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Abstract

Chiral amines are fundamental building blocks in synthetic chemistry routinely used
in the production of pharmaceuticals, agrochemicals or in the food industry. In recent
years, given the need for more renewable and sustainable approaches to the
synthesis of these chiral amines, biocatalysts have been investigated. The
consideration of biocatalytic approaches has largely led to enantioselective routes to
produce chiral amines often with better yields and less harsh reaction conditions and
components. More recently, a class of enzymes, found by sequence driven searches
of metagenomic databases and samples, known as native Amine Dehydrogenases
(nat-AmDHSs) have been used for the asymmetric reductive amination of a range of
carbonyl compounds. Herein a selection of nat-AmDHs have been structurally and
biochemically studied using a range of techniques such as X-ray crystallography, UV-
vis spectrometry, and GC-FID analysis. The canonical structural functionalities of
these enzymes were found to be consistent throughout. However, some aspects of
these previously uncharacterised nat-AmDHs displayed interesting new properties.
Namely the increased active site space in the binding pocket of MATOUAMDH2 which
permitted the rational engineering of this enzyme to bind larger, more sterically
hindered, substrates to produce pharmaceutically relevant amines such as 2-
aminonorbornane. These results provide new knowledge and protein scaffolds for the
further engineering of nat-AmDHs for the production of primary and secondary chiral

amines of both biological and chemical significance.
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1. Introduction

1.1 Synthesis and application of chiral amines

Chiral amines are amine functional groups in which the carbon atom, directly attached
to the nitrogen, is the site of chirality. Chiral amines are important functionalities,
routinely being used in small molecule pharmaceuticals, food chemistry and
agrochemical industries. It is approximated that more than 40% of small molecule
drugs contain one or more chiral amines with defined chirality being a desirable of
around 80% of new pipeline pharmaceuticals.! The chemical and biological
significance of these chiral amine-based pharmaceuticals are extensive; often used
in the treatment of numerous diseases and conditions.? 4 For example, Rivastigmine
lis used to treat early onset 2ahdBrukiese®mBe r 0 s
are used in the treatment of various cancers and lymphomas to more well-known
drugs such as the antibiotic Amoxicillin 4. Figure 1 displays the applications when

using chiral amines as building blocks in various chemical industries.

OH NH» H
\/E N N S
0 = N/\/N *
H HO o] N
HONN i Ethambutol © o
H ambuto L O
o ik 0 3 Amoxicillin
Aspartame (Tuberculosis) (Antibiotic)
(Artificial sweetener)
Q w
e
HN /\NJLO N
HO NHR |
/i Rivastigmine
R i (Alzheimer's)

Ephedrine
(Androgenic agonist) .

HaN N
ol O~ "N” "0 o *
Nubeqa® A\/ AN
(Prostate cancer) Bromacil Brukinsa®
(Herbicide) (Lymphomas and leukaemia)

Figure 1: Various uses of chiral amines in pharmaceutical, food and agricultural chemistry. This
figure displays a few uses of chiral amines as building blocks for chemical synthesis of important
compounds. All compounds are named accordingly with references to their uses being bracketed. Chiral
centres of interest are marked with an asterisk.
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Traditionally, synthesis of chiral amines relies on the asymmetric reduction of heavily
functionalised substituents. For example, the catalytic hydrogenation of enamines®,
reduction of C=N bonds!®” and the use of intermolecular C-H insertion.? In the case
of an enamine hydrogenation, typically a -dnamine ester or amide, prepared from
t h eketd acid or amide precursor, is reduced to the resulting amine by employing a
rhodium based catalyst (Figure 2).° In the case of these reactions specific functionality
is required if no leaving group is present. For C=N bond reduction typically the imine
precursor is reduced by catalytic hydrogenation facilitated by a transition metal
catalyst, such as a rhodium or ruthenium-based catalyst, and the resulting amine is
formed (Figure 2).%" For these types of reactions in general the synthesis of the imine
precursor and cleavage of the leaving group are the bottlenecks. Intermolecular C-H
insertion requires an oxidising agent, catalytic hydrogen, and a heavy metal catalyst
such as rhodium-based tether such as Rhz(esp).. An amine source is required to
generate formation of a new C-H bond (Figure 2).8

Reduction of B-enamine esters and amides

Rh-Catalyst
NH, O H, NH, O
RN N0—R? U
Rh-Catalyst
NH, O H, NHz O
—_—
RN ON—R? R N—R?
H H

C=N bond reduction and cleavage

X\ Reduction \ Cleavage
)N\ H2, Rh/Ru-Catalyst /'T'\H H,O/H* )N\Hz
- _—
RW R2 R1 * R2 R1 * R2

X= leaving group

Intermolecular C-H amination

X
i N
Oxidising agent NH

/T\ Rh-Catalyst
_—
R1 R2 NHoX

X= typically sulfamates
R= typically H

Figure 2: Chemical synthesis of chiral amines from functionalised centres. This schematic displays
the generalised chemical synthesis of chiral amines from either enamines, imines, or intermolecular C-
H insertion. Groups of interest are highlighted in the legends. R* and R? reflect various substituted
groups. Potential chiral centres of interest are marked with an asterisk.



1.1.1 Reductive amination

Reductive amination is achieved by the coupling of a carbonyl centre with an amine
centre to form a amine product (Figure 3).° It is thought that currently >25% of C-N
bond synthesis relies on the reductive amination of carbonyl centres.® This reaction
is extremely important in the pharmaceuticals industry; often the synthesis of small
molecule chiral amine drugs require at least one or more reductive amination step.
Initially, the hemiaminal, if formed from a secondary amine, can, through
condensation, form an iminium ion intermediate (Figure 3).° In the case of primary
amines, the hemiaminal typically forms an imine intermediate (Figure 3).° These
intermediates can be further reduced to the resulting amine or in some cases the
reduced amine can be produced directly from the hemiaminal (Figure 3).° Typically
the reductive amination step is achieved by using reducing borohydride complexes
such as NaBH(OAc)z or NaBH, and/or achieved through hydrogenation with hydrogen
gas or catalytic hydrogen coupled to various catalysts including transition metal-based
agents such as those containing palladium or titanium centres.''?2 These reactions
often provide good yields and enantiomeric excesses; but this is largely influenced by
the steric effects of the R groups on both the carbonyl and amine donor. Frequently
the amine donors required are complex and require extensive leaving groups. Often
hydrogenolysis, again typically using transition metal catalysts, is required to produce
the primary amine by cleaving the leaving groups (Figure 3).°%25 This also requires
the separation of the minor and major products for hydrogenolysis to produce the
desired enantiomer, as is the case with racemic resolution that does not precede

hydrogenolysis (Introduction 1.1.2).1:9:26.27

Reductive Amination of carbonyl centres

R4
| R3 3
i + H Reductive Amination  HO_ N-R® R*=H N R\NH
~ |
R""R? R®R* R R? RTR RZFR!
Hemiaminal Imine
Hydrogenolysis
_R* RO R*: R®
NH, Hydrogenolysis N N NH,
1]
R1i\R2 R1¢\R2 R1)\R2 RZ’i\RW
Iminium

Figure 3: Chemical synthesis of chiral amines from unfunctionalised carbonyl centres. This
schematic displays the generalised synthesis of chiral secondary and tertiary amines from
unfunctionalised carbonyls through hemiaminal formation. R, R? and R® reflect various substituted
groups where R* can be a substituent or a hydrogen atom (to form secondary amines via imine reduction.
Potential hydrogenolysis is also highlighted for the ultimate production of primary (chiral) amines.
Potential chiral centres of interest are marked with an asterisk.
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Rivastigmine (1), as mentioned previously (Introduction 1.1), is used in the treatment
of Al z hei me?t Riwstigthines @am beechemical synthesised by various
means of reductive amination, of which include the use of reducing agents such as
NaBH. and transition metal catalysts'*215 (Figure 4) or catalytic hydrogenation using
transition metal catalysts and hydrogen gas (Figure 5).1%!7 The initial reductive
amination step in the synthesis of 1, adapted from Interquim and Zentiva, required 3-
acetylanisole 1a and either a methylamine or dimethylamine in the presence of NaBH4
and a Ti(OiPr); catalyst followed by a demethylation to 3-[1-
(methylamino)ethyllphenol 1.1b  or  3-[1-(dimethylamino)ethyl]phenol  1.2b
respectively (Figure 4).11121% The racemic separation of 1.1b and 1.2b is carried out
using chiral resolution via crystallisation (Introduction 1.1.2) to (S)-enantiomers 1.1c
and 1.2c respectively. Subsequently 1.1c or 1.2c undergo acylation with carbamoyl
chloride either yield (S)-1d or (S)-1 respectively, (S)-1d can then be used in reductive
amination of formaldehyde in the presence of NaBH3CN to produce (S)-1. The final
yields achieved were 75% for methylamine-based reaction and 80% for the

dimethylamine-based reaction.!1:1215

Synthesis of Rivastigmine from Interquim and Zentiva

O
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Figure 4: Synthesis of rivastigmine adapted from Interquim and Zentiva. This schematic displays
the two methods of the synthesis of (S)-rivastigmine from 3-acetylaniosole using either methylamine
or dimethylamine to form 1.1b and 1.2b respectively.
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Subsequently, a synthetic method was developed by Zhejiang Hisun Pharmaceutical
that did not require the racemic separation of intermediates (as is previously
presented in Figure 4).1%17 In this method the reductive amination step required 1a in
the presence of chiral phenylethylamine, hydrogen gas and a Ti(OiPr), catalyst to
form le (Figure 5).1%1" 1e could then be used in the methylation and demethylation
steps to ultimately yield 1f which undergoes acylation with carbamoy! chloride to form
1g. 1g undergoes hydrogenolysis catalysed by a palladium-based catalyst to form 1d
which in turn can be methylated to ultimately form (S)-1.1%17 The overall yields for this

reaction were reported to be between 57-61%.1617



Synthesis of Rivastigmine from Zhejiang Hisun Pharmaceutical
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Figure 5: Synthesis of rivastigmine adapted from Zhejiang Hisun Pharmaceutical. This schematic
displays the synthesis of (S)-rivastigmine from 3-acetylaniosole using chiral phenylethylamine as
designed by Zhejang Hisun Pharmaceutical.

Another example of reductive amination used in the pharmaceutical industry is seen
during the synthesis of oseltamivir 5. Oseltamivir, more commonly known as Tamiflu,
is routinely used as an antiviral drug during the treatment of influenza viruses. Some
adapted exemplar reductive amination procedures to produce oseltamivir include the
use of downstream reductive agents NaBH4 and/or transition metal (co)catalysts such
as MoOs, Rh,03 and Al,O; (Figure 6 and 7).1820 Synthesis of 5 typically starts from
derived benzoic acid ethyl esters such as ethylbenzoate 5a or 5e as in Figure 6 and
7 respectively.'® 20 |n the case of the ethylbenzoate-based reaction, 5a reacts in a five
step procedure including the use of both enzymatic and transition-metal based
catalysis steps, to produce ketone intermediate 5b (Figure 6).2® 5b then subsequently
undergoes reductive amination using hydroxylamine hydrochloride to produce the
imine intermediate 5¢ which is further reduced using hydrogen gas coupled with either
Rh,Os or Al,O3 based catalysts (Figure 6).*® The resulting amine 5d can be converted
to (6S)-5 by further coupling reactions including the use of 3-pentanol and a
deprotection step.’® The overall yield from this reported reaction was recorded as
60%.% As mentioned, alternative methods for the synthesis of oseltamivir have been
reported.’®?° The reductive amination, again using hydroxylamine, of a ketone
intermediate 5f (generated from 5e) to form imine 5g, could be achieved (Figure
7).1920 The resulting imine 5g can be further reduced by NaBH. and a MoOg; catalyst

to form amine 5h (Figure 7). 5h can be used in downstream reactions usually requiring
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3 or 4 steps to produce the resulting compound (6S)-5.1%2° The overall yields for these

reported reactions were much lower at around 2.9-5%,1%-2°

Synthesis of Oseltamivir from ethylbenzoate
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Figure 6: Synthesis of oseltamivir from ethylbenzoate. This schematic displays the synthesis of
(6S)-oseltamivir from ethylbenzoate as designed by Hudlicky et al.
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Synthesis of Oseltamivir from 5e
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Figure 7: Synthesis of oseltamivir from 5e. This schematic displays the synthesis of (6S)-oseltamivir
from 5e as designed by Kongkathip et al.



A further example of how reductive amination is employed during the synthesis of
small molecule pharmaceuticals concerns the production of maraviroc 6. Maraviroc is
an antiviral used in the treatment of retroviruses such as the human immunodeficiency
virus (HIV).?° Ultimately the protocol for the reductive amination part of the multi-step
maraviroc synthesis has been reduced to two steps.?:?2 The reductive amination part
is characterised by the reduction of aldehyde 6a using an amine tosylate 6b and

reducing agent NaBH(OAc)s and then quenched to produce 6 (Figure 8).2122

Synthesis of Maraviroc

F. F F. F
1. NaBH(OAc);
+ Bj\N/\( 2. NaOH
0% “NH HN _ N 07 NH L
N N
\O TsOH N ,N
6a 6b 6 A%:N

Figure 8: The reductive amination step in the synthesis of maraviroc. This schematic displays the
synthesis of maraviroc from 6a and 6b as designed by Cdrdova et al. N.B. the chirality at the exo centre
is not displayed.

Reviewing the synthesis of sitagliptin 7 further highlights the use of complex transition
metal catalysts in the synthesis of pharmaceutical chiral amines. Sitagliptin is routinely
used in the treatment of type 2 diabetes.33! Sitagliptin acts as a small molecule
inhibitor of the serine protease dipeptidyl peptidase 4 (DPP-4).2%% |n vivo, DPP-4 is
responsible for degrading glucagon-like peptide 1 (GLP-1); an incretin hormone that
is released in response to food intake and has roles in stimulating insulin biosynthesis
coupled with inhibition of glucagon release.®*3! Therefore, administration of sitagliptin
would delay the degradation of GLP-1 and subsequently allow for longer lasting
effects resulting in more insulin production and reductions in glucagon levels. Like
most inhibitors that target protein sites, the enantiomeric properties of sitagliptin
dictate its mode of action. (R)-sitagliptin is the required enantiomer to elucidate its
desired pharmacodynamic and pharmacokinetic properties in vivo.33! This is
because (R)-sitagliptin is stabilised by a hydrogen bonding and ionic interactions
network at many contact points within the proteins binding pocket, namely canonical
glutamate, tyrosine, serine, and arginine residues which tend to be conserved across
many DPP-4 proteins from various host organisms (Figure 9).2°%2 Thus, an
enantioselective route during the synthesis of (R)-sitagliptin is required, often

requiring the use of complex chiral transition metal catalysts.
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Figure 9: The active site of DDP-4 in complex with (R)-sitagliptin. All images have been visualised
using CCP4mg (v.2.10.11). This image represents the active site residues in DDP-4 from Rattus
norvegicus (green) (PDB: 4FFW) in complex with (R)-sitagliptin (purple). All residues are labelled
accordingly. The dotted line indicates the distances between interactions which are measured in
Angstroms. In the human model of DDP-4 (PDB: 1X70) 1205 is replaced by S209 which is functionally
conserved and interchangeable. *In the human model this hydrogen bonding interaction is mediated via
gwater molecule; there is no water present here in the R. norvegicus structure, however it is only a 2.90
structure.

Initially, Merck provided a synthetic one pot synthesis for (R)-7 (Figure 10).'* By
combining (2,4,5-Trifluorophenyl)actetic acid 7a, and 2,2-Dimethyl-1,3-dioxane-4,6-
dione ( Me | d r u mfsandatteen reéacting the intermediate with a trifluoro based
amine salt the resulting ketoamide 7c was formed.** 7c can then undergo
condensation using ammonium acetate to form the enamine 7d. 7d subsequently is
reduced to the resulting chiral amine (R)-7 using hydrogen gas, catalysed by the chiral
rhodium-based catalyst and t-Bu-Josiphos ligand.'* The reported yield from this
reaction was 82% with an e.e. of 99%.'® This method was also adapted by
Steinhuebel et al whereby using the ketoamide 7c¢, hydrogen gas and a ruthenium-
based catalyst with the (R)-dm-segphos® ligand a yield of 91% and 99.5% e.e. for
(R)-7 could be achieved (Figure 10).%4



Synthesis of Sitagliptin
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Figure 10: The synthesis of (R)-sitagliptin. This schematic displays the reductive amination steps in
the synthesis of (R)-sitagliptin requiring the use of rhodium and ruthenium-based co-ligand catalysts
designed by Merck and Steinhuebel et al respectively.

These chemical syntheses as described in Introduction 1.1 and 1.1.1 all pose
problems. In the case of the synthesis from enamines the resulting product and
substrates are highly functionalized, limiting the scope of potential products formed.®
In the case of C=N bond reduction the imine formation is the limiting step, often
requiring long incubation and distillation times.*® Also, the leaving group needs to be
optimised in such a way that it does not affect the reduction of the imine through steric
effects to give undesirable enantiomers.»®’ In the case of C-H amination through
intermolecular insertion typically the resulting reactions give poor vyields and
enantiomeric excesses.® Additionally, the amine donors tend to be highly
functionalised i.e., use of sulfamates, limiting the potential product scope.® The
formation of amines by the reductive amination of unfunctionalised ketones
overcomes the potential substrate and product scope problem. However, the
remaining issues for all syntheses described above seems to be in the resolution of

enantiomers either before or after the formation of the final product(s).
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1.1.2 Racemic resolution

Defined chirality, especially in the pharmaceutical industry is extremely important; this
remains the case with chiral amine containing drugs. Some examples noted above
were during the synthesis of (S)-rivastigmine 1 and (R)-sitagliptin 7.1 One of the
most well-known examples was seen when the drug thalidomide 8 was prescribed to
pregnant women as a remedy for morning sickness. Thalidomide works by inhibiting
TNF-U production by degrading TNF-U  m R ,Nmpacting many cytokine-regulated
physiologies such as inflammations, oxidative stresses, and fevers.®® Whilst both
enantiomers are potent TNF-U i n h i $)-thalidomide 8(1 was teratogenic and
could be interconverted from the (R)-enantiomer 8.2 in vivo, impacting the
development of the embryo or fetus.3¥3” Because thalidomide was prescribed in a
racemic mixture many children were born with limb and/or brain abnormalities. Hence
the importance of determining, and the ability to, isolate pure enantiomeric products.
There are currently several methods for the resolution of chiral amine enantiomers.
The most routinely used methods are either through chiral resolution or kinetic
resolution. For chiral resolution, fractional crystallisation of the racemic amine solution
with a chiral carboxylate forms a crystalline material trapping one enantiomer whilst
the other is left in solution (Figure 11).! The stereochemistry of the crystalline

enantiomer is determined by the initial stereochemistry of the carboxylic acid salt.

