Development of Transaminases for the
Synthesis of Enantiomerically Pure
Chiral Amines

A thesis submitted to the University of Manchester for the degree of
Doctor of Philosophy

in the Faculty of Engineering and Physical Sciences.

2012
Jennifer Hopwood

School of Chemistry









Table of contents

TabIE OF CONTENTS ... 4
ADSEFACT ...t 9
DECIATATION ...t bbbt 10
COPYIIGNT STALEMENT......c.oiiiiiii bbb 10
ACKNOWIBAGEMENTS.......oiiiieiie ettt esre e 11
ADDIEVIATIONS ... s 12
L. INEFOAUCTION ...t 14
I R =TT Tor: L 1Y [T 14
1.2 Enzymatic synthesis of chiral amines ...........ccccceveiieiieie s 18
1.21  Chiral @MINES ...oouiiiiciiiceece s 18
1.2.2  Biocatalytic synthesis of chiral amines...........cccccovvvevieiieiicii i, 19
1.2.3  KINEtiC reSOIULION ..o s 19
1.2.4  Dynamic Kinetic reSOIUtION .........cccvveieiiciece e 22
1.25  DEraCeMISALION. ......civeuiitiiiietisiestee sttt 26
1.2.6  ASYMMELNIC SYNTNESIS ...cuviiiiiiiiiiesiiiieee s 28

1.3 TTANSAMINASES .....etiiiitieieeiiee ettt sttt e bbbttt e e e b e bbb b 30
1.3.1 Pyridoxal 5’-phosphate and the transaminase active Site.............ccccoc...... 30
1.3.2  Transaminase MeChaniSm ..o 32
1.3.3  Methods to overcome transaminase challenges............ccoceveiincncinnnne. 32
1.3.4  Screening of transaminase ENZYMES..........ccervererererereeieneese e 36
1.3.5 Transaminases for chiral amine synthesis..........c.cccoovvveiiieiiiicc e, 38

1.4 AIMS Of the PrOJECT......ceiiiieeee s 42

2. Results and discussion- ColoUrMELriC @SSaY ........ccvvviveeiieiiiieriesieesie e 43
2.1  Path length determination............ccceevieiiiiiiie i 44
2.2  Determination of extinction coefficient of pyrogallol red..............c..ccoeenenn. 45
2.3 Background activity of Pyrogallol red ...........cccooveiiiiiiciiecce e, 46



Table of contents

2.4 Screening of amine SUDSIIAtES ........cccveveiieiiiicceee e 47
2.5 Varying ATA-117 CONCENLIALION.......cccveiieieieieieeie e 48
2.6  Effect of adding external pyridoxal-5’-phosphate.............cccccoveriviveiieinennn 51
2.7  Comparison of forward and reverse transamination reaction...............c.c........ 52
2.8 Determination of enantioSeleCtiVILY ..........ccoovvrieieiiniieeee e 54
2.9 PH SEADIHITY ..o 55
2.10 Screening of whole cell transaminases .........ccccevvveiierenie e 56
2.11 Transaminase activity with purified enzyme ...........ccccooeieiiiiiniis 57
2.12 CONCIUSION ... 59

3. Results and discussion- Cloning identification and characterisation of two
TranNSAMINASE ENZYIMES ...ecuviiiieiteeie e steesteeee et e e ste et e s e e steetesreesteeteaseesaeesesreenreeneens 61
3.1 INILIAtION OF SCIEEN ...ttt 62
3.2 SOlId PRASE SCIEEN ....eeuviciiecieeie ettt e e s ste e reesaeenee s 66
3.3 Identification of uUnKNOWN MICroOrganiSMS...........cccvevveieeieerieseeseesiesiese e 67
3.4 Protein identifiCation ..........cccooiiiieiiiiiie e 67
3.5  Cloning and expression of Ochrobactrum anthropi.........c.ccoccvveeviveiesiniiiennnns 69
3.6 Cloning and expression of C. violaceum (CMCC 104818).........cc.ccccervvrvrnnne. 72
3.7  Homology modelling of the Chromobacterium violaceum transaminases ...... 76
3.8 CONCIUSION ...ttt 78

