed discovery of effective mutations
at residues that were previously not targeted, such as V26, L181, L188, S332, and T438, which

added a dimension to the mutation design.

However, shortcomings of the IDGM approach are also recognised. When the correct poses
and other poses adopt similar binding orientation, it is not possible to design mutations to alter
selectivity or enzymatic activity. Another limiting aspect is that the analysis of the outputs of
docking calculation is time-consuming. Automation of these processes, such as measurement

of distances and angles, and sorting binding poses into corresponding products, would speed
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up the docking analysis and facilitate more efficient mutation design and enzyme evolution.
Moreover, it is worth noting that the IDGM approach will not always work as expected and
initial hits are typically required. Thus, a stress test will be of interest. For instance, docking
analysis could be performed for spirocyclic amine 10 with an (S)-a’-selective variant and
mutations that disfavoured (S)-a’ poses could be tested to seek any (R)-a'-preference, which
was not observed experimentally. Finally, for molecules that are hydrophobic, symmetrical and
lacking substituents, molecular docking is likely to give many poses of similar binding
orientations and affinity energies but indicating more products, making data analysis and
mutation design more difficult. To this end, improvement in the methodologies of docking
calculations will be needed.

Future work to deploy the IDGM approach to other substrates, such as terpenes, steroids,
lactams, and more complex amines, will be of interest. Further developments of this approach
would benefit tailored application for different substrates. A more in silico version of IDGM
could be explored. For this, analysis of binding poses and identification of key residues could
be processed computationally. Mutations would be added to the template variant, MD-
simulation performed, and docking with the simulation variant structure conducted to predict
the outcome. Effective variants could be used to perform further rounds of in silico evolution
via docking analysis and mutagenesis. The variant, evolved in silico, with a few mutations
added, could be tested experimentally. To establish this, automation of docking analysis and

improvement in docking calculation methodologies are highly desirable.
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