R R\ +
0 RNH Y o NH, O
R% LS e R% . ; R!
OH R3 R4 R3)\ R4 @] + RS/\ R4 \I)J\O
R2 R? R2
Crystalline Solution

Figure 11: Chiral resolution of racemic amines via fractional crystallisation. This schematic
displays the generalised resolution of a racemic amine using chiral carboxylates to trap one enantiomer
in a crystalline phase. Ri1, Rz, Rsand R4 reflect various substituted groups where R can either be H or a
substituted group. N.B. The stereochemistry of the crystalline amine is determined by the
stereochemistry of the initial carboxylic acid salt used.

In the case of kinetic resolution, more traditional synthesis steps are used, usually an
acylating agent will be utilised. A racemic mixture of the amine can be incubated with
an acylating agent and a catalyst where the (R)-enantiomer undergoes acylation to
form the amide and the (S)-enantiomer of the amine is released (Figure 12).1%°
Subsequent work has been focused on using biocatalysts for the dynamic kinetic
resolution of chiral amines. By utilising enzymes native abilities for stereoselectivity
and promiscuity a range of enantiomerically pure amines have been synthesised. By
pairing enzymes such as lipases and acylating agents, a one-step synthesis for the

separation of both enantiomers can be achieved by coupling the acylation and then



hydrolysis of the amide bond (Figure 12).2” Natively these lipases break down ester

bonds of triglycerides in vivo, this requires the formation of a typical enzyme-acyl
intermediate with resulting products being released through nucleophilic attack by
water.*® However, these lipases have been engineered to accept a wide range of
nucleophiles such as alcohols or amines to hydrolyse ester or amide bonds.?”%® As

the reaction is reversible |ipases can be
racemic mixtures of amines and acylating agents to form the (R)-acylation product

and (S)-amine; the (R)-acylation product can then be further hydrolysed to give the
(R)-amine (Figure 12).%738

Acylation of racemic amines
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Acylation and hydrolysis of racemic amines using lipases
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Figure 12: Kinetic resolution of racemic amines via acylation-based reactions. This schematic
displays the generalised resolution of a racemic amine using acylating agents and organic or enzymatic
catalysts, such as lipases, for the formation of (R)-amides and (S)-amine products. R?, R, R®and R*
reflect various substituted groups where R can either be H or a substituted group. X refers to the leaving
group on the acylating agent as denoted in the legend.

In addition to the problems faced in the resolution of enantiomers, the traditional
chemical syntheses of chiral amines also raise a problem concerning the use of
transition metal catalysts. Often these catalysts employ expensive and non-renewable
transition metals such as ruthenium, rhodium, palladium, iridium, molybdenum, and

titanium. Additionally, the ligands that coordinate these transition metal centres are
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often expensive and complex, sometimes requiring multi-step syntheses themselves,
for example the use of Rhz(esp).®, (R)-dm-segphos®4, t-Bu-Josiphos?3, BINAP, and
cyclooctadiene based ligands.**?® Often these ligand-metal catalysts can degrade
during the reaction progression, show low efficiency, cannot be recovered and/or
arendt tail or setectifitp? One way to overtomathesegroblems is to
immobilise the chiral catalyst to polymers offering improved enantioselectivity and
recovery with no compromise in activity.*® However, designing a ligand tether

proposes a new challenge in this field.

1.2 Biocatalysts for the production of chiral amines

Due to the limitations in more traditional chemical syntheses concerning the
production of chiral amines recent attention has turned to finding enzymes capable of
creating chiral amines. Enzymes as biocatalysts tend to offer improved
enantioselectivity and substrate specificity over transition metal-based catalysts and
organocatalysts.***? In addition to this, enzymes can be engineered to improve
substrate scopes and promiscuities offering the ability to synthesise a wide range of
chiral amine functionalities.***? If libraries express well in their host organism(s), and
can be scaled to model expression organism(s), it also provides a relatively cost-
efficient route compared to the synthesis of transition metal-based catalysts.
Furthermore, enzymes offer a more renewable and sustainable route typically with
lower reaction temperatures and pressures and less harsh conditions.*#? The idea of
using biocatalysts in chemical industries is not a new concept. Many pharmaceutical
molecules target host proteins by methods of action, for example sitagliptin
(Introduction 1.1.1).39°32 The natural propensity of target molecules to bind to their

target protein(s), coupl ed wi t h anytcenzymeods

promiscuity, is often exploited to find enzymes capable of binding synthetic
intermediates. This is widely seen in the administration of pro-drugs which are
metabolised in vivo into the active form, often by enzymes such as cytochrome
P450s.4314% Often target molecules are engineered to mimic natural products of
enzymes which highlights the importance placed on enzymes as biocatalysts in
synthetic processes.* 4 However, enzymes are often screened and engineered to
accept and synthesise new and varying chemical functionalities.*'“? Discussed herein
are a selection of biocatalysts capable of producing chiral amines and their associated

structural and mechanistic features are be detailed.



1.2.1 Transaminases

Traditionally transaminases (TAs) in vivo are used in amino acid recycling and
degradati on. Nat i ve T Aaninaacidsdransferringithecamminoonal i s e
groupfromad onoamiUno aci d t oketaatid known asgransamindtlon
(Figure 13).%° ¥-TAs are a sub-group of TAs which catalyse the transamination of a
donor and acceptor molecule where at least one of the counterparts do not need to
be aamilUno a eketaacio (Figuté 13).5°5 T h e r e f TAsean catalyse
transamination of a range of carbonyl acceptor groups and produce a wider range of

chiral amines not | i mamineatidst o t he producti on

Native transaminases
0 NH,

i ?]\ nat-TA o Jk " k

R “COOH R? “COOH COOH RZ*“~COOH
PLP PMP

w-transaminases
NH, 0 0 NH,
*

+ w-TA +
R3JJ\R4 TN R1ﬂ\R2

PLP PMP

R" "R? R3* R4

Figure 13: PLP-dependent reactions catalysed by transaminases. This schematic displays the
generalised react i o-NAsusingtherPhP cofacter. Rt,RS R3anmd ®* reflect various
substituted groups. Potential chiral centres of interest are marked with an asterisk.

As mentioned in Introduction 1.1.1, sitagliptin (7) synthesis requires an
enantioselective route to produce the enantiomerically pure, optically active (R)-
enantiomer. Hence, taking advantage of enzymes such as transaminases, for
enantioselective reductive amination was an attractive prospect. Merck and Codexis
developed a route for the biocatalytic preparation of enantiomerically pure (R)-7 using
isopropylamine and acetone as amine donors and acceptors respectively (Figure
14).>2 An (R)-selective transaminase, ATA-117, which shows 99.7% sequence
identity to a parental (R)-transaminase from Arthrobacter sp. KNK168%3, was selected
and engineered to accept the ketone intermediate 7c¢.%? Ultimately after 11 rounds of
directed evolution using ATA-117, 27 mutations were made, 10 of which were not
catalytic but found to interact with the substrate in the binding pocket.®? The other 17
were found outside of the binding pocket (Figure 14).52 This variant gave extremely

good enantioselectivity with an e.e. of >99.95% and an overall yield of 92%.52

33



34

F F
(o) 0 ATA-117 >(27) NH, O
S IER P
7c _
bm\/gT /Niz o : (R)-7 K/N\/gv
F F
FF AN\ FF

Figure 14: Synthesis of (R)-sitagliptin catalysed by (R)-selective transaminase ATA-117. The
scheme represents the reductive amination of 7c ketone intermediate to (R)-7 catalysed by ATA-117
using isopropylamine and acetone as amine donor and acceptors respectively. > denotes point
mutations, of which there are 27 in the final construct. The crystal structure of ATA-117 >(27) has been
visualised using CCP4mg (v.2.10.11) and the overall surface structure of the protein is highlighted in
brown with mutations being highlighted in blue
6back6 of the protein is represented.

Transami nases r e u-phosphate botactop PkP) whitxia turn 5
reducedtoformp y r i d o x gmosphate (PMR) (Figure 13 & 15). One limitation of
transaminases lies in the fact that the PLP cofactor requires a primary amine-based
donor in its mechanism to successfully generate PMP and then regenerate PLP
(Figure 15). PLP, when within the transaminase, is coordinated by a catalytic
lysine.®%* The amine donor then attacks this E-PLP complex generating an
aldimine.®* The pyridine ring of PLP acts as an electron sink to form the resulting
ketimine.**5154 The resulting ketimine is hydrolysed and the resulting carbonyl is
formed and (E-)PMP is generated.>>>* PMP can then transfer the amine group to the
acceptor molecule to generate the resulting chiral amine and regenerating (E-
)PLP.%1%* Hence, transfer to the carbonyl acceptor can only result in the production of

primary amines and therefore limits the functionalisation of potential products.
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Figure 15: PLP-PMP mechanism for transaminases. This schematic displays the generalised
mechanism of the catalytic enzyme-PLP complex (E-PLP) to generate the resulting chiral amine via
amine group transfer from the donor to the acceptor molecule. Generation of PMP and regeneration of
PLP is also depicted. R!, R?, R3and R* reflect various substituted groups. Potential chiral centres of
interest are marked with an asterisk.

Anot her potenti al | i-Tvs is thd build-op oficoprobucts dasthe us e of
reaction progresses. The ketone by-product that is produced over-time inhibits the
forward reaction and further generation of the desired chiral amine. There are several
methods for the removal of ketone by-products but tend to be cumbersome.5*¢ Most
studies conducted into this area are typically concerned with the removal of pyruvate;
this is the keto-acid by-product formed when alanine is routinely used as the amine
donor in the reaction. Recent work has been carried out into the use of a multi-enzyme
system for the removal of pyruvate.®® Lactate dehydrogenase (LDH) can be employed
to catalyse the free pyruvate to lactate. Since LDH requires NADH as a cofactor,
glucose dehydrogenase (GDH) is also required to regenerate this cofactor and allow
themultrenzyme reactions t o c-dAmediatadeeactioBsocans e qu e nt
lead to either low yields or inefficient and relatively costly reactions with the need to
usemultrenzyme/ cof actor systems. Ho-Welbd-GDH t he ap

system is stildl an attractive -TAffraors\ibeic t . A
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fluvialis ( V f-TA)¥ in tandem with the LDH-GDH recycling system was used to

produce t hedlglS)-fivasiigmiaerldvith yields larger than 80% and >99%
e.e (Figure 16).%

Synthesis of Rivastigmine using Vf.w-TA
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Figure 16: The synthesis of (S)-r i vast i g mi neTAuThis sclemaiid disptays the reductive
aminase step of the synthesis of (S)-rivastigmine using a transaminase from Vibrio fluvialis. Highlighted

is the recycling system set up using glucose dehydrogenase (GDH) and lactate dehydrogenase (LDH)
enzymes for the removal of pyruvate.

Further mor e, anot her-TAd isaeeb ia th&r narrbw sobsttate v e ¥
scope. Of t @As darot accept carbonyl centres with bulky substituents.
However, in recent year s, given the-Tasdvances

have been able to be rationally designed to accept a wide range of substrates. In one
example the rational design of t h e-TA¥from V. fluvialis for the synthesis of (1S)-1-

(1 ;biphEpyl-2-yl)ethanamine 9, using an isopropylamine donor and acetone
acceptor, was examined (Figure 17).58

Synthesis (1S)-9 using Vf.w-TA

o) H,N
O~ A=~
9a NH, O (15)-9

Figure 17: The synthesis of (1S)-1-( 1 ;bipldenyl-2-y | ) et h ana mi n eTA.uTki$ stcigematic
displays the reductive aminase step of the synthesis of (1S)-9 using a transaminase from Vibrio fluvialis.
Highlighted is the isopropylamine donor and the acetone acceptor compounds that were used.



When looking at the wild-type enzyme (PDB: 4E3Q) it is clear that the binding pocket
is relatively small, too small to accept a bulky ketone such as 2-acetylbiphenyl 9a
(Figure 18).%8 This is likely why the WT enzyme shows no activity towards 2-
acetylbiphenyl. From docking and molecular dynamic simulations, it was clear that
W57 is orientated into the middle of the binding pocket (Figure 18).58 Therefore, the
first round of rational design largely focused on mutation at this position to smaller,
non-polar residues such as alanine or glycine.®® In addition to this, the binding pocket
is lined with positively charged residues such as R88, K163, and R415 (Figure 18).
These were all mutated to non-polar residues in the second round of screening to
increase the hydrophobicity of the binding pocket and negate any additional effects
from the non-polar ketone substituent.®® Ultimately seven mutations were made to
give the best mutant: W57F/ R88H/ V153S/ K163F/ 1259M/ R415A/ V422A.%8 W57F
not only increases the size in the active site but also interacts with the ketone and
side chain of -b286KIinhg het moak with a

atom.%® R88H, K163F and R415A all decrease the overall positive charge of the active
site or near the vicinity of the active site (R88H).%® V153S was adopted to slightly
decrease size at the subunit interface without additional charge being added.8 V422A
is thought to interact with the side chain of the ketone via a hydrophobic interaction.®®
This mutant gave a reaction rate increase of 1716-fold with 99% e.e. for the production
of 9 (Figure 17).°8 This case study highlights the promising advances made in the
engi ne er-TAsatgpradidice asdarge range of chiral amines with improvements in

efficiencies, substrate scopes, enantioselectivities and yields.

Figure 18: Bi ol ogical a s s e-mbih gompalex avithaPMP. iAlVireages have
been visualised using CCP4mg (v.2.10.11). The left-hand panel represents the biological assembly of
t he wi |-0A frony \p Buvialis (PDB: 4E3Q). The right-hand panel represents the associated active
site residues from chain A (blue) of the wild-type enzyme as well as the catalytic lysine linked to
PLP/PMP (K285). The PMP cofactor is represented in green in all cases.

S/’
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1.2.2 Imine Reductases and Reductive Aminases

Conventionally imine reductases (IREDs) are used for the reduction of preformed
imines to amines usually requiring an NADPH cofactor (Figure 19).5%%° Substituents
on the imine dictate which at which face on the iminium ion the hydride attacks from
and therefore an attractive feature of IREDs is their ability to tailor enantioselectivity.
One example of an particularly enantioselective IRED is the (S)-selective BCIRED
from Bacillus cereus. Furthermore, the (S)-selective BCIRED homologue from
Nocardiopsis  halophila, NhIRED, displayed switching preferences in
enantioselectivity for a range substituted piperideines and pyrrolines.®* NhIRED, when
supplied with 2-methyl piperideine formed the (S)-amine whereas when supplied with
2-n-propyl piperideine an inversion of selectivity was seen forming the (R)-amine.®*
An additional example was seen during the screening of 20 IRED proteins carried out
by Roche researchers.®? Among them IR_14, annotated as an (R)-selective IRED
from Nocardia cyriacigeorgica, showed differential selectivity; for monocyclic and
bicyclic aliphatic imines (R)-amines were produced.®? For the larger substituted
bicyclic benzylic aromatic imines (S)-amines were observed.®? This reflects not only
the varied enantioselectivity between IREDs but the ability to tailor one IRED to
produce either desired enantiomer. This presents an attractive chance for the further
engineering of IRED scaffolds to enable enantiomeric switching centred around imine

functionality.

Native imine reductases (IREDs)

/R3 R3
JNI\ IRED HJN\
R" "R~ N RI™R2

NADPH NADP*
+H*

‘Reductive Amination’ using imine reductases (IREDs)

R3 /R3
@] 3 IRED? N HN
J.I\ + /R JI\ IRED J\
RV "R2 H:N pH~9 RV TRZ N\ RI"™R?2

NAD(P)H NAD(P)*
Excess + H*( ) )

Figure 19: Reactions catalysed by Imine Reductases (IREDs). This schematic displays the
generalised reactions of native | REDs and nat
prochiral ketones. R?, R and R3reflect various substituted groups. Potential chiral centres of interest are
marked with an asterisk.

A drawback of using native IREDs for the formation of chiral amines is due to their

substrate scope being largely limited to prochiral imines. This limits the potential



plethora of chiral amine functionalities able to be produced. Subsequently, attention
was directed into finding IREDs capable of accepting carbonyl centres such as
prochiral ketones (Figure 20). A range of studies have investigated the ability of IREDs
to enable the formation of secondary amines from prochiral ketones when using a
primary amine donor. Both Huber and co-workers®® and Scheller®* and co-workers
were able to produce (S)-2(methylamino)-4-phenyl-butane 10a and (R)-1-
phenylethylamine 11a (and (R)-secondary amine product 11b) from their respective
ketones (10 and 11) when using IREDs from Streptomyces sp. GF3587 and
Streptosporangium roseus respectively (Figure 20). For Streptomyces sp. GF3587
IRED 8.8% conversion and an e.e. of 76% was recorded.®® For the S. roseus IRED
the secondary amine product yielded 39% conversion and an 87% e.e., for the
primary amine product only 16% conversion was recorded with 97% e.e.®* Likewise,
Roche carried out a large screen of a library of 28 IREDs towards prochiral ketone
substrates.® Across the board most IREDs from this library showed little or no activity
when ammonia or butylamine was the amine donor, showing better conversions when
using methylamine.®® Two IREDs IR_20 and IR_11 performed the best towards (R)-
3-methylcyclohexanone 12 with ammonia and methylamine donors respectively
(Figure 20).%° Ultimately a 50% yield, 94% d.e and 96% conversion for IR_20 was
achieved and a 55% yield, 96% e.e. and 95% conversion for IR_11 was recorded.®®
These initial findings were then applied to the production of small molecule
pharmaceuticals. It was demonstrated that indanone 13a could be reduced to both
(R)- and (S)-rasagiline 13.1/13.2, a drug used to treat Parkins
IREDs; IR_14 from the Roche generated library and IR-Sip from Streptomyces
ipomoeae 91-03 (Figure 21).% In the presence of propargylamine IR_14 was able to
produce (R)-rasagiline 13.1 with a 71% conversion, 58% yield and 90% e.e., IR-Sip
was able to produce (S)-rasagiline 13.2 with a 91% conversion, 81% yield and 72

e.e.56

However, what was clear from all these examples was the relatively low conversions
with ammonia.®® This limits the possibility for the effective production of any primary
amines limiting the potential functionalities of these chiral centres. Additionally, to see
any significant conversion in these reactions an excess of the amine donor is required
typically varying from 12.5 to 50 equivalents.®! ¢ In addition to this high pH values of
around 9.0 are required to produce substantial conversions and yields.%* % |t is clear
from these factors that high pH and high excess of amine donors is what ultimately
drives the formation of the imine or iminium ion intermediate. Without these factors

the IRED does not seem to produce any resulting chiral amine, suggesting that IREDs
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do not in fact catalyse the first 0reduct.

reduction of the preformed imine in solution as dictated by the reaction conditions.
Therefore, the rate limiting step of this reaction is the spontaneous formation of an
imine in solution.

‘Reductive Amination’ examples using imine reductases (IREDs)

IRED from Streptomyces sp. GF3546

AN
NH
NH,CH
23 @/\é\)
IRED from Streptosporangium roseus
~

NH; O NH
NH : NH,CH :
@)L _ NH; ©/(R\) _NHCH; | @TR\)
IR_20 from Streptomyces tsukubaensis IR_11 from Verrucosispora maris
AN
0] NH, 0 NH
NH5 : é NH,CH O
R) (1S, 3R) (R) (1S, 3R)

IR_14 from Nocardia cyriacigeorgica IR_Sip from Streptomyces ipomoeae
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Figure 20: Exempl ar O6reductive aminationd r eThis
schematic di splays examples of o6reductive amin
ketones using different amine donors. Stereochemistry for each reaction is assigned to each molecule.

1.2.2.1 AspRedAm

As a result of the above mentioned IRED findings, there was a pressing need to find
an enzyme capable of carrying out a true reductive amination reaction, catalysing both
the formation of an imine from a prochiral carbonyl centre, coupled with the imine
reduction. Recently a sequence similarity screen led to the discovery of a reductive

aminase from Aspergillus oryzae (A. oryzae) named AspRedAm, a eukaryotic fungal

vV e
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IRED homologue.®” AspRedAm (UniProtkKB: Q2TW47) shares a sequence similarity
of 37.6% to an (S)-IRED from Amycolatopsis orientalis (AolRED) (UniProtKB:
R4SNK4).%8 AoIRED is a structurally characterised IRED used to catalyse a range of
prochiral imines with greater efficiency then their Streptomyces counterparts.®®
AspRedAm can catalyse the formation of an imine from a prochiral ketone and an
amine donor, along with the reduction of an imine moiety to the resulting chiral amine,

leading to the breakthrough discovery of the first true reductive aminase (Figure 21).%”

Reductive Amination using AspRedAm

R3 R3

j)I\ . RO _AspRedAm N AspRedAm  HN
R'” "R2 H:oN R "R2 Y R1I™R2
NADPH NADP*
+H*

Figure 21: Reaction catalysed by AspRedAm. This schematic displays the generalised reaction of a
native reductive aminase from A. oryzae (AspRedAm) with prochiral ketones and a range of amine
donors. R?, R? and R3reflect various substituted groups. Potential chiral centres of interest are marked
with an asterisk.

AspRedAm was screened for a range of both carbonyl substrates and amine donor
libraries, usually using 1-7 mM of carbonyl to 2-5 mM amine donor with some in larger
excess and some in stoichiometric amounts.®” It was evident from the results that
AspRedAm catalysed a range of reductive aminations with various cyclic, bicyclic and
aliphatic straight chained carbonyls using various amine donors of length and
functionalities, even at pH 7.0 (Figure 22).5” AspRedAm typically worked the best with
smaller primary amine donors (excluding ammonia) such as methylamine, allylamine,
cyclopropylamine and propargylamine (Figure 22).6” AspRedAm also displayed a
preference for cyclic ketones or 5 and 6 membered aliphatic straight chain ketones.
However AspRedAm did catalyse substrates as large as 1-tetralone 14 or 2-tetralone
15 for the production of amines as large as N-(prop-2-yn-1-yl)-1,2,3,4-
tetrahydronaphthalene-1-amine l4a and N-(prop-2-yn-1-yl)-1,2,3,4-
tetrahydronaphthalen-2-amine 15a respectively (Figure 22).5” One attractive feature
of AspRedAm was the ability to catalyse some reductive amination reactions with the
amine donors and ketones in 1:1 stoichiometric quantities or 2-4 equivalents of the
amine donor (Figure 22).5” Larger substrates typically required higher loading of the
amine donor(s) (Figure 22).%” This highlights AspRedAm as a promising protein
scaffold, without the need for an excess of amine donor, which could be extended to

access an even larger scope of ketones through enzyme engineering.
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Reductive Amination examples using AspRedAm

~ \ \/\
NH, NH NH
47% conv. 95% conv. 90% conv. 73% conv. 94% conv.
4 eq. 2 eq. 1eq. 1 eq. 1eq.
0O ~
AN NH HNT XN
N NN
.,,”
>97% conv. 82% e.e. >97% conv. 97% e.e. (R) <5% conv. 15% conv. >98% e.e. (S)
20 eq. 20 eq. 50 eq. 50 eq.
\\
37% conv. 97% e.e. (R) 39% conv. 88% e.e. (R) 45% conv. 97% e.e. (R)
20 eq. 5eq. 5eq.

Figure 22: Exemplar reductive amination reactions catalysed by AspRedAm. This schematic
displays a few examples of reductive amination reactions of cyclic and bicyclic ketones using a range of
amine donors and AspRedAm. Equivalents of amine donors are highlighted and labelled in blue.
Conversions and enantiomeric excesses are labelled where appropriate. Stereochemistry was assigned
if determined.

Similar to IR_14%% AspRedAm was applied to the synthesis of (R)-rasagiline 13.1
using propargylamine (50 equivalents) to give 64% conversion and 95% e.e. using
the starting material indanone 13a.%” Although both reactions required an excess of
the amine donor to yield similar conversions and e.e. values, AspRedAm was able to
achieve this conversion after 24 h®” whereas IR_14 achieved this conversion after 7
d.%5 This is a significant reduction in process time i a good starting point for
engineering AspRedAm for high turnovers of prochiral ketones with shorter reaction

times.

AspRedAm, like IREDs such as AolRED®®, di spl ays the typi
in which the biological assembly structure represents a functional dimer; two
monomers associate at an interface of N and C terminal domains (Figure 24). Each
monomer is made up of a large N-terminal Rossman domain and C-terminal helical
bundle each terminal being connected by an interdomain helix (Figure 24). However,
the AspRed Am, wunl i ke | REDs seems to adopt

and cofactor during dynamic binding of a ligand (Figure 25). IREDs like AoIRED seem
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to adopt a more O6opend substrate chgie,
24).%8 Taking a look at the active site revealed key residues crucial for reductive
amination. Y177 is positioned at an ideal distance (3.27 A in chain B) away from the
amine group of the co-crystallised ligand (R)-rasagiline 13.1, suggesting a possible
role in proton donation or stabilisation of the substrate/ligand in the active site (Figure
23). Y177A resulted in a 30-fold decrease in reductive aminase activity when
compared to the wild-type enzyme.®” D169 is thought to play a role in proton donation
dependent catalysis. In an IRED from Streptomyces kanamyceticus (PDB: 3ZHB) this
position is occupied by D187; mutation to D187A or D187N resulted in loss of
activity.®® Likewise, D169A and D169N resulted in a >200-fold reduction in Keat/Km
when compared to the wild-type enzyme for the reductive amination production of N-
methylcyclohexylamine.®” Tracing this back to other enzymes such as
dehydrogenases reveals that typically this aspartate residue is usually a lysine
residue which aids in the proton donation of the alcohol intermediate formed in these
reactions.” Interestingly in AolRED the residue in this position is N171.%8 N93 is
thought to hydrogen bond to D169A and stabilise this catalytic residue (Figure 23).
M239 and Q240 are brought in from the other chain on binding of the substrate/ligand
to close the active site with W210 and Y217 closing the hydrophobic binding pocket
(Figure 23). These findings are the structural basis that could be used for the rational
design of a RedAm and/or an engineered enzyme capable of the reductive amination
of a wide range of prochiral ketones including pharmaceutically and biologically
significant moieties.

Figure 23: Biological assembly and active site of AspRedAm in complex with NADP(H) and (R)-
rasagiline. All images have been visualised using CCP4mg (v.2.10.11). The left-hand panel represents
the biological assembly of the wild type AspRedAm (PDB: 5G6S) dimer using chains B (blue) and C
(yellow) in complex with NADP(H) grey and (R)-rasagiline (purple). The right-hand panel represents the
associated active site residues from chain B (blue) and chain C (yellow) of the wild-type enzyme. The
dotted line indicates the distance between the Y177 hydroxyl and the amine group of (R)-rasagiline
(purple), the distance is measured in Angstroms.

even
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Figure 24: Monomeric superimposition of AolIRED and AspRedAm in complex with associated
ligands and NADP(H). All images have been visualised using CCP4mg (v.2.10.11). NADP(H) is
highlighted in grey in all cases. SSM superimposition of AOIRED chain A (PDB: 5FWN) (orange) in
complex with (R)-methyltetrahydroisoquinoline with AspRedAm chain B (PDB: 5G6S) (blue) in complex
with(R)-r asagiline (purple). RMSD values are 2.26

1.2.3 Amino Acid Dehydrogenases and Amine Dehydrogenases

As with transaminases, native amino acid dehydrogenases (AADHSs) are used in vivo
for the recycling and degradation of L- and D-amino acids to oxo acids or the forward
(major) reaction to produce functionalised amino acids using ammonia (Figure
25).7172 Typically, these enzymes utilise NAD(P)H as their cofactor for hydride transfer
depending on the role of the enzyme. Normally in vivo, L-AADHs used are used for
catabolic processes and utilise NAD(H) whereas D-AADHSs are used in biosynthetic
pathways to produce branched chained amino acids such as leucine, isoleucine and
valine, often requiring NADP(H).*® These AADHs have been engineered to accept
unfunctionalise d car bonyl centr es a-kRetb acids,whejetheyt ami no aci
utilise ammonia, and more recently, a range of amine donors™7’, cr eating the d6amir

dehydr ogenas dasily (Flgéer?bB)H3?)
Native Amino Acid Dehydrogenases (AADHs)
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1
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0 NAD(P)H NAD(P)*  NH>
+H*

Engineered Amino Acid Dehydrogenases (AADHSs)
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Figure 25: Reactions catalysed by Amino Acid Dehydrogenases (AADHSs). This schematic displays
the generalised reactions of native AADHs and
for reductive aminations of prochiral ketones. R* and R? reflect various substituted groups. R typically
reflects a hydrogen atom but in recent cases can be a variety of substituted groups. Potential chiral
centres of interest are marked with an asterisk.



The structures of AADHs have been extensively studied over the last 30 years.
Typically, the catalytic monomer of these AADHs comprises two domains. At the
interface of the two domains is a cofactor binding cleft which undergoes a dynamic
closure on ligand/substrate binding to engulf both cofactor and substrate in close
proximity for efficient hydride transfer.”>"> These monomers can associate to form
dimers and often the biological assembly in solution is a multimer.”>"? The two most
studied AADHs, LeuDH and PheDH are NADH dependent AADHs involved in the
interconversions that can produce L-leucine and L-phenylalanine from their respective
keto/oxo acid.

LeuDH is an AADH of patrticular significance. Its native product leucine is involved in
several metabolic and physiological pathways, specifically it triggers the mammalian
target of rapamycin (MTOR), a kinase that regulates several cellular pathways such
as, and not limited to, tissue and muscle synthesis, cell proliferation, transcription, and
autophagy.?*® In the pharmaceutical industry LeuDH has been used for the
biotransformations of leucine based protease inhibitors for treatment and
management in various diseases such as HIV/AIDs or cancerous metastasis.?* The
structure of a LeuDH homologue from Bacillus sphaericus was determined by X-ray

crystallography (PDB: 1LEH).”®1 t di spl ays a typical 0 AADH f ¢

is comprised of two domains and the NADH and subsequent substrate/product binds
at the interface of the two (Figure 26). It is clear from the active site that residues K68,
K80 and D115 stabilise the product L-leucine in the active site as they are within close
proximity for facilitating electrostatic interactions (Figure 26). K80 is thought to be
involved in the activation of water for nucleophilic attack of the iminium ion
intermediate generated during the reductive amination.” K80 is highly conserved
amongst other AADHs of interest. Regarding the specific activity towards L-leucine, a
K80Q mutation resulted in a 3-fold increase of the K, value when compared to the
wild-type enzyme.” Other residues found within the active site are thought to play a

role in recognition of the substrate and or cofactor (Figure 26).

Due to the significant role K80 and D115 are thought to play in catalysis, these
corresponding positions were avoided in the rational engineering of a LeuDH from
Bacillus stearothermophilus t o pr oduce t he B8 €hssuwehgingéered
LeuAmDH was targeted for the reductive amination of the a-ketoisocaproate (natural
keto acid to produce L-leucine) ketone analogue methyl isobutylketone (MIBK) 16 to
produce (R)-1,3-dimethylbutylamine (1,3-DMBA) 16a (Figure 29).8! K68M displayed
low activity towards 16 but it was a good starting point for observing reductive

amination properties which could be subjected to further enzyme engineering.®!

0 AmDF
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Subsequent rounds of engineering yielded the mutant K68S/E114V/N262L/V291C
which displayed a >3000-fold higher ks value for the reductive amination of 16 to 16a
when compared to the K68M mutant (Figure 28).8! This four-point mutant was able to
produce 1,3-DMBA (16a) with a 92.5% conversion and 99.8% e.e.?! N262L and

V291C were crucial for enlargement of the binding pocket to accommodate MIBK.
K68 N261 "«
397A

V291
NAD(H)

Figure 26: Catalytic monomer and active site of LeuDH in complex with NAD(H) and L-leucine. All
images have been visualised using CCP4mg (v.2.10.11). The left-hand panel represents the monomeric
form of the wild type LeuDH from B. sphaericus (PDB: 1LEH) using chains A (green) in complex with
NAD(H) (grey) and L-leucine (blue). The right-hand panel represents the associated active site residues
from chain A (green). The dotted lines indicate the distances of K68, K80, D115 and L-leucine (blue)
based interactions, the distances are measured in Angstroms. N.B. L-leucine and NAD(H) were modelled
in CCP4mg from a 3D coot dictionary, its associated atom coordinate files, and the structure of PheDH
(PDB: 1C1D).

PheDH, an amine dehydrogenase homologue of LeuDH, sharing 48% sequence
similarity, catalyses the interconversion of L-phenylalanine and phenylpyruvate.
Structurally PheDH is very similar to LeuDH and each catalytic monomer shares two
domains in which the interface of both accommodates NAD(H) and its associated
substrates/products (Figure 27). As with LeuDH, the dynamic closure of both domains
brings the cofactor and substrate into close proximity for hydride transfer (Figure 27).
A PheDH from Rhodococcus sp. M4 was crystallised with L-phenylalanine (PDB:
1C1D) and is the structural basis for the rational engineering of these class of AADHs

and ultimately functional AmDHs.8?
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Figure 27: Catalytic monomer and active site of PheDH in complex with NAD(H) and L-
phenylalanine. All images have been visualised using CCP4mg (v.2.10.11). The left-hand panel
represents the monomeric form of the wild type PheDH from Rhodococcus sp. M4 (PDB: 1C1D) using
chains A (purple) in complex with NAD(H) (grey) and L-phenylalanine (green). The right-hand panel
represents the associated active site residues from chain A (purple). The dotted lines indicate the
distances of K66, K78, D118 and L-phenylalanine (green) based interactions, the distances are
measured in Angstroms.

The LeuDH mutations at positions K68S/E114V/N262L/V291C, showing promising
reductive amination abilities, were mapped onto a Bacillus badius (B. badius) PheDH
scaffold.®® Again, the corresponding positions for K80 and D115 in PheDH were not
included in the screening due to their crucial role in catalysis. In the first round of B.
badius PheDH screening it was shown that the double mutant K77M/N276V (K68 and
N262 in LeuDH), had significantly improved amination properties towards MIBK 16.8°
Both K77 and N276 interact and stabilise, respectively, with the carboxyl moiety of L-
phenylalanine (Figure 27: K66/N262) but interestingly single mutations at these sites
did not significantly improve its reductive amination ability.®° This is likely due to the
combination of both mutants working synergistically to interact with the carbonyl
moiety of the substrate (MIBK - 16). PheDH was screened for reductive amination
using p-fluorophenylacetone (PFPA) 17, an analogue of phenylpyruvate (one of the
natural substrates of PheDH) (Figure 28).%° The double mutant K77M/N276V showed
much better reductive amination towards 17 when compared to 16.8° Screening
libraries at both these positions allowed for more rigorous evaluation and engineering
of PheDH towards reductive amination reactions. The ultimate variant K77S/N276L
displayed a 15-fold greater k. value for reductive amination of 178 when compared
to that seen previously of LeuDH with 16.8' This variant was also screened for
substrate scope using a wide range of prochiral ketones varying from smaller aliphatic

compounds to larger ketones with cyclic functionalities.® Further work was carried out
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to ultimately produce a triple mutant K66Q/S149G/N262C in Rhodococcus sp. M4
which gave 95% conversion and >98% e.e. for the production of (R)-1-methyl-3-
phenylpropylamine 18a from 4-phenyl-2-butanone 18 (Figure 28).28% In R. Sp M4-
PheDH, similarly to LeuDH, catalytic residues K78 and D118 (K80 and D115 in
LeuDH) are responsible for the coordination of the carboxyl moiety in the natural
substrate. It was found from modelling that when binding functionalised ketones, the
engineered PheDH6s active site adotTeisd a di ffer e
was mainly due to the presence of the K66 mediated hydrogen bond towards the C=0
of the ketone substrate. Therefore, it was theorised that K66 needed to be mutated in
order to allow for the re-establishment of the hydrogen bonding network between K78
and D118. N262C is thought to bring the substrate closer to active site residues.
S149G decreased side chain length and thus enlarged the hydrophobic binding
pocket of engineered PheDH. Both the engineering of LeuDH and various PheDH
scaffolds paves the way for the design of an enzyme capable of reducing
unfunctionalised and functionalised prochiral ketones to chiral amines and the

ultimately the formation of an artificial O&6AmMDH®S

KB88S/E114V/N262L/V291C LeuDH AmDH from B. stearothermophilus with MIBK

K77S/N276L PheDH AmDH from B. badius with PFPA
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Figure 28: Exemplar reductive amination reactions catalysed by engineered Amino Acid
Dehydrogenases (AADHSs) to form artificial AmDHs. This schematic displays examples of reductive
amination reactions catalysed by a range of engineered LeuDH and PheDH AADHSs for prochiral ketones
using ammonia. Stereochemistry for each reaction is assigned to each molecule.



1.2.3.1 Opine Dehydrogenases

Opine Dehydrogenases (OpDHs) are a class of NAD(P)H dependent AADHs that are
responsible for the biosynthesis of opines (N-derivatised amino acids) from keto acids
and amino acids (Figure 29).”2 For example CENDH OpDH used for the synthesis of
N-[1-(R,S)-(carboxyl)ethyl]-(S)-phenylalanine 19 from L-phenylalanine and pyruvate
(Figure 29).”” However, OpDHs, distinct from earlier AADHs, can couple carbonyl
centres with amine donors that are larger than ammonia. This allows for the synthesis
of compounds not limited to primary species, a good scaffold for engineering reductive
amination reactions to produce lager, more functionalised, chiral amines. In recent
years OpDHs have been engineered to accept prochiral ketones not limited to keto
acids such as 2-pentanone 20, cyclohexanone 21 and 2-teralone derivatives 22
(Figure 29).86:87

Reactions catalysed by native and engineered OpDHs

OpDH catalysed formation of N-[1-(R, S)-(carboxyl)ethyl]-S-phenylalanine
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Figure 29: Examples of reactions catalysed by native and engineered Opine Dehydrogenases
(OpDHs). This schematic displays the reaction examples catalysed by a range of native and engineered
OpDHs to produce opines and secondary (chiral) amines respectively. R, unless specified otherwise,
represents a range of alkyl substituents on the amine donors and amine products. Chiral centres of
interest, if not assigned by stereochemistry, are marked with an asterisk.

The overall tertiary structure of OpDHSs, as expected, displays the typical AADH fold
in which the two domains of a catalytic monomer come together in which the interface
between the two domains accommodates NAD(P)H and relevant substrates/products

(Figure 30). In OpDHs different active site residues that are not the typical conserved
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AADH residues are involved in the hydrogen bonding network to stabilise the
substrate/product in the active site. The structure of an OpDH from Pecten maximus
was obtained using X-ray crystallography in complex with NADH and L-arginine (PDB:
3C7C).%¢ It was observed that H212 and E142 interact in a hydrogen bonding network
with L-arginine (Figure 30).8¢ However, both ligand and H212/E142 are relatively far
away from the NADH cofactor (Figure 30). This suggests that the hydride transfer, to
reduce the iminium ion during the reaction, must take place through other active site
residues, stabilising L-arginine in a closer proximity to NADH but still within the
monomeric unit. Structurally speaking, studies on this OpDH are just beginning and
so no clear explanation is yet offered but nevertheless was decided to be an
appropriate target for enzyme engineering. CENDH variants produced such as
Al111M/ K156T/ N198H/ Y259M/ Y280L/ R292V/ Y293H were crucial for the coupling
of a range of amine donors to carbonyl centres, for example the coupling of
cyclohexanone 21 and butylamine (Figure 29) to yield an e.e. value of >95%.%” The
residues subjected to mutagenesis were all found to be within the active site cleft and
so may be the basis of the hydride transfer network, key for the reductive catalysis.
These preliminary studies are helping to create the foundation for a OpDH based
protein scaffold, to be specifically engineered to produce secondary and possibly
primary and tertiary chiral amines, something which engineered AADHSs (artificial

AmDHs) at the time had not yet accessed.’"'8?
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Figure 30: Catalytic monomer and active site of OpDH in complex with NAD(H) and L-arginine. All
images have been visualised using CCP4mg (v.2.10.11). The left-hand panel represents the monomeric
form of the wild type OpDH from Pecten maximus (PDB: 3C7C) using chains A (yellow) in complex with
NAD(H) (grey) and L-arginine (orange). The right-hand panel represents the E142 and H212 hydrogen
bonding network from chain A (yellow). The dotted lines indicate the distances of E142 and H212 and L-
arginine (orange) based interactions, the distances are measured in Angstroms.




1.2.3.2 Improving the promiscuity of Amine Dehydrogenases

In more recent years, thanks to the engineering of AADHs’"'82 and the discovery of
OpDHs®#7 artificial AmDHs have been engineered to accept a wide range of amine
donors not limited to ammonia.”® ’® Currently this means AmDHs now have the ability
to synthesise larger secondary and tertiary chiral amines as well as primary amines.
Two AmDHs Rs-AmDH and Chl-AmDH, were screened for substrate and amine
donor spectra.’® Rs-AmDH is a variant derived from the L-phenylalanine
dehydrogenase from Rhodococcus sp. M4 and Ch1-AmDH is a chimeric AmDH.” Rs-
AmDH and Chl-AmDH were able to accept primary amine donors such as
methylamine and cyclopropylamine and a range of carbonyl substrates to produce
various secondary chiral amines (Figure 31).7® Additionally, as a proof-of-concept Rs-
AmDH was also able to accept secondary amine donors such as dimethylamine and
ethylmethylamine with the ketone substrate 4-phenyl-butan-2-one 23, for the
synthesis of tertiary amines 23a and 23b respectively, albeit with poor conversions
(Figure 31).® Surprisingly in some cases formation of the primary amine was
observed (Figure 31), the primary amines were always enantiomerically pure (R)-

amines.’®

Reductive Amination scope of Ch1-AmDH and Rs-AmDH

@va\ e )W\ @/\/

2°: 43% conv. 2°:15-40% conv. 64-712% e.e. (R) 2°: 32% conv. 3°: 8% conv.
Rs-AmDH 1°:6-8% conv. >99% e.e (R) 1°:26% conv. >99% e.e (R) Rs-AmDH
Ch1-AmDH Ch1-AmDH
H |
N N
~~ ™~
NH
F
2°: 40% conv 3°: 3% conv. 2% 1% conv. 1% e.e. (R) 2°:41% conv.
Rs-AmDH Rs-AmDH 1°.26% conv. >99% e.e (R) Ch1-AmDH
Rs-AmDH

Figure 31: Exemplar reductive amination reactions catalysed by Ch1-AmDH and Rs-AmDH. This
schematic displays a few examples of reductive amination reactions of cyclic and straight chained
ketones and aldehydes using a range of amine donors and. Amine donors within the product compounds
are highlighted and labelled in blue. Conversions and enantiomeric excesses for secondary and tertiary
amines are labelled where appropriate. Any primary amine conversions and enantiomeric excesses are
labelled where appropriate. Stereochemistry was assigned if determined.

The side mechanism which is responsible for the production of enantiopure primary
amines from secondary (or tertiary) amines was derived.”® This mechanism involves

the NAD" mediated oxidation of the secondary amine to a pro-(R)-iminium ion, and
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then the hydrolysis of the iminium ion to the primary amine and release of a carbonyl
by-product.”® This activity closely resembles the canonical transamination activity
seen in many PLP dependent enzymes (Figure 15).%>1%* This novel mode of binding
for larger amine donors as well as the transaminase like side reaction was crucial in
elucidating the prospective promiscuity of AmDHs and is the foundation required for
the further rational engineering of these enzymes to improve stereo- and substrate
selectivity and scope.

To follow the advancements made by increasing AmDH promiscuity, for the synthesis
of secondary and tertiary amines, and uncovering transaminase like activity, efforts
turned to engineering AADHSs to display both alcohol dehydrogenase (ADH) and
AmDH functions.” L-lysine-dehydrogenase (LysEDH) whose native reaction
concerns the oxidative deamination of L-lysine was engineered to produce the first
dual enzyme that displays both ADH and AmDH activity (Figure 32).”>7* In a one
enzyme reaction a variant of LysEDH, named LE-AmDH-v1, could catalyse the
alcohol amination of benzyl alcohol 24 to benzylamine 24b via benzaldehyde
formation 24a (Figure 32). In real time the ADH activity and AmDH activity was
separated by the subsequent additions of a nicotinamide adenine dinucleotide
oxidase (NOx) and the Candida boidinii formate dehydrogenase (Cb-FDH) to act as
recycling systems in the alcohol oxidation and reductive amination respectively
(Figure 32).” Interestingly, this variant only possessed one mutation; F173A, which
increased space and hydrophobicity in the binding pocket owing to improved activity
and enantioselectivity.”* Again, this example highlights the promiscuity of these
enzymes, making them an attractive scaffold for improving access to a range of

biologically and chemically significant functionalities.

Dual ADH and AmDH activity of LE-AmDH-v1

OH o NH,
LE-AmDH-v1 LE-AmDH-v1
NAD*  NADH 4a  NADH NAD*
+H + H*
L—4- H,0 HCOO¥~
2 CoFDH . HCOs

Figure 32: The one-enzyme synthesis of benzaldehyde from benzylic acid using LE-AmDH-v1.
This schematic displays the alcohol amination of benzylic acid using just one enzyme, a LysEDH variant.
This works though the alcohol oxidation to ketone intermediate 24a which then undergoes reductive
amination catalysed by the same LysEDH variant. Recycling systems provided by NOx and Cb-FDH are
also highlighted to regenerate NAD*/NADH cofactors for use in the oxidoreductase reaction(s).



1.3 Native Amine Dehydrogenases

More recently, due to the advances in creating @rtificial&(i.e. engineered from AADHS)
AmDHs™'8% and the discovery of RedAms®’, attention has been drawn to finding
natural enzymes that are capable of carrying out the asymmetric reductive amination
of a range of carbonyl centres using both ammonia and larger amine donors. A
sequence driven search® of enzymes capable of transforming carbonyl-based
compounds into amines using ammonia and NAD(P)H cofactors was performed.%
Those that worked on a-keto acids were specifically removed to search for enzymes
capable of accepting more unfunctionalised ketones. An enzyme, from ornithine-
fermenting bacteria, was discovered and is hamely (2R,4S)-2,4-diaminopentanoate
dehydrogenase (2,4-DAPDH).8% 2 4-DAPDH is thought to be active towards 2,4-
diaminopentanoate (2,4-DAP) 25a and 2,5-diaminohexanoate (2,5-DAH) 25b (Figure
33).89 This unlocked the possibility of exploiting the reverse reaction for the search of
dehydrogenases capable of reductive amination with ammonia. The protein sequence
of 2,4-DAPDH as determined from Clostridium sticklandii (UniProtKB: E3PY99), was
then used as a referenced for a more refined sequence driven search to map enzymes
of similar activity and function.®® Six similar enzymes, uncovered as a result of this
search, were found to be active towards 4-oxopentanoic acid and thus led to the
description of the first ever native w-amine dehydrogenase (nat-AmDH) i.e., an
enzyme that was able to accept carbonyls that do not possess a/b-keto acid
functionalities.®® One of these enzymes, namely AmMDH4/40P-AmDH from Petrotoga
mobilis strain DSM 10674, displayed high activity and high enantioselectivity towards
4-oxopentanoic acid (40P) 26 to produce (4S)-4-aminopentanoic acid® (4AP) 26a
(Figure 33). Additionally, AmDH4 showed slightly better activity towards larger
substrates such as 5-oxohexanoic acid 27 over other AmDHSs discovered from these
rounds of sequence searchers and so possibly has improved substrate promiscuity.®®
Furthermore, AmDH4 is derived from a thermophilic bacterium and so its canonical
thermostability was thought to be beneficial for further searches and engineering that
would ultimately be useful for industrial or synthetic purposes. Therefore, 40P-
AmDHs were selected as ideal candidates for even further sequence driven
approaches to find distant homologues with activities towards unfunctionalised

carbonyls.®!
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Enzymes discovered from sequence driven searches

Reaction catalysed by 2 ,4-diaminopentanoate Dehydrogenase (2,4-DAPDH)

e oH =22AEE 1 OH + NH
SR ) R 3
NADP+ NADPH
e (R)-25

n=1in DAP 25a
n=2in DAH25b

Reductive Amination of 4-oxopentanoic acid using AmDH4 (40P-AmDH)

Q AmDH, '?'HZ
)K/WOH + *NHj; ‘7T 6 OH
o) NAE)H NAD* o)
26 +H 26a

* typically from NH4Cl or NH4HCO2 buffers

Figure 33: Reactions catalysed by 2,4-diaminopentanoate Dehydrogenase (2,4-DAPDH) and
AmDH4 (40P-AmDH). This schematic displays the reactions catalysed by 2,4-DAPDH to form (4S)-4-
aminopentanoic acid and the reaction catalysed by AmDH4 with 4-oxopentanoic acid and ammonia.

The structure of AmDH4 was more recently determined and co-crystallised with
NAD**t The biological assembly of these AmDHs tend to be dimers (dimer
visualisations largely mentioned in Results and Discussion) in which each monomer
binds one molecule of NAD(P)H/NAD(P)* and one molecule of substrate/product in
their active site. Each monomer of AmMDH4 is made up of a N-terminal Rossman
domain and a C-terminal domain comprised largely of six beta pleated sheets (Figure
34). One structure of AmDH4 (PDB: 6G1M) was resolved to give two dimers in the

asymmetric unit with each di meddé dd asmpfl arymatgi obnot h

monomers which is likely the result of dynamic movement on substrate binding
(Figure 34).°* When modelling in the product (4S)-4AP it was clear that it is stabilised
by electrostatic interactions from R161, N163 and H264, as well as Q266 and F168
which line the floor and the ceiling of the active site to close the substrate or product
into the hydrophobic pocket (Figure 34). Additionally, E102 is situated at the correct
proximity of the ketone, or subsequent amine group of 40P or 4AP respectively, to
facilitate the activation of the amine donor for attack at the carbonyl centre (Figure
34).



NAD*

Figure 34: Open and closed forms of AmDH4 and its active site in complex with NAD* and (4S)-
4AP. All images have been visualised using CCP4mg (v.2.10.11). The left-hand panel represents the
monomeric forms of open (beige chain A) and closed (red chain B) conformers of AmDH4 (PDB: 6G1M)
in complex with NAD* (grey) and (4S)-4AP (blue). The right-hand panel represents the active site
residues of chain B (red) of AmDH4. Dotted lines represent interactions between residues and the (4S)-
4AP ligand (blue), all distances are measured in Angstroms. N.B. (4S)-4AP was modelled from a ligand-
built coot dictionary and SSM superimpositions with PDB: 6lAU.

1.3.1 CfusAmDH, MsmeAmDH and MicroAmDH

CfusAmDH, MsmeAmDH and MicroAmDH were discovered from the sequence driven
search mentioned previously.®* CfusAmDH was discovered from Cystobacter fuscus,
MsmeAmDH from Mycobacterium smegmatis and MicroAmDH from Microbacterium
sp. MA1 and were all optimised for E. coli expression. Initial preliminary activity
screening found that these nat-AmDHs were not active towards substrates such as
2,4-DAP 25a but active towards other amines of interest such as cyclohexylamine
21b. This suggests the role of these nat-AmDHs are likely to be involved in
bioprocessing of amines that are very distant from the original 4OP-AmDHs. These
nat-AmDHs were confirmed to be true AmDHSs as their reactions were not dependent
on pH suggesting they catalysed both the formation of the iminium ion as well as the

reduction to the resulting amine in solution (Figure 35).

Reaction catalysed by native amine dehydrogenases (nat-AmDHs)

R
O nat-AmDH NH
R
A SNH, N L 2

R1 RZ R1 (S"R
NAD(P)H NAD(P)+
+ H+

~

Figure 35: Reaction catalysed by native Amine Dehydrogenases (nat-AmDHSs). This schematic
displays the reactions catalysed by nat-AmDHs to form the (S)-chiral amines from unfunctionalised
carbonyls. R and R? represent a range of substituted groups where R typically represents H or CHs.
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These three enzymes were screened for carbonyl acceptor libraries as well as amine
donor libraries (Figure 36). MsmeAmDH, CfusAmDH and MicroAmDH all portrayed
similar carbonyl tolerances and (S)-enantioselectivities with ammonia as the amine
donor, displaying preferences for cycloalkanones and aliphatic aldehydes and little or
no activity was monitored with aromatic ketones; dissimilar to previously engineered
AmDHs.”?'8 The two highest specific activity hits cyclohexanone 21 and
isobutyraldehyde 28 were tested against a range of amine donors specifically
methylamine, ethylamine, benzylamine, cyclopentylamine and 3-pentanamine. In
these cases, only methylamine was accepted as an alternative to ammonia. Albeit
only accepting a limited variety of amine donors, these nat-AmDHSs therefore give rise
to novel reactions using primary amine donors as opposed to ammonia, which
previously described initial artificial AmDHs could not do.””'82

Carbonyl substrate scope of native Amine Dehydrogenases (nat-AmDHSs)
(0] o] 0] (0] 0] (0]
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Figure 36: Carbonyl substrate scope of native Amine Dehydrogenases (nat-AmDHSs). This
schematic displays the selection of carbonyls tested for reductive amination using MsmeAmDH,
CfusAmDH and MicroAmDH with ammonia.

The crystal structure of CflusAmDH and MsmeAmDH were subsequently determined
by X-ray crystallography and deposited in the PDB under accession codes 61AU and
6IAQ respectively.® Like AmDH4 the biological assembly of both CfusAmDH and
MsmeAmDH are homodimeric with each monomer being comprised of the large N-
terminal Rossman domain and the C-terminal beta pleated sheet domain. Both

proteins were crystallised with, and electron density was resolved for, NADP* %



Unfortunately, no appropriate substrate was trapped in the MsmeAmDH crystal
structure apart from the cryoprotectant ethylene glycol.®® CfusAmDH crystals
managed to be co-crystallised with cyclohexylamine and the ligand bound structure
was resolved.®* However, both proteins were still found in their closed conformations.
Similarly, to AmDH4 the substrate cage is closed on one side by aromatic residues
Y168 (CfusAmDH) and W164 (MsmeAmDH) and the NADP™ cofactor and closed on
the other by Y173 (CfusAmDH) and F169 (MsmeAmDH) (Figure 37). Additionally,
catalytic residues E108 from CfusAmDH and E104 from MsmeAmDH are thought to
play the same role in canonical catalysis as E102 from AmDH2. Both catalytic
glutamates are positioned at ideal distances to allow for the amine donor activation
ultimately for nucleophilic attack at the carbonyl centre (Figure 37). Very recently
MsmeAmDH and CfusAmDH have been scaled up for the biotransformations of a
large range of substrates including (S)-MOIPA 36 a crucial chiral chemical in the
widespread herbicide OutlookN.* Additionally, the rational and random mutagenesis
of CfusAmDH has been conducted, parts of which will be discussed in (Results and

Discussion 4.4).%2

CfusAmDH MsmeAmDH

/E108

14
Figure 37: Active sites of native AmDHs CfusAmDH and MsmeAmDH. All images have been
visualised using CCP4mg (v.2.10.11). The left-hand panel represents the active site residues of
CfusAmDH (green) (PDB: 61AU) in complex with NADP* (grey) and cyclohexylamine (purple). The right-
hand panel represents the active site residues of MsmeAmDH (orange) (PDB: 6l1AQ) in complex with
NADP* (grey) and crystallisation additive ethylene glycol (purple). All interactions are displayed by a
black dashed line with distances being measured and labelled in Angstroms. All residues are labelled
accordingly.

57



58

2. Aims of the project

Thanks to the recent discovery of the nat-AmDHs CfusAmDH and MsmeAmDH®® a
sequence driven search of undefined genes found in the metagenome was
conducted. This metagenomic screening was extended to the Marine Atlas of Tara
Oceans Unigenes (MATOUvV1) and revealed several more sequences to be annotated
as AmDHs. One of these enzymes was named MATOUAmMDH2 and shares a high
sequence identity to CflusAmDH and MsmeAmDH of 33% and 32% respectively.

The aim of this PhnD wastochar act eri se a range of native

structurally and biochemically to uncover modes of binding, potential reductive
amination capabilities and to use these tools for the rational engineering of a nat-
AmDH with improved biocatalytic abilities. During this thesis the structural
characteristics of MATOUAMDH2 and briefly other nat-AmDHs, and the rational
enzyme engineering approach taken to produce a biocatalyst capable of reducing a
range of ketones to produce primary and secondary amines of interest will be
discussed. Much of this work is also published and available for accessing.®?%2 The

individual aims of this project are as listed:

1 Obtain the crystal structure of MATOUAMDH2 through X-ray crystallography

At the time of this PhD start date no crystal structure for the MATOUAMDH2
enzyme was available. The first aim was to express the gene, initially in the
pPET22b(+) vector (optimised and provided by Genoscope) and purify the resulting
protein in order to obtain, at least, the cofactor bound-crystal structure. A ligand
bound crystal structure was also an attractive aim to better understand the mode
of binding of this enzyme and elucidate any canonical or novel mechanistic and

structural features.

1 To screen MATOUAmMDH?2 for carbonyl and amine donor scopes and activities

Screening MATOUAMDH2 towards a range of substrates and donors was an
additional aim to examine the reductive amination capabilities of this enzyme in
relation to other nat-AmDHSs of interest such as CflusAmDH and MsmeAmDH. The

examinati on of M A€TicO thAraci2iisc® sowarkls important



substrates acts as a foundation to further rational engineering of this enzyme.
Additionally, the use of MATOUAMDH2 in the biotransformations of relevant
substrates and donors, allowed for the initial investigation of the activity of this

enzyme which could be further improved by rational engineering.

To engineer MATOUAMDH?2 for improved substrate scope and specificity

After structurally and biochemically characterising the wild-type enzyme the
subsequent aim of this project was to then rationally engineer MATOUAMDH?2
using chemically and structurally informed mutagenesis. The rational engineering
of MATOUAmMDH2 was predominantly to improve the substrate scope of this
enzyme towards accepting larger carbonyls as well as improving overall activity.
All rationally designed mutants were to be assessed by determining kinetic
parameters or assessing their biocatalytic natures by performing a range of

biotransformations.

To characterise other nat-AmDHSs of interest

A small selection of other nat-AmDHs which showed potential promising
characteristics such as improved substrate scopes, improved stabilities or novel
activities were to be characterised by structural resolution. Notably MicroAmDH,
TtherAmDH and a mutant of CfusAmDH (CfusW145A) were to be studied
independently and attempts to obtain the crystal structure(s) of these enzymes
were to be made. This was to uncover the structural features that are thought to

be responsible for the promising qualities that they exhibited.

59



60

3. Methods

3.1 Molecular Biology

3.1.1 Primer and Recombinant Plasmid Design

Sub-cloning of MATOUAMDH2 from a pET22b(+) vector optimised by Genescope
(codon optimisation carried out by Twist Bioscience) for E. coli expression and LIC
ligation, was carried out using the pETYSBLIC-3C vector. The pETYSBLIC-3C vector
contains a cleavable extended His tag region on the N-terminus; a recombinant
plasmid map, from SnapGene Viewer (v.5.0.7), of MATOUAMDH2:pETYSBLIC-3C is
provided in Figure 38. All primers were manually designed in SnapGene (v.5.0.7) and
Serial Cloner (v.2.6). Typically, gene specific primers were designed with ~15 bp
overhangs complimentary to the vector. Vector primers were designed to be
independent of gene complementarity and so without overhangs for versatility.

Primers were evalwuated wit calctlabtoe provided byn e

Sigma-Aldrich, paying particular attention to GC percentages, any secondary
structures and ensuring gene/vector specific Tm values were within 1 C of each other
in a primer pair. All primers were provided by Sigma-Aldrichat a scal e

purified using a desalt procedure being shipped as dry weight. All primers and protein

sequences are detailed in Appendices - Table 17 and 18 respectively.

T7 terminator

. [ e

'_‘\ . { Kanamycin resistance
\\ T7 terminator

N
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MATOUAMDH2 gene inse

3C cleavage site.
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lac operator- 5
T7 promoter =
|
PETYSBLIC-3C:MATOUAmMDH2 | |
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Figure 38: Recombinant plasmid map of pETYSBLIC-3C with the MATOUAMDH2 insert. Plasmid
map highlighting regions of interest including the 6xHis tag N-terminal to a 3C protease cleavage site
(lilac). The following features of importance: kanamycin resistance (green), lacl operon (purple), T7
promotor and terminator sites (white) and MATOUAMDH2 gene insert (orange).
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3.1.1.1 Site Directed Mutagenesis Design

All mutant primers were designed in SnapGene (v.5.0.7) and Serial Cloner (v.2.6) and
evaluated as above via the online Sigma-Al dr i ch Ol i goEvaluator E
provided by Sigma-Aldrich as above. Single reverse and forward codon substitutions
were typically designed to approximately be in the middle of the primer which ranged
from 25-33 bp long. A series of alanine mutants were designed to assess chemical
functionality surrounding the ceiling and floor of the MATOUAMDH2 active site. These
sites are highlighted in the structure of the binding pocket (Figure 39). Subsequently
it was decided that a reduced library of point mutations would be made at two different
amino acid positions; L180 and M215. Five mutants, included in the NDT codon set,
for each position were designed and were as follows L180G, L180S, L180H, L180N,
L180P, M215G, M215L, M215S, M215H and M215N. Mutant primers are detailed in
Appendices - Table 17.
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Figure 39: Structurally informed alanine-based mutant design for MATOUAmMDH2. X-ray
crystallography structure of vidaAiSe® i A0GPMHNG (vs 2.10.10)
Residues subjected to alanine mutagenesis are labelled and visualised in cylindrical form (grey), NADP*
is represented in purple.
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3.1.2 Polymerase Chain Reaction (PCR)

Initial amplification of the standard MATOUAMDH2 insert (in the pET22b(+) vector)

was carried using the components described in Table 1, ina 50 e€L PCR reaction
using a KOD Hot Start DNA Polymerase kit provided by Sigma-Aldrich. For the

amplification of MATOUAMDH2 insert samples concentrations were used at 20 ng.

Each reaction mastermix was splitintotwor eact i ons and made up to 25 ¢
the addition of justPobymeeas &KOdr HOt 5 S¢Br KOD Ho
Polymerase and 0. 5 €L DMSO; typibaty agdedl aytheecencacs the

reaction mixture. pETYSBLIC-3C was amplified using the following components

described in Table 2, usi ng PET¥3BLIG-3C vector (150 ng) and Q5® High

Fidelity DNA Polymerase (NEB) which was added to make up the final volumes of 2

Xx 25 €L reactions with oneOrbactiKiDB$H@avi ng the
Start DNA Polymerase (Sigma-Aldrich) was occasionally used to amplify the vector

using the same components as for the insert, but with 150 ng of pETYSBLIC-3C.

Touch downs were incorporated into the PCR cycles to improve binding specificity to

the region of interest. PCR cycling conditions are detailed in Table 3 for the

MATOUAMDH?2 insert. Cycling conditions for the pETYSBLIC-3C amplification are

detailed in Table 4.

Table 17 PCR components for the amplification of all MATOUAMDH2 based

inserts
Reagent Volume (uL)* | Final Concentrations/Quantities
10X Buffer for KOD Hot Start Polymerase 5 1X
25 mM MgSO, 3 1.5 mM
2 mM dNTPs 5 0.2 mM
10 uM Forward Primer 15 0.3 mM
10 uM Reverse Primer 1.5 0.3 mM
Template DNA (MATOU568AmDH, 20 ng.uL") |1 20 ng
KOD Hot Start Polymerase (1 U.uL™") 1** 0.02 U.yL-"

*Total volume of 50 pL split into 25 pL volumes for each PCR
reaction.

**0.5 uL for each reaction.



Table 27 PCR components for the amplification and linearisation of the
PETYSBLIC-3C vector

Component* Volume (4L) [ Final amount

Q5 Mastermix (containing polymerase) 12.5

Forward Primer 1.25 0.5 uM
Reverse Primer 1.25 0.5 yM
LIC3C Template DNA 1 150 ng
Nuclease free H,0O 9

*0.5 uL of DMSO added to one 25 pL reaction

Table 37 PCR cycling conditions for the MATOUAMDH2 insert

Step Temperature (°C) Time (s)
Initial Activation | 95 180
0 95 20
15 cycles4 Touch Down 86-72* 10
i 72 40
[ Denaturation 95 30
20 cycles4  Annealing 72 10
| Extension 72 20
Final Extension | 72 90

*1 C each cyc tegion-spedific Tm valuef i

Table 47 PCR cycling conditions for the pETYSBLIC-3C vector

Step Temperature (°C) Time (s)
Initial Activation | 95 180
i 95 20
15 cycles4 Touch Down 85-71* 10
72 40
[ Denaturation 95 30
20 cycles4 Annealing 71 10
| Extension 72 150
Final Extension | 72 180

*1 C each cycl e -spedfic Tmvaluef i
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3.1.2.1 Site Directed Mutagenesis PCR

Initial PCRs were carried out using specific primers for each mutant and gene specific
Tm values as annealing temperatures. Initial PCRs were carried out in a similar mode
to the MATOUAMDH2 insert; using KOD Hot Start DNA Polymerase (Sigma-Aldrich)
and similar component ratios with 20 ng of MATOUAMDHZ2:pETYSBLIC-3C template
DNA. Initial PCR cycling conditions also included the touch down steps. However,
these initial PCR conditions were found to be non-optimal for the designed mutants.
PCR components were similarly adapted from the standard KOD Hot Start DNA
Polymerase (Sigma-Aldrich) protocol as detailed in Table 1. Additionally the PCR
cycling conditions were stripped back to remove the touchdown steps and adapted
from the standard protocol, conditions being described in Table 5. Annealing
temperatures were calculated as the lowest gene specific Tm value in the primer pair

mi nus 5 C.

Table 57 PCR cycling conditions for MATOUAmMDH2 mutants

Step Temperature (°C) Time (s)
Activation 95 120
Denature 95 20

30 cycles Annealing Lowest primer Tm — 5°C 10

Extension 70 150

3.1.2.2 Dpnl Digestion of PCR Products

MostDpnldi gesti ons were carried out overnight,

wi t h (2D Uratd) of Dpnl (provided by New England Biolabs®) at 37 C f or
a2z0min 65 C heat .iOccagsohalywarn digesionswere parried out
using the CutSmart Time-Saver protocol (NEB) with 40-50 Units of Dpnl (NEB) added
to ~6.5-8.5 ng of DNA and appropriate amounts of CutSmart Buffer (NEB). The Time-
Saver protocoldi gesti on reactions were incubated

i nactivati @bmirat 65 C for

[
8
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h
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3.1.3 In-Fusion® Cloningand St el | ar ETraheformationsn t

In-Fusion cloning relies on the ability to fuse overhangs of around 15bps long with
complementary regions using their In-Fusion ligation enzyme. The overhangs in this
case were to the pETYSBLIC-3C site just before the 6x His Tag or just before the T7
tag site. This cloning region was amplified and linearised through PCR and overhangs
attached to the gene of interest in this case MATOUAMDH2. In the case of mutant
design, the @verhangséare complementary sequences from the recombinant plasmid
containing a point mutation, generated using PCR and Dpnl digestion within the gene
of interest itself which self-anneal via In-Fusion ligation. Figure 40 shows a schematic
of these procedures.

The cloning reaction was carried out using the Takara Bio In-Fusion® HD Cloning Kit
and manual. The reaction was carried out after gel extraction and spin column PCR
clean-up (Methods - 3.1.4). Typically, 50 ng of insert DNA was used and a mole-based
ratio (considering the differences in molecular weights) of 2:1 of insert to vector was
used to calculate the final amount of vector needed. This varied depending on how
much DNA was available after PCR purification but typically fell within the manual
guidelines for both the vector and insert sizes. Normally reactions were carried out
using 2 L of 5X In-Fusion HD Enzyme Premix (containing the ligation enzyme) and
appropriate volumes of insert and vector made up to 10 L with dH,O. The reactions
were then i ncub a20eihand placéd@n ice uritil oransfakngation.

Transformationof St el | ar E C o n{p. eoli HSTQ@8), pravitied Isy Takara Bio,
using the In-Fusion generated recombinant plasmids were performed; the procedure
was followed as per the In-Fusion® HD Cloning Kit User Manual. 2.5 €L of each In-
Fusion reaction were added to 50 L of thawed cells and left on ice for 30 min for
stabilisation of the plasmid and cells. The cells werethenheats hoc ke d at

s to allow uptake of the recombinant plasmid. They were then briefly placed on ice for
a few minutes before adding prewarmed media, typically SOC, until a total volume of
500eL. The cell s wer e t he h,withrshaking arouaddl80a220
rpm. Plating was performed via two methods, one sample would just involve taking
100 <L of the culture after incubation and plating. For the other method the remaining
culture (400 L) would be spun for 5 min at 6,000 rpm and then the supernatant would
be removed. The pellet would be resuspended in 100 €L of fresh SOC media and the

remaining resuspension would be plated. Samples were plated on agar plates

containing 30 egmL*k anamyci n, and incubated overnight

4 2
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HRY 3C Site
6xHis Tag 7 Tag

MATOUAmMDH2

pETYSBLIC-3C

pPET22b(+):MATOUAMDH2

l PCR + Dpnl Digestion
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l PCR + Dpnl Digestion
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MATOUAMDH2
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Figure 40: Schematic of the generation of MATOUAMDH2 based recombinant plasmids via PCR,
Dpnl digestion and In-Fusion® Cloning. Specific regions of interest for highlighting overall
positioning of inserts/primers are in purple e.g., 6xHis Tag. Primers are highlighted in yellow.
MATOUAmMDH2 genes are in orange. Overhangs are highlighted (for the pETYSBLIC-3C vector in
green and blue, yellow for MATOUAMDH2 mutants). Mutation sites are highlighted in red. > denotes a
genetic change from one amino acid to another, i.e., generation of a point mutant.



3.1.4 Confirmation of Fragments via Gel Electrophoresis

Gel electrophoresis is regularly used to separate and analyse DNA bands based on
molecular weights and morphologies. A current is applied across a gel bed and DNA
moves away from the negative electrode to the positive electrode due to the
negatively charged backbone properties of DNA. The extent of DNA migration through
the gel is dependent on molecular weights; with larger bands moving more slowly and
migrating less, and smaller bands moving faster and migrating a further distance.
Typically, 1% gels were made up with agarose and 1x TAE buffer. A 1:10,000 dilution
of SYBR® Safe DNA stain was added to each gel before pouring and allowing to set.
After loading samples and DNA ladders, typically 1 kb or 100bp ladders (NEB),
agarose gels were then run for approximately 50-70 min at 110V with 1x TAE running
buffer. Agarose gels were vi sual i sed wusing a Safe | mager
imaged, any bands of interest were excised using sterile scalpels. Bands were then
spin column purified using the Monarch® Gel Extraction Kit provided by NEB following
the standard protocol and eluting with DNA elution buffer (T1016-3) or dH-0.

3.1.4.1 Double Digests

Double digests were carried out to assess the presence of MATOUAMDH2 inserts

within the recombinantly designed plasmids. There are many restriction sites in the
PETYSBLIC-3C plasmid, but only restriction sites around the cloning region were

considered. WebCutter 2.0 was used to assess any possible overlapping restriction

sites within the MATOUAMDH2 insert. Restriction endonucleases Ndel and Xbal

were decided on based off their commercial availability and compatibility with each

other. A double digest protocol was followed from the NEBcloner® online tool, using

the Time-Saver CutSmart buffer protocol. 20 U of each restriction enzyme was added

to 1 eg o fntpleseid DNowiinah 5 €L of 10X Cut Smart b
made up t o 5.0.Each reactiom was idcdbatedat 37 C fbh at | e
with an additional20min6 5 C heat i nactivation step. The

on 1% agarose gels, as above.

3.1.4.2 Minipreps and Sequencing

After StellarE Compet d&lethods®.&.8)kingle cobmes waser mat i o n
selected, and overnights were produced by following the protocol below in Methods
316Af ter incubating overni g2Qrpmg,t2mBafeaCh wi t h s
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overnight was aliquoted out into Eppendorf tubes and subjected to the Monarch®
Plasmid Miniprep Kit to isolate high yields of the recombinant plasmid. Plasmid DNA
was eluted with 30 € Lof DNA Elution buffer provided by the kit. Purified recombinant
plasmids were then sent off to sequencing to Eurofins Genomics for Sanger
Sequencing using their SupremeRun Tube service. Primers that were used for
sequencing were the T7 (TAATACGACTCACTATAGGG) primer and the pRSET-RP
(ATGCTAGTTATTGCTCAGC) primer.

3.1.5 BL21(DES3) Transformations

BL21(DE3) is a common E. coli strain regularly used for the expression of
recombinant proteins where the cloning site is typically downstream of the T7
promotor. BL21(DE3) is an expression host which contains a & phiage harbouring
a copy of the T7 RNA polymerase gene. When this gene is induced it transcribes and
translates to produce T7 RNA polymerase which in turn binds to the T7 promotor of
the plasmid and transcribes the gene and of interest at the site of cloning insertion

and thus produces the recombinant protein. The T7 RNA polymerase gene is under

control of the lac operon, which in turn can be induced by i sopbD-bpyl

thiogalactopyranoside (IPTG). IPTG acts as a molecular mimic that can bind to the
lac repressor which releases and triggers the transcription of genes in the lac operon.
Therefore, BL21(DE3) was a compatible strain for the production of both pET22b(+)
and pETYSBLIC-3C constructs. Typically, transformations were performed after
miniprepping where 1-50 ng of plasmid DNA (usually 1 € [ was added to 25 ¢ Lof
BL21(DE3) cells, which had been thawed on ice, and incubated on ice for 30 min.
Cells were then heat shocked at 42 C f
approximately 2 min. 1 mL of Luria Bertani (LB) media was added, and the Eppendorf
tubeswer e pl acedlhwith haking(18D-820 rpm). Usually, 100 & Lof
culture were taken and plated, sometimes additional methods such as centrifugation
(6,000 rpm for 5 min) of the remaining solution and resuspension of the pellet in fresh
LB (100 ¢ I would be carried out and plated separately. All samples were plated on

agar plates with appropriate antibiotics (100 eg.mL* ampicillin for pET22b(+) or 30

egmL?® kanamycin for pETYSBLIC-3C constructs)and | eft overnight

shaking.

b
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3.1.6 Expression of Recombinant Genes

Single colonies after plate transformations were selected using sterile pipette tips.
These colonies were transferred into falcon tubes containing 10 mL of LB media and
appropriat e anmLidmpioillinifocpET22b{+Pc0r &3gML&ampamycin
for pETYSBLIC-3C constructs). These cultures were then shaken at 180-220 rpm
over ni gh tAftea averrighit in€ubation, all 10 mL overnights were transferred

into 2.5 L shake flasks containing 1 L of LB media and appropriate antibiotics. Cells

were shakenat180-2 20 at 37 C wunt il teb) &asbetwegntd.b-c a l

0.8 as recorded by UV spectrometry. This is density range at which the E. coli cells
are in the exponential (log) phase of growth, which is optimal for stable recombinant
protein production. After this optical density was reached the cells were induced with
|l PTG at a final concentration of 1 mM.
or upwards of 20 hours to allow for sufficient protein expression. In relation to
recombinant MATOUAMDHZ2 mutants, used for cell lysate production (Methods
3.5.2), it was ensured that all cultures were induced at roughly the same ODeqo Value;
within 0.1 of each other to allow for similar overall cell pellet weights.

3.2 Protein Production and Purification

3.2.1 Protein Production

After gene and protein expression the cells were collected and then harvested using
a Lynx6000 centrifuge (Thermo Scientific), centrifuging at 9760 g for 20 minat .4
The cell pellets were collected and resuspended in 25-100 mL, depending on cell
pellet size, using a 50 mM Tris-HCI (pH 7.1) and 300 mM NacCl containing buffer. For
cell pellets concerning the production of mutant cell lysates (Methods 3.5.2) the cell
pellets were weighed and 10 mL of buffer per 1 g of cell pellet was added prior to
lysis. Usually, the last 10 mL of buffer was reserved for use in the cell disruptor. Cell
pellets were homogenised in the appropriate amount of buffer by stirring on ice or
vortexing. Once a homogenous solution was achieved cells were lysed and disrupted
using a cell disruptor homogenizer (Constant Systems Ltd) at a pressure of 26-27
kPsi. 10 mL of buffer was typically used at the end of lysis to flow through the system,
increasing the final yield of lysate. Lysed cells were then centrifuged at 38,571 g for

40minat  dnd 1@e supernatant retained for enzyme purification. In the case of the

The
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mutants which just concerned the use of cell lysate, the lysate was filtered through a
0.2 eM or 0.45 e M filter and then aliquoted into 2 mL volumes and flash cooled using

liquid nitrogen.

3.2.2 Protein Purification
3.2.2.1 Nickel Affinity Chromatography

Nickel Affinity chromatography is a commonly used method to purify His-tagged
proteins. The resin matrix within these columns consists of a nickel ion (Ni?*) which
has been coordinated to nitrilotriacetic acid (NTA). The side chains of histidine
(imidazole) within the polyhistidine tag can chelate to these Ni?* ions. So, when a
columns resin is charged with nickel, for example from NiCl,, a His-tagged protein
may bind to this resin. Using this type of chromatography, one can control where a
specific protein is eluted. Using imidazole, which competitively binds to the resin,
along with the protein of interest, protein can be selectively eluted from the column at

different imidazole concentrations.

Cell lysates were filtered through a 0.45 ¢ M filter before being loaded onto a 5 mL FF

Hi sTrapE column (GE Healt hcar eApinitar7edumma d e d

volumes (CV) of buffer containing 50 mM Tris-HCI (pH 7.1) and 300 mM NacCl (Buffer
A) was passed through the AKTA (GE Healthcare) system equipped with the
HisTrapE column. These first steps can be sent to waste, but they were usually
collected in falcon fractions. After this step an initial wash with a buffer containing 50
mM Tris-HCI (pH 7.1), 300 mM NaCl and 500 mM low UV imidazole (Buffer B) at 5%
(25 mM) was employed for 5 CV to wash off any unspecific bound proteins. For the
next 10 CV an imidazole gradient was employed from 25 mM to 500 mM (100% Buffer
B) to elute any bound protein of interest. The last 8 CV employed 100% Buffer B (500
mM imidazole) to wash off any excess bound protein. A schematic in Figure 41 below
explains typical the steps employed on the AKTA system to elute protein. These steps
were typically collected in 96 deep well fraction collectors equipped to the AKTA
system. During the imidazole gradient a peak should appear corresponding to the Azso

absorbance, from this UV absorbance protein concentrations can be estimated.

wi t h
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Figure 41: Scheme of the steps involved in Nickel Affinity Chromatography. The x-axis displays
the elution volume (mL) of sample being collected, the y-axis displays the Buffer B concentration (%).
The green line represents the imidazole gradient employed with labelled features highlighting specific
imidazole concentrations at each step (mM). Green is a reference for the imidazole containing buffer
where yellow represents bound proteins with darker colours in reference to more unspecific bound
proteins. N.B. that colours are for explanatory purposes only.

3.2.2.2 Size Exclusion Chromatography (SEC)

Size exclusion or gel filtration (GF) chromatography is another commonly used
method to purify proteins utilising differences in molecular sizes. The resin matrix in
these columns contain beads which contain different pore sizes. As proteins move
through the matrix smaller proteins or oligomers can occupy both the larger space
between the beads and the pores within the beads. Larger proteins or oligomers can
only pass-through gaps big enough, usually the space between the beads. As the
larger moieties can only occupy a smaller volume of space, they elute the quickest
with smaller moieties taking more time to pass through the column and all the possible

routes they can occupy. A simplified diagram of how SEC works is shown in Figure
42 below.
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After analysing protein fractions via SDS-PAGE (Methods 3.2.3) and selecting the
fractions containing the protein of interest the fractions were combined and
concentrated to a volume of 2-4 mL through a PES 10,000 MWCO concentrator
(Vivaspin®). The resulting protein sample was filtered through a 0.2 em filter before
being loaded onto a Superdex® High Load® 16/600 gel filtration column (120 mL)
equipped on an AKTA (GE Healthcare) system. Samples were run for 1-2 CV
depending on the elution time of the protein. Eluted fractions were collected in a 96
deep well fraction collector equipped to the AKTA system.

UV Absorbance 280 nm (mAU)

v

Elution Volume (mL)

Figure 42: Scheme of the steps involved in Size Exclusion Chromatography (SEC). The x-axis
represents the increasing elution volume (mL) with the y-axis indicating the increasing UV Azso
absorbance (mAU). Columns and bead matrixes are represented in grey. Smaller moieties are
represented in purple and larger ones in orange, similarly with the peaks on the chromatogram.



3.2.3 SDS-PAGE Analysis

SDS-PAGE is a technique routinely used to separate proteins based off molecular
weight solely without any influence from charge or structural properties. The sodium
dodecyl sulfate (SDS) is responsible for concealing the proteins native charge by
surrounding the polypeptide backbone, giving all proteins in the sample a uniform
charge-mass ratio. Proteins can then move through stacking and separating gels
where they are separated based on how fast they move through the polyacrylamide

matrix; with smaller proteins moving faster and migrating further than larger ones.

For the sample preparation for use in SDS-PAGE analysis, protein fractions were
collected and diluted to appropriate concentrations and a reducing SDS loading dye
was added so its final concentration was 1X. Reducing SDS loading dye not only
contains SDS for mitigating charges butalsot hi ol s sgnarcahtoethanol which
reduces and cleaves disulfide bonds between cysteine residues in the secondary and
tertiary structures. Once the dye was
for 5 minutes to disrupt and denature bonding such as hydrogen bonding between the
secondary and tertiary structures. Samples were typically loaded in 10-15 ¢ Lvolumes
and a pre-stained, broad range, (250-10 kDa) ladder), provided by ThermoFisher, was
loaded (5 ¢ .. Samples were then run for approximately 50-80 min at 200 V on a 12%
gel with running buffer. Tables 6, 7 and 8 show the components of the loading dye,
running buffer and 12% SDS gel matrix.

Table 617 Ingredients for 10 mL of 2X SDS Loading Dye

Component Volume (mL)
Deionised H,0 4.8
0.5 MTRIS HCIpH 6.8 1.2
Glycerol 1.0
SDS (10%) 2.0
Bromophenol blue (1%) 0.5
B-mercaptoethanol 0.5

added
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Table 771 Ingredients for 1 L of ready to use Running Buffer

Component Volume (mL)
Deionised H,O 250

4 x Running Buffer (0.1 M TRIS Base, 0.75 M Glycine) 740

SDS (10%) 10

Table 81 Ingredients to make 2x 12% SDS gels

Component Volume (mL)
5 [ Deionised H,0 3.2
]
% Resolving gel buffer (1.5 M TRIS pH 8.8, 0.4% SDS) 25
3 —s  Acrylamide stock 4.2
c
= APS (10%) 50 pL
[%2)
& _ TEMED 8-10 pL
Deionised H,O 3.2
[}
E Stacking gel buffer (0.5 M TRIS pH 6.8, 0.4% SDS) 1.3
g Acrylamide stock 0.5
o —
.E Bromophenol blue* 10 uL
&}
o APS (10%) 25 L
[7p]
__ TEMED 8-10 uL

3.3 Crystallisation and structural studies

3.3.1 Generating Crystals

Protein bands were analysed via SDS-PAGE and fractions containing the correct
bands were pooled and concentrated using Vivaspin® concentrators with a 10,000
MWCO PES filter. Concentrations were determined using a NanoPhotometer
(Implen). This records the absorbance at 280 nm which corresponds to the
absorbance of tryptophan and tyrosine residues; the concentration output accounts

for the average occurrence of these amino acids in proteins. Typically, protein was



then incubated with 4-10 mM NAD(P)*/NAD(P)H (final concentration is 2 mM in sub-
wells) and placed on ice for 30 min. Prior to dispensing, the protein:cofactor
complexes were spun in a table top centrifuge at 6,000 -13,000 rpm for 6017 90 s to
sediment any aggregates. All crystal trays were dispensed in a sitting-drop format all
dispensed by a Mosquito robot (TTP LabTech).

3.3.1.1 Initial Screening

To assess crystallisation compatibility protein samples were subject to pre-dispensed

screens. Screens were in MRC 2 drop 96 well format and pre-dispensed solutions

were provided by Hampton Researchor Mol ecul ar Di mensi ons.

screenandtheCl ear St r at ¢Gp8)Wersroutineleused. In the case of the
CSS screen one buffer was selected for wells 1-6 and another for wells 7-12, usually
varying in pH. The pH values of the buffers were selected to fit below and above the
proteins isoelectric point (pl); calculated by using the ExXPASYy online tool. In the case
of the CSS screen 6 ¢ Lof appropriate buffer (usually 1 M) was added to 54 ¢ Lof pre-
dispensed solution and mixed via pipetting prior to dispensing. Protein complexes
were dispensed in a 1:1 ratio with the reservoir mother liquor, usually 150 nL:150 nL.

Usually sub well 1 contained a different protein concentration from subwell 2.

3.3.1.2 Optimisations

Optimisations were designed to improve crystal quality from initial screening.
Depending on each sub-well drop condition which provided adequate crystal forms
screens were then designed to fit either a 48-well (MRC) or in some cases a 96-well
format (MRC 2-drop). Typically, optimisations consisted of varying a condition in one
direction across from wells 1-6/12 and varying another condition across A-H. Some
conditions would then be kept consistent throughout the whole plate and made up to
appropriate final volumes with water (150 ¢ Lfor 48-well format and 80 ¢ Lfor 96 well
format). See Figure 43 for a diagram depicting a typical crystal screen optimisation
set up and design. Protein complexes were dispensed in a 1:1 ratio of protein sample
to mother liquor (800 nL:800 nL for 48-wells and 150 nL:150 nL for 96-wells). Often
protein and ligand concentrations would be varied to also improve crystal quality
during optimisations. Specific conditions for all crystals obtained are aptly listed in

Results and Discussion 4.1-4.4.
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Figure 43: Diagram depicting a typical 48-well optimisation screen design. This is a cartoon
representation of a 48-well plate (MRC) with one sub well for each reservoir. Columns are numbered
through 1-6 and rows numbered A-H. G5 has been magnified to show the sitting-drop vapour diffusion
set up with crystals depicted in the sub-well drop. N.B. This is typical design; precipitant components,
concentrations and pH values were all subject to change as well as overall reservoir volumes.

3.3.1.3 Fishing

Crystals of interest were fished with synthetic loops varying in diameter from 0.025 i

1 mm equipped to magnetic rod. Usually, 0.5 ¢ Lof mot her | iquor

reservoir was added to the sub-well prior to fishing to get rid of any film or for better
separation of stacked crystals. Single crystals were selected and fished without the
addition of cryoprotectant due to the presence of PEG 3350 in most samples. Crystals
were then quickly vitrified using liquid nitrogen. Crystals were stored under liquid

nitrogen in dewars before being sent to the Diamond Light Source synchrotron.

3.3.2 Co-crystallisation

Co-crystallisation i.e., incubating the apo protein, in solution, with ligand prior to
dispensing is an ideal way to attempt to get ligand bound protein structures.
Particularly, with AmDHSs, which undergo dynamic conformational changes on ligand
binding, this reduces the possibility of the crystal dissolving, which may happen during
ligand soaking. Prior to dispensing, where applicable, the protein:cofactor complexes
were also incubated with ligand on ice for the 30 minute duration. In the case of most

ligands, they were added at a concentration of 10 mM, for most ligands they were in



a solution of DMSO usually at a stock concentration of 1 M. In the case of 2-
aminonorbonane 29, the salt (HCI) was dissolved in water, some stock was also
quenched and extracted into ethyl acetate. Both the water dissolved, and ethyl acetate

dissolved stocks were trialled during crystallisation.

3.3.2.1 Ligand Soaking

Ligand soaking is an alternative method to co-crystallisation where you can bind a
ligand in situ in the preformed crystal. This was particularly useful when the apo
protein formed large single crystals during initial screening trials. Ligand soaking is
routinely done by adding some ligand stock to the specific mother liquor condition in
the reservoir of the crystal drop. Typically, this solution would also need to contain
cryoprotectant before being added to the crystal in the sub-well, to prevent damage
when flash freezing with liquid nitrogen. In the case of the CilusAmDH W145A crystals
these were soaked with a solution of the specific mother liquor, which already
contained 25% PEG 3350, with an added 10 mM of n-pentylamine 30 and left to

incubate for 30 min prior to fishing.

3.3.3 Data Collection and Processing

Some crystals were initially tested in-house on a Rigaku Micromax-007HF fitted with
a Osmic multilayer optics and a MARRESEARCH MAR345 imaging plate detector.
Crystals that diffracted in-house to a resolution of < 3 A were sent to the Diamond
Light Source synchrotron. Often, crystals were not tested for diffraction in-house and
sent to the Diamond Light Source regardless. Data sets were typically collected on
the i03 or i04 beamlines. Data was integrated and scaled at the Diamond Light Source
using their Xia2 pipeline, namely the DIALS,** XDS% and SCALA% frameworks.
Normally the merged free MTZ file generated was imported into the CCP4i2 (v.7.1
and v. 8.0) interface. Data reduction was then carried out on this imported MTZ file
using the Aimless®” program and the resolution of the data set was manually cut off
at an appropriate value. The specific protein sequence was also imported into CCP4i2

and the number of copies in the unit cell and Matthews probability was calculated.

77



78

3.3.4 Molecular Replacement and Refinement

All data and refinement statistics are tabulated and detailed in Results and Discussion
4.1-4.4. All the structural resolution, building and refinement was normally carried out
in the CCP4i2 (v.7.1 and v.8.0) interface. In X-ray crystallography molecular
replacement is a useful tool to solve the phase problem. Molecular replacement uses
a known structure as a model to best fit the experimental intensities and densities and
generates a structural solution. For molecular replacement to generate a reliable
solution the model used must be structurally similar to of the protein of interest. The
software used for molecular replacement in this case was MOLREP.%°° Models used
for the MOLREP software were usually monomeric proteins without any water or
ligands/cofactors present generated manually from known PDB coordinates. In the
instance of the apo MATOUAMDH2 structure and CfusAmDH W145A structures
monomeric wild type CfusAmDH (PDB: 6lAU) was used. In the case of
MATOUAMDH?2 structures co-crystallised with cyclohexylamine a monomeric form of
the apo MATOUAmMDH2 structure served as the model. In the case of the
MATOUAmMDH2 M215S structure co-crystallised with 2-aminonorbonane 29, the
cyclohexylamine 21b bound structure served as the model. Once MOLREP had
generated an appropriate structural solution the structure was subjected to an initial
refinement cycle using REFMAC5.100101 After the initial refinement initial building of
chains were completed manually in COOT.1%? The structure was then exposed to
iterative cycles of REFMACS, usually 20-30 cycles, using local non-crystallographic
symmetry (NCS) restraints. Building was carried out in COOT sometimes using
assistance from the SSM superimposition tool for appropriate conformers. Once the
protein backbone was built, residual density in the omit maps (Fo-Fc) were present for
cofactors/and ligands. NAD(P)*/NAD(P)H was built by fetching the molecule from the
known libraries in COOT. Typically, ligands were built using the SMILES format and
the cif file was fitted and modelled into the omit electron density where applicable.
Waters were modelled using the inbuilt Find Waters function in COOT. Waters,

cofactors and ligands were refined within the structure using REFMACS.

3.3.5 Deposition and Visualisation

For some of the structures discussed here coordinates and structure factor files were
deposited in the Protein Data Bank (PDB) under accession codes as follows; apo-
MATOUAmMDH2 (NADP*); 7ZBO, MATOUAMDH2:NADP*:cyclohexylamine; 7R09,



CfusAmDH W145A NAD"; 7QZN, CfusAmDH W145A:NADP*:n-pentylamine; 7QZL.

All visualisations and structural analyses were done using CCP4MG (v.2.10.11).

3.4 Kinetics

3.4.1 Spectroscopically Monitoring NAD(P)H Oxidation

NAD(P)H and NAD(P)* possess different spectroscopic characteristics. Both
structures are detailed in Appendices 119. Due to the additional lone pair of electrons
in NAD(P)H the reduced form is in a much lower energy state and therefore absorbs
lower energy than the oxidised form, NAD(P)*. This is evident by an absorbance
spectrum of NAD(P)H where there are two absorbance maxima, one at 250 nm and
one at 340 nm, NAD(P)* only has one absorbance maxima at 250 nm. During the
accumulation of product during the reductive amination NAD(P)H is also oxidised and
NADP* accumulates. We can take advantage of the differences in spectroscopic
properties of NAD(P)H/NAD(P)* and monitor the progression of reductive amination
at a wavelength of 340 nm. As the reaction progresses the absorbance in the 340 nm
range should decrease overtime which we can record using a UV-Vis spectrometer.

Figure 44 shows a graphical representation of the basis of this experimental design.

A R
0 AmDH HN™ 3

[NAD(P)H]+ H*

Absorption

240 260 280 300 320 340 360 380
Wavelength (nm)

Figure 44: Experimental design for monitoring reductive amination using NAD(P)H-dependent
UV-vis spectrometry. This is a graphical representation of the differences in NAD(P)H (purple) and
NAD(P)* (green) spectra. A second absorbance maxima peak is present for NAD(P)H at around 340 nm.
A schematic of the general reaction catalysed by AmDHs also features with reduced and oxidised
cofactor labelled by corresponding colours.
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3.4.2 pET22b(+) MATOUAMDH2 Kinetics

Kinetic experiments were largely based on methods used to obtain data as reported
previously.1® The NADPH tetrasodium salt discussed here was supplied by Roche,
all other chemicals supplied by Sigma Aldrich. Protein concentrations were confirmed
using the use of a NanoPhotometer (Implen). Kinetic monitoring of NADPH oxidation
was recorded at range of cyclohexanone 21 concentrations. The total volume of the
reaction in the cuvette was 1 mL made up to the final volume with 2 M Ammonium
Formate buffer pH 8.0. The UV-Vis spectrometer was blanked with 1 mL of 2 M
Ammonium Formate buffer pH 8.0. Cyclohexanone concentrations were varied from
0-20 mM (the following final millimolar concentrations were selected at 0.25, 0.5, 0.75,
1, 2, 2.5, 5, 10 and 20, 0 mM reactions were also recorded without the addition of
cyclohexanone). It was made sure that the percentage DMSO was kept constant
throughout the reaction at 10% by making up cyclohexanone stocks with 100% DMSO
and keeping the volume of cyclohexanone stock added to the cuvette constant, at 10
pL each. After the addition of cyclohexanone to buffer, the cuvette was incubated in
the block holderat 50 C for a few minutes and

again. NADPH concentrations were kept constant at 0.3 mM (3 pL). 0.025 mg.mL™* of
MATOUAmMDH2 (25 L) was added to initiate each reaction and then briefly mixed.
The reactions wer e recorded at a bl
approximately 4-10 min based on the observed plateau time. Spectra were monitored

at 340 nm. Initial gradients used to calculate velocity are graphed in Appendices 120.

3.4.3 pETYSBLIC-3C MATOUAMDH2 and Mutant Kinetics

The set up for MATOUAMDH2 expressed in the pETYSBLIC-3C vector and mutants
and F143A, L144A, L169A, L180A, M215A and T312A were the same as above. The
only differences were the block temperature, whi ch i n this case
the protein concentrations were increased ten-fold for mutants to 0.25 mg.mL™* and to
0.20 mg.mL* for wild type enzyme. Unfortunately, F143A, L144A and L169A all had
precipitation and aggregation problems during protein purification and when isolated,
non-aggregated, protein was used it still precipitated in the UV-vis cuvette rendering
data collection non-viable. Initial gradients used to calculate velocity are graphed in

Appendices 121.
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3.4.4 Data Processing

For data processing straight line graphs were cut off usually around 2-5 min, again
based on the observed plateau. The gradients were calculated and normalised to 0
mM gradients. The inverse of the gradients were then used to calculate the velocity
from the molar extinction coefficient of NADPH. The final velocity values ()) were
plotted against concentration of cyclohexanone (x) (in mM) and Michaelis Menten
parameters were calculated and fitted using the inbuilt function in OriginPro®
(OriginLab, v.2021) (Equation 1). Standard errors were also calculated in OriginPro®
from an average of three repeats for each reaction and y-error bars were plotted. The

Keat Was calculated from the Vimax and total enzyme used in the reactions.

Equation 11 Michaelis Menten Parameter Fitting

i He® . .y T,
T+ T tfine THE gl eHF—
O

Where Xrepresents substrate concentration and J/ represents velocity.

3.5 Biotransformations

3.5.1 pET22b(+) MATOUAMDH2 Biotransformations

All chemicals and enzyme recycling systems were provided by Sigma-Aldrich with the
except of NADPH which was provided by Roche. Purified pET22b(+) MATOUAMDH2
was used, concentrations were confirmed via the use of a NanoPhotometer (Implen).
Standards were made up by adding either 1-2 uL (for cyclohexanone or the amine
product) to 400 pL ethyl acetate and NaOH where applicable. Methylamine-HCI
stocks were made up in mQ H>O with cyclohexanone stocks being made up in DMSO.
All reactions were incubated at either 30 C or 50 C with shaking
Reactions were initially screened at 0.1 mg.mL* MATOUAmMDH2 with 0.2 mM NADPH
but no reaction took place. Initial reactions for both ammonia and methylamine amine
donors were carried out with a glucose-6-phosphate dehydrogenase (3 U.mL™?):
glucose-6-phosphate (1.1 equiv.) recycling system (G-6P DH/G-6P). Subsequent
reaction conditions where ammonia was the amine donor are as follows (3 mL total

reaction volume): 10 mM cyclohexanone 21, 12 mM glucose (1.2 equiv.), 3 U.mL* (9
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U) glucose dehydrogenase (G-DH), 0.5 mM NADPH and 1 mg.mL* MATOUAMDH2
made up with 2 M ammonium formate buffer pH 8.2. Subsequent preliminary
reactions with methylamine as the amine donor were also carried out. Reaction
conditions were as follows (1 mL total reaction volume): 10 mM cyclohexanone 21,
12 mM (1.2 equiv.), 3 U.mL* (9 U) G-DH, 0.5 mM NADPH, 1 mg.mL* MATOUAmMDH2
and 250 mM methylamine (25 equiv.) in 50 mM TRIS-HCI buffer pH 8.5. Aliquots of
200-100 pL were taken every 1-2 h typically between t=0-8 and t=16-26 h. With t=0
time points being taken directly after the addition of enzyme. Aliquots were worked up
through the addition of NaOH and ethyl acetate; the organic layer was dried using
MgSO, and then collected.

Samples were analysed using GC-FID using a gas chromatography trace equipped
with a Flame lonization Detector (FID). 1 uL samples were loaded onto an Agilent HP-
5ms Ultra Inert column (30m x 250pum x 0.25um) using a split ratio of 1:50 (for
ammonia-based reactions) or 1:10 (for methylamine-based reactions). For ammonia-
based reactionsthe i niti al oven temperature W&Ls
mintunti9 0 C and t h-é&untl &MaxiGumreimperature of 150 C (Figure
45). For methylamine-based reactions the ramp was set at 10 C min? until a
maximum temperature of 170 C (Figure 45). The needle was washed with ethyl
acetate between each sample injection.

GC-FID Oven Temperature
240
220
200
180
160
140
120 0
100
80
60
40

Temperature (°C)

0 2 4 6 8 10
Run Time (min)

Figure 45: Programmed GC-FID oven temperatures for analysing cyclohexanone products and
reactants. This is a graphical representation of the oven temperatures that were varied for the analysis
of reactions where cyclohexanone is the substrate for both methylamine and ammonia runs using
PET22b(+) constructs. Run times (x-axis) are displayed in minutes and temperature (y-axis) is displayed
in degrees Celsius.
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3.5.2 pETYSBLIC-3C MATOUAmMDH2 and Mutant Biotransformations

For the alanine screens (L180A, M215A, T312A and wild type enzyme) purified
protein was used with concentrations being confirmed via the use of a
NanoPhotometer (Implen). Standards and chemicals were made the same as above,
except where specified otherwise (Methods 3.5.1). All reactions were incubated at
25 C with shaking at 150-300 rpm. 200 pL aliquots were taken every 1-2 h for t=0-8
h and then a t=24 h time point also being taken. Aliquots were worked up via the
addition of 20 pL 10 M NaOH and 600 pL ethyl acetate; the organic layer was dried
using MgS0O4 and then collected. Samples were analysed using GC-FID using a gas
chromatography trace equipped with a Flame lonization Detector (FID). 1 uL samples
were loaded onto an Agilent HP-5ms Ultra Inert column (30m x 250pum x 0.25um)
using a split ratio of 1:50. The needle was washed with ethyl acetate between each

sample injection.

Reaction conditions for purified protein where ammonia was the amine donor are as
follows (3 mL total reaction volume): 10 mM cyclohexanone 21, 12 mM glucose (1.2
equiv.), 3U.mL? (9 U) glucose dehydrogenase (G-DH), 0.5 mM NADPH and 1 mg.mL"
1 MATOUAmMDH2 made up with 2 M ammonium formate buffer pH 8.0. Reaction
conditions for purified protein where methylamine was the amine donor are as follows
(3 mL total reaction volume): 10 mM cyclohexanone 21, 12 mM glucose (1.2 equiv.),
3 UmL! (9 U) glucose dehydrogenase (G-DH), 0.5 mM NADPH, 250 mM
methylamine (25 equiv.) and 1 mg.mL* MATOUAmMDH2 made up with 50 mM Tris-

HCI buffer pH 8.5. Three repeats were collected for each reaction of interest.

For reactions concerning a reduced library of point mutations at positions L180 and
M215, lysates were produced, and concentrations approximated from cell pellet
weight and SDS-PAGE analysis (Methods 3.1.6, 3.2.1 and 3.2.3). Reaction conditions
for purified protein where ammonia was the amine donor are as follows (2-3 mL total
reaction volume): 10 mM ligand, 12 mM glucose (1.2 equiv.), 3 U.mL? (9 U) glucose
dehydrogenase (G-DH), 0.5 mM NADPH and 20 mg.mL™* cell lysate made up with 2
M ammonium formate buffer pH 8.0. Reaction conditions for purified protein where
methylamine was the amine donor are as follows (2-3 mL total reaction volume): 10
mM ligand, 12 mM glucose (1.2 equiv.), 3 U.mL? (9 U) glucose dehydrogenase (G-
DH), 0.5 mM NADPH, 250 mM methylamine (25 equiv.) and 20 mg.mL™* cell lysate
made up with 50 mM Tris-HCI buffer pH 8.5. Some reactions were scaled down to
500 pL for initial testing purposes. Two repeats were collected for each reaction of
interest.
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3.5.2.1 Cyclic Substrates Based Reactions

For both ammonia and methylamine reactions cyclohexanone 21 was dissolved in
DMSO. Norcamphor 29a and 1,2-cyclohexanedione 31 were both dissolved in ethyl

acetate. Theinitaloven temperature was 80 C5@€mere the r am

L until a maximum temperature of 200 ,@s shown in Figure 46 below.

GC-FID Oven Temperature

220
200 3
~ 180
(®]
S )
g
5 140 0
o
5 120 0
Q.
£ 100
@
80 o
60 J
40
0 2 4 6 8 10

Run Time (min)

Figure 46: Programmed GC-FID oven temperatures for analysing cyclic products and reactants.
This is a graphical representation of the oven temperatures that were varied for the analysis of reactions
where cyclohexanone, 1,2-cyclohexanedione and norcamphor were the substrates. Run times (x-axis)
are displayed in minutes and temperature (y-axis) is displayed in degrees Celsius.

3.5.2.2 Aliphatic Substrates and Ammonia Reactions

For ammonia reactions 2-heptanone 32 and 2-pentanone 20 were dissolved in ethyl
acetate. The initial oven temperature was 60 C wher e t he bB@mn was set

until a maximum temperature of 110 C, as shown in Figure 47 below.

GC-FID Oven Temperature
120
110
100
90 0
80 )J\/\
70 0
60 )I\/\/\
50
40

Temperature (°C)

0 2 4 6 8 10 12
Run Time (min)
Figure 47: Programmed GC-FID oven temperatures for analysing aliphatic products and
reactants. This is a graphical representation of the oven temperatures that were varied for the analysis

of reactions where 2-pentanone and 2-heptanone were the substrates. Run times (x-axis) are displayed
in minutes and temperature (y-axis) is displayed in degrees Celsius.



3.5.2.3 b-Tetralone and Ammonia Reactions

For ammonia reactions b-tetralone (2-tetralone) 15 was dissolved in DMSO. For

tetralone an isothermal oven temperature was employed where initial temperature

was set to 140 C and held for ten mijtmsut es

is displayed in Figure 48 below.

GC-FID Oven Temperature
200
190
180
170
160 o
150 |
140
130
120

Temperature (°C)

0 5 10 15
Run Time (min)

Figure 48: Programmed GC-FID oven temperatures for analysing 2-tetralone products and
reactants. This is a graphical representation of the oven temperatures that were varied for the analysis
of reactions where 2-tetralone was the substrate. Run times (x-axis) are displayed in minutes and
temperature (y-axis) is displayed in degrees Celsius.

3.5.3 Peak Identification and Data Processing

Retention times for all standards are reported in Appendices: Figure 122-130 and
Table 19. Peaks were processed by the data analysis interface of Aligent 7890B to
give the percentage areas in question. Graphs were plotted using OriginPro®
(OriginLab, v.2021). Standard errors were calculated in OriginPro® from an average

of two or three repeats for each reaction and y-error bars were plotted.
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4. Results and Discussion

4.1 Characterisation of pET22b(+) MATOUAMDH2

MATOUAMDH2, a native amine dehydrogenase (nat-AmDH), was discovered by
sequence driven searches of the Marine Atlas of Tara Oceans Unigenes (MATOUv1)
metagenomic database.’®®* MATOUAmMDH2 was provided by Genoscope in a
pET22b(+) vector which was optimised for E. coli expression. MATOUAMDH2 shows
sequence similarity to both CfusAmDH (34%) and MsmeAmDH (34%) (Figure 49).
The protein BLAST alignments are shown in Appendices: Figure 131 and 132.
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Figure 49: Amino acid sequence alignment of MATOUAmMDH2, CfusAmDH and MsmeAmDH.
Sequence alignment generated using MultAlin and ESPript using native sequences of MATOUAMDH2,
CfusAmDH and MsmeAmDH. Red highlights either partial consensus (red text only) or high consensus
(block red and white text).



MATOUAMDH?2 was successfully transformed into BL21(DE3) cells and the gene was
expressed, and protein purified using Nickel Affinity (NINTA) and Size Exclusion
Chromatography (SEC) (Methods 3.2). Typical yields after purification were between
50-100 mg of protein per 2 L of culture. Typically, protein eluted at a low-UV imidazole
concentration of around 160 mM (Figure 50). During SEC protein eluted at around 55
mL (Figure 51). Usually, the protein was relatively pure with little to no co-eluted
protein, shown by the presence of singular Azgo peaks on both chromatograms (Figure
50 and 51) and SDS-PAGE analysis (Figure 52). SDS-PAGE analysis also revealed
a relatively pure over expressed band at approximately the correct molecular weight
(38.2 kDa), shown in Figure 52.

pET22b(+) MATOUAMDH2 Ni?* Affinity

2500 - 100
_ L 90
) o
< 2000 - 80 S
E o
£ L 70 S
@ o
< 1500 - L 60 O
o S
S - 50 3
§ 1000 - L 40 3
2 30 S
( —~
> 500 A - 20 R
> L 10

0 T T T T T 0

30 50 70 90 110 130

Volume (mL)

Figure 50: Nickel Affinity Chromatogram for MATOUAMDH2 expressed in the pET22b(+) vector.
The chromatogram from a round of Nickel Affinity chromatography. The x-axis represents the volume,
in mL, as the column time progresses. Left-hand y-axis represents the UV absorbance at 280 nm in
MAU, points are plotted as a smooth line (blue). The right-hand y-axis represents Buffer B concentration
(%) which is represented by the green gradient line.
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pET22b(+) MATOUAMDH2 SEC
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Figure 51: Size Exclusion Chromatogram for MATOUAmMDH?2 expressed in the pET22b(+)
vector. The chromatogram from a round of Size Exclusion chromatography. The x-axis represents
the volume, in mL, as the column time progresses. Left-hand y-axis represents the UV absorbance
at 280 nm in mAU, points are plotted as a smooth line (blue).

kDa FT L 3 4 5 6

15

Figure 52: SDS-PAGE analysis of protein fractions from pET22b(+) MATOUAmMDH2 protein
purification. The left-hand lane represents a broad range ladder (ThermoFisher) and associated
molecular mass referencesinkDa.LaneFT: 10 x diluted flow thro
column when loading cell lysate. Lane L: 10x diluted sample of cell lysate that was loaded onto
the 5 mL FF Hi danesa3p4tandcspl0xdituted pre-determined samples from the
AKTA fraction collector after Nickel Affinity Chromatography. Lane 6: 20x diluted pooled and
concentrated pure protein after Size Exclusion Chromatography. Samples were run on a 12% gel
for approximately 1 hour at 200 V. Orange lines indicate spliced sections of the gel. The green
triangle indicates the protein bands of interest.



MATOUAMDH2 protein that was confirmed to be relatively pure after SEC was then
usually pooled and concentrated to around 8-20 mg.mL™. Protein aliquots were flash
frozen and stored at -8 0 C unt i | needed. Kinetic stud)]
MATOUAMDH2 using a model substrate, cyclohexanone 21, which has been shown
to be an ideal binding partner for not only MATOUAmMDH?2 but also other previously
described nat-AmDH.®! UV-Vis spectrometry was performed on MATOUAMDH?2 at
cyclohexanone concentrations ranging from 0-20 mM using the oxidation of NADPH,
and thus reduction in Az, as a way to calculate velocity (Methods 3.4.2). Velocity
was plotted against cyclohexanone concentrations and error bars fitted for two
repeats (Figure 53). Kinetic parameters were calculated using the Michaelis Menten

non-linear curve fitting interface within OriginPro® (OriginLab v.2021) (Table 9).

0.3 -

Velocity (uM.s™)

0.0 y T - .
0 10 20

Cyclohexanone Concentration (mM)

Figure 53: Kinetic pl ot for PET22b( +) MA T OU A mBHax@s
represents cyclohexanone concentrations in mM. Y-axis represents the velocity in pM.s™t. Michaelis
Menten curve fit is represented in black and Y-error bars and caps are displayed at each
concentration/velocity point.

Table 971 Kinetic parameters for pET22b(+) MATOUAMDH2 with
cyclohexanone

Variant | Vax (MM.s™) K., (mM) k.o (s™) k. /K, (s1.mM")
pET22b(+) 0.238+0.0195 1.45+0.395 0.364 0.251
MATOUAmMDHZ2
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Preliminary biotransformations were conducted on pET22b(+) MATOUAMDH?2 using
cyclohexanone and both ammonia and methylamine as amine donors. Reactions
were carried out at 30 C and 50 ntthylamine
reactions. Retention times, when using the preliminary ramp conditions (Methods
3.5.1), for cyclohexanone 21 standards and substrate peaks, were approximately 3.10
min - for cyclohexylamine 21b the retention time was around 2.67 min (Figure 54).
Retention times for methylamine-based reactions, when using a different temperature
ramp (Methods 3.5.1) were as follows; cyclohexanone 21: 2.39 min and N-
methylcyclohexylamine 21c: 2.54 min (Figure 55). Both temperatures yielded good

conversions with ammonia, converting around 100.0% and 87.9% of cyclohexanone

to cyclohexyl amine, after 25 [Figuref56)rFor30 C and

preliminary reactions with methylamine adequate conversion, in line with expected
values, was seen after 24 h, yielding a conversion of 17.3% (Figure 57). The reaction
also continued to progress after 24 h, where a conversion of 26.6% was seen after

42 h (Figure 57). Peak standards and retention times are reported in Appendices:

Figure 120 and 121. o
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Figure 54: GC-FID traces for pET22b(+) MATOUAmMDH2 reactions with ammonia and
cyclohexanone. The x-axis represents retention times in min. The y-axis represents the response
currentin pA. Thetoppaneldi spl ays the reaction carried out
reaction <car r iTend points &t O h &re reeseBted in dark blue at t=25 h time points
represented in light blue. Retention times linked to chemical standards are labelled accordingly.
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Figure 55: GC-FID traces for pET22b(+) MATOUAmMDH2 reactions with methylamine and
cyclohexanone. The x-axis represents retention times in min. The y-axis represents the response
current in pA. Al react ime poits a 8 h ae repaesemtad é dlarkoblue at
t=24 h time points represented in light blue and t=42 h points are in purple. Retention times linked to
chemical standards are labelled accordingly.
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Figure 56: Reaction progressions of biotransformations using pET22b(+) MATOUAmMDH2 with
ammonia and cyclohexanone. The x-axis represents time (in h) where each time point of the reaction
was collected. The y-axis represents the percentage conversion to product (cyclohexylamine).
Conversion percentages are plotted for appropr
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Figure 57: Reaction progression of a biotransformation using pET22b(+) MATOUAmMDH2 with
methylamine and cyclohexanone. The x-axis represents time (in h) where each time point of the
reaction was collected. The y-axis represents the percentage conversion to product (N-
met hyl cycl ohexyl amine). AlIl data was collected

Purified pET22b(+) MATOUAMDH2 also underwent initial crystallisation trials using
commercially available pre-dispensed screens. Namely the Clear StrategyA Screen
(CSS) and Index screens. The CSS screens yielded a range of needles using buffers
close to, and above, the proteins isoelectric point, the theoretical pl was calculated at
5.05. The buffers included in most screens were either HEPES or Tris based buffers
at pH 5.5-8.5. However, the best crystal forms resulting from initial screening trials
were from Index screens. After ~3 d of growth, groups of clustered plates started to
form. The best hits were from drops containing 0.2 M (NH4)2SO4, 0.1 M Bis-Tris pH
5.5 and 25% (w/v) PEG 3350 with drop concentrations (150 nL protein complex:150
nL mother liquor) at 15 mg.mL* MATOUAmMDH2 and 5 mM NADP* (Figure 58).

Figure 58: Crystal forms from initial screening of pET22b(+) MATOUAMDH2 in complex with
NADP*. Microscopy images of plate clusters from a pre-dispensed Index (MRC-96 well) screen.



From initial screening trials optimisation screens were designed in 48 well formats
optimising (NH.).SO. concentrations, buffer pH and PEG 3350 percentages. In
addition to these optimisation screens some additive screens were also set up, also
in 48 well formats using 0.2 M (NH4)2SO4, 0.1 M Bis-Tris pH 5.5 and 25% (w/v) PEG
3350 supplemented with 0-25% of either ethylene glycol, glycerol, butan-1,4-diol or
methylpentanediol (MPD). The best crystals were obtained from drops containing 0.2
M (NH4)2S04, 0.1 M Bis-Tris pH 5.5, 25% (w/v) PEG 3350 and 4-10% MPD (Figure
59). These drops contained final drop concentrations of 10 mg.mL* MATOUAMDH2
in complex with 5 mM NADP*. These singular plates were fished after ~5 d of growth,
and flash cooled with liquid nitrogen and no additional cryoprotectant. Any crystals
which showed a resolution greater than 3 A and ordered diffraction patterns, during

in-house diffraction testing (Figure 59), were sent to the Diamond synchrotron for data

collection.

Figure 59: Crystals and diffraction patterns from optimisations of pET22b(+) MATOUAMDH2 in
complex with NADP*. The left panel represents microscopy images of singular plates and clusters from
an optimisation screen (MAXI-48 well). The right panel represents the diffraction pattern collected in
house using a Rigaku Micromax-007HF fitted with Osmic multilayer optics and a MARRESEARCH
MAR345 imaging plate detector visualised using Advx (v.1.9.14).

Initially a dataset from Diamond beamline 103 was used to build and refine a structure
to a resolution of 2.5 A. There were four molecules in the asymmetric unit and the
space group was P2:212:. The unit cell dimensions for this dataset are as follows; a
=91.41; b =11439;c=15438U = b =.However, 8 Betler dataset was
obtained and resolved to a resolution of 2.3 A with the same approximate unit cell,
same space group also with four molecules in the asymmetric unit. The data and
refinement statistics for the 2.3 A structure are reported in Table 10. This data set was
deposited in the Protein Data Bank (PDB) under accession code 7ZBO.

93



94

Table 107 Data collection and refinement statistics for the 2.3 A pET22b(+)
MATOUAMDH2 in complex with NADP*.

2.3 A pET22b(+) MATOUAMDH2:NADP*

Beamline
Wavelength (A)
Resolution (A)
Space Group

Unit cell (A)

No. of molecules in the asymmetric unit
Unique reflections
Completeness (%)

Rmerge (%)

Rp.im.

Multiplicity

<lfo(l)>

Overall B from Wilson plot (Az)
CCir

Reryst/ Riree (%)

r.m.s.d 1-2 bonds (A)

rm.s.d 1-3 angles (°)

Avge main chain B (A?)

Avge side chain B (A?)

Avge water B (A?)

Avge NADP* B (A?)

Diamond 104

0.97950

58.62-2.32 (2.37-2.32)
P212121

a=91.10b=112.19; c = 163.15
a= B =y= 90°

4
68672 (4581)
100.0 (100.0)
0.09 (0.49)
0.09 (0.49)
1.9 (1.9)

3.6 (1.1)

26

0.99 (0.67)
24.0/28.4
0.01

1.68

39

40

26

38

Brackets refer to data in the highest resolution shell.



The final structure was refined to R values of 24.0% and 28.4% for Rciysta and Riree
values respectively. Four chains were built with chains A:D and B:C forming dimers
associating at a series of beta pleated sheet structures (Figure 60). Looking at all the
chains from the pET22b(+) MATOUAMDH2:NADP* structure showed that chains B
and D seemed to be more d6dopenbd cappedredtomer s wl
be more of aaséeenioRgard 8. Residues 8-158 and 309-351 make
up the large N-terminal Rossman fold domain with residues 159-308 making up a
tertiary beta pleated sheet comprised of 8 strands (Figure 60 and 61). Each monomer
binds one molecule of NADP* at the interface between the two domains, for which
there was clear omit Fo-F¢ electron density in each binding pocket (Figure 62). Each
closed monomer displayed a binding pocket width of approximately 13 A at the largest
opening which is highlighted in Figure 61. DALI analysis'® revealed that the two most
related structural homologues were CfusAmDH (PDB: 61AU) showing 33% sequence
identity and an RMSD value of 2.4 A over 340 Ca atoms, and MsmeAmDH (PDB:
6lAQ) with a sequence identity of 33% and also a RMSD value of 2.4 A for 340 Ca
atoms; both of which were previously crystallised and reported.®’ Sequence

alignments are reported in Appendices: Figure 131 and 132.

Figure 60: Structural properties of pET22b(+) MATOUAMDH2 in complex with NADP*. NADP*
is displayed in cylindrical form in yellow in all cases. All images are visualised in CCP4mg
(v.2.10.11). The top left-hand panel shows an associated dimer in its biological assembly made up
of chains B (green) and C (blue). The top right-hand panel displays the different tertiary structures
within one monomer; the N-terminal Rossman domain (wine red) and C terminal beta sheet
(orange). The bottom panels display both open and closed forms seen in the apo structures from
chains C (blue) and D (lilac).
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Figure 61: Secondary structure visualisation of pET22b(+) MATOUAmMDH2. Visualisation was
carried out using PDBsum. Secondary structures are separated into alpha helices or beta strands, beta
hairpins are indicated in red turns. The sequence and sequence numbers are displayed as reference
points.

Flgure 62: Visualisation of the binding pocket of pET22b(+) MATOUAmMDH2 and associated
NADP* omit map. All images have been visualised using CCP4mg (v.2.10.11). The left-hand panel
displays the binding pocket of chain C in complex with NADP* (yellow). Arrows display the width of the
narrowest and widest opening of the binding pocket aswell as the depth. All measurements are in
Angstroms, approximated from the inbuilt scale. The right-hand panel displays the Fo-Fc electron
density associated with NADP* (yellow) from chain C, which is represented in blue cylindrical wire and
set at a map contour level of 3 G.



Attempts were made to produce a ligand bound structure of MATOUAmMDH2
expressed in the pET22b(+) vector. A range of ligands were screened for co-
crystallisation including cyclohexylamine 21b, 2-aminocyclohexanone 31la,
hexylamine 33 and pentylamine 30. Unfortunately, initial screening trials and
optimisations both yielded poor crystal forms on co-crystallisation ligand binding.
Often crystal forms tended to represent needle or fan like structures most of which
were unrecoverable. Figure 63 displays an attempt at obtaining a co-crystallised
ligand bound structure using 10 mM pentylamine in complex with drop concentrations
of 10 mg.mL* MATOUAmMDH2 and 5 mM NADP*. The fan like crystal forms were
imaged from drops containing 0.2 M (NH4)2S04, 0.1M Bis-Tris pH 5.5, 25% (w/v) PEG
3350 and 6% MPD. Any that were fishable displayed poor electron diffraction and no

real ordered phasing when tested in-house (Figure 63).

Figure 63: Crystals and diffraction patterns from trials of pET22b(+) MATOUAMDHZ2 in complex
with NADP* and pentylamine. The left panel represents microscopy images of fan like structures from
an optimisation screen (MAXI-48 well). The right panel represents the diffraction pattern collected in
house using a Rigaku Micromax-007HF fitted with Osmic multilayer optics and a MARRESEARCH
MAR345 imaging plate detector visualised using Advx (v.1.9.14).

4.1.1 Discussion

MATOUAMDH2 expressed very well using the pET22b(+) vector in which it was

provided. The purification often gave high protein yields with pure products. This may

be attributed to the very good stability seen with this wild-type protein, which supports
previous data suggesting MATOUAmMDH26s rel ati
and still retains around 75% of its activity whens t or ed at 25! Kineficor a we
data obtained gave a kcat value for MATOUAmMDH2 of 0.36 s which is slightly lower

than previous data obtained (0.52 s) but is well within the realms of activity of this

enzyme.1%® Furthermore, this is a much-improved kqa value for cyclohexanone-based
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reactions when compared to previously reported nat-AmDHSs.'% The Ky, value in this
case is slightly higher than expected, whilst still outperforming previous nat-AmDHs®;
this is possibly due to human error. At lower cyclohexanone concentrations the
reaction is progressing the fastest and the data obtained can differ the most
depending on how quickly the cuvette is inserted and scanning has started as there
is no autosampler. This may also be linked to the relatively high specific activity at
5 0 , @Which is particularly noticeable by relatively high standard errors for
cyclohexanone concentrations between 0 and 1 mM and thus poor non-linear curve
fitting overall. As a result of this, and for other reasons detailed in (Results and
Discussion4.3) , t he remaining kinetics measurements we|
would avoid any over- or underestimation of kinetics parameters which were solely

dictated by differences in repeats due to possible human error.

Preliminary biotransformations using pET22b(+) MATOUAMDH2 worked extremely

well with ammonia and cyclohexanone21as a model system. At 30 C t
gave 100.0% conversion after only 17 h. This is a particularly nice result as it appears

to be the highest conversion for time reported for any substrate with this enzyme, with

most aliphatic based biotransformations only reaching around <70.0% conversion

after 24 h'® At 50 C good overall c oedy with 87.9%ns wer e st
conversion after 25 h, but the enzyme seems to slow down after around 2 h and not

reach i ts full potenti al conversion. Thi s ma \
MATOUAMDH26s specific activity is at [FTts highest
the biotransformation reaction and the accumulation of aggregation slows down the

reaction progression. At 50 C the total react.i
overestimated, and just like with the UV-vis spectrometry experiments it was decided

that any further biotransformations were to be carried out at 30-2 5 C. Preliminary
biotransformations were also carried out using methylamine as the amine donor. The

reaction progression was typical, having a much lower overall conversion when

compared to ammonia-based reactions, at around 17.3% conversion to N-
methylcyclohexylamine 21c after 24 h. However, the reaction keeps progressing after

this time and 26.6% conversion was observeda f t er 42 h, which stil] do e
meaning that a bit more conversion after this time might be observed. Additionally,

the data obtained for methylamine-based reactions showed that the experimental

procedure need to be slightly altered. The GC oven temperature ramp was adjusted

in later experiments (Results and Discussion 4.3) so that peaks were easier to see

and analyse at lower concentrations (at the beginning of the reactions: t=2-6 h) to

produce more reliable and accurate data.



The structure of MATOUAMDH2 in complex with its cofactor NADP* was relatively
easy to obtain only requiring a few optimisation screens. The presence of MPD
seemed to be crucial in producing single plates optimised from plate clusters formed
in previous drops. In comparison, obtaining a ligand bound structure using co-
crystallisation proved much more difficult. When screening a range of ligands and
drop conditions most of the crystals formed resembled fan or needle like structures
making them nearly impossible to fish. Any that were fished showed poor diffraction
and no ordered phasing as mentioned above. For this reason, it was decided to sub-
clone MATOUAMDHZ into an in-house designed vector; the YSBLIC-3C vector. This
vector has a cleavable N-terminal His tag which is connected via an extended linker
of amino acids. Due to rigidity of the non-cleavable His tag provided on the pET22b(+)
vector, which was seen in the electron density of the apo datasets, it was believed
that this extended linker region would confer a degree of flexibility, which may improve
crystal packing when binding ligand and inducing dynamic movement i.e., closing
around the binding pocket. In addition, if this also did not confer better crystal packing
there was the option to cleave the His tag and try to crystallise this protein, the
outcome of which is mentioned in Results and Discussion 4.2. Results and Discussion
4.2 explores in detail the effect of sub-cloning into the YSBLIC3C vector in an attempt

to generate a ligand bound structure.

Most amino acid backbones could be fitted into the resolved 2.3 A dataset, except for
1891 193 and 190i 193 in chains C and D respectively. These regions could not be
modelled due to the lack of sufficient or sparse electron density in these regions
possibly due to extra mobility in these sections. These regions fall within the flexible
loop hinge regions which control the opening and closing of the more ordered active
site. Furthermore, the structure as a whole was fairly difficult to resolve when
compared to most others in this thesis. This is largely due to two factors; the nature
of the model used during molecular replacement and due the two different conformers
presented in the unit cell. The model used in molecular replacement was the
published structure of CflusAmDH (PDB: 6lAU), as it showed high sequence identity
(33%) it was an ideal model for this dataset. However, this structure was a ligand
bound structure; its active site being in a closed conformer. This meant it resolved
we l | for 6closedd chains A and C but not so
6opend csoRMEDvaloes for ClusAmDH (PDB: 61AU) chain A to chains in the
2.3 A data set are as follows: A: 2.23 A for 311 residues, B: 2.60 A for 298 residues,
C: 1.66 A for 313 residues D: 2.45 A for 295 residues. Overall, the structure of

MATOUAMDH2, even in its 6closedd state was sti || mor e
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AmDHs including the CfusAmDH structure used for molecular replacement. This
made it hard to not only fit the whole chains for B and D but also the dynamic regions
for chains A and C aswell. To fit these regions averages of both chains in each
conformer were typically overlayed into the electron density and the backbones and
sidechains built manually in COOT. DynDom was used for further characterisation of

movement between confopmend asidnd el owms€dO9

The RMSD values between O6opend and 6bcl osedd

calculated as 1.75 A across 340 residues. T he 6Rossmam dainaiNbetween

@pendand &losedéconformers gave an RMSD value of 0.27 A. The biggest distance

between both conformers, as expected, wa s seen bet ween

(residues 159-308), responsible for the hinging movement, with an RMSD value of

278Aand rotation angle of 17

The two different conformers described may have been difficult to solve structurally
but also provided information on how the mechanism of this enzyme may work.
Residues in regions between Y171-E190 and P240-G255 are responsible for making
up this loop hinge region which controls the how open and closed the states are
(Figure 64 and 65). This flexible hinge region is probably responsible for bringing
conserved, active site residues closer on ligand binding. Active site residues are
mentioned in detail in Results and Discussion 4.2. Taking a closer look at the active
site reveals that when the protein is

make significant movements to close the ceiling of the active site (Figure 64).

as

over

t he

I nterestingly, as mentioned abowvee éuvpARNnhkResdcl o

when compared to previous nat-AmDHSs (Figure 65). This is not just an artifact of this
being a substrate-free structure but rather due to substitutions in the floor of the active
site. F144 and W145 from CfusAmDH are substituted for A147 and C148 respectively,
in MATOUAmMDH2 (Figure 65). This extra space affords a larger binding pocket and
subsequently the possibility to bind larger substrates. Therefore, MATOUAMDH?2 is
an ideal target for exploring enzyme engineering, to increase its substrate scope. Not
only this but both the preliminary kinetic and biotransformation data seems to highlight
how stable this enzyme is and its potential for high catalytic specificity. This means
MATOUAMDH?2 is an ideal candidate to be used in enzyme cascades where the
reaction progression is over a few days. Not only this but this is an excellent starting
point for engineering this wild-type enzyme to become an even better biocatalyst. This
will be highlighted later in (Results and Discussion 4.3).



Figure 64: Open and closed forms of pET22b(+) MATOUAMDH2 in complex with NADP*. NADP*
is displayed in cylindrical form in yellow in all cases. All images are visualised in CCP4mg (v.2.10.11).
Open conformer (green) from chain B and closed conformer (blue) from chain C are SSM superimposed.
Residues are numbered accordingly.

Figure 65: Comparison of ligand free-pET22b(+) MATOUAmMDH?2 and CfusAmDH active sites. All
images are visualised in CCP4mg (v.2.10.11). The left-hand panel represents open and closed
conformers (blue) from chains B and C respectively SSM superimposed with chain A from CfusAmDH
(PBD: 6lAU) (orange). The right-hand panel represents a SSM superimposition of key residues from
chain C of MATOUAmMDH2 (blue) with chain A from CfusAmDH (orange). Residues are labelled
accordingly with CflusAmDH residues in brackets.
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