4. Results and discussion- Biotransformations using transaminases ................... 80
4.1  4-BromoacetOphenONE. ........coooiiiiiiiiiicee s 81
4.2 CaSCAUER FEACTIONS ....ecueeueeiieeeitesie sttt ettt bbb 85
4.2.1  Galactose oxidase/transaminase CasCade ...........cccorereirerieiinerenieienennens 85
4.2.2  Monoamine oxidase and transaminase cascade .............cccocereririrereennnn. 87

4.3 3 Methyl-3,4-dihydroisoquinoling...........ccoovveiiiiiie i 95
4.4 CONCIUSTON .....uiiiiiiiiieic e 97

5. Summary, conclusion and future WOrK..........ccccocceeiiiiii s 100
51  Summary and CONCIUSION ........civiiiiieiiiciie st 100



Table of contents

5.2 FULUIE WOTK ..ot 101
6.  EXPEriMENTAl ......coeeiieeii e 102
8.1  MALEIIAIS ... 102
6.1.1  Chemicals, reagents and KitS. .........ccccevvverviieiieeiecie e 102
B.1.2  ENZYMES ...ttt 102
B.1.3  SHIAINS...eiiiiiiieiee ettt 102
B.1.4  PIASMIUS ..o 103
6.1.5  BUTTEr SOIULIONS ....c..oiiiiiiii e 103
6.1.6  GroWEN MEIA.......eiiiiiieiiiiiiieeie e 104
B.1.7  ANTIDIOTICS ...eeiiiiiiieec e 106
B.1.8 PTG et 106
6.1.9  Enzyme stocks for solution phase assay .........c.ccccoecevveeviveriesieseeresnene. 106
6.1.10 Sample preparation for colony PCR .......c..ccccviiiiii i 107
6.1.11 DNA and protein gel Markers .........cccovvevveieieeie e 107
8.2 MEENOUS ... 108
6.2.1  Colourimetric transaminase assay With PGR.............ccccccevieieiieinenne. 108
6.2.2  Colourimetric transaminase assay with TBHBA 4-AAP...........ccccc...... 109
6.2.3  Path length determination ............c.ccccoovieiiiii i 109
6.2.4  Extinction coefficient of pyrogallol red ..o, 110
6.2.5  Genomic DNA pUrifiCatioN........ccoveiiiiieieicreeee e 110
6.2.6  16S rRNA sequencing PCR IECIPE ......ccoieiviririiiiieicese e 111
6.2.7  Plasmid DNA purifiCatioN..........cceieiiiiiiiiiiseseeeeeee e 111
6.2.8  PCR Of C. VIOIACEUM ........oiiiiiiiiiiicee e 112
6.2.9 PCR of Ochrobactrum sp genomic DNA. ........cccceiiiiiiniien s 113
6.2.10 Gl EXIIACTION ... 113
6.2.11 DNA quantifiCatioN..........cccoiiiiiiiiie i 113
6.2.12 Cloning (Zero blunt TOPO) .....cccviiiiiiiciic e 114
6.2.13 Restriction ENZYme digestS........cceiveiiieiiieiie e 114



Table of contents

6.2.14 Transformation of E. COli.........covriiiiiiiiiicce e 115
6.2.15 Expression of PJH2 in BL21 (DE3).....cccccevviieiiiie i 115
6.2.16 Expression of PJH3 in BL21 (DE3).....c.cccccooviiiiiieieiie e 115
6.2.17 MAO-N transformation and eXpression..........cccccvevevieervereseeseereseennes 115
6.2.18  GOA@SE BXPIESSION ......viviiitiaieeiieteeteie ittt sttt e e resr e bbb sneeneas 115
6.2.19 Purification of proteins on anion exchange column..........c.c.ccoccvevrnenee. 116
6.2.20 Purification of His-tagged proteins ..........ccocevvriririeeieieie e 116
6.2.21 Chemistry and biotransformations...........ccccvvvevenieiienenre e 117
6.2.22 Biotransformation’s for the synthesis of chiral amines................c.ccoc.e.. 117
6.2.23 MAO-N stereoselective conversion general procedure .............cc.ceeveee. 123
RETEIENCES ...t 124
A ] 01T o | USSR 133
8.1  SOIULION PNESE ASSAY.....cveiveeiiieieiieite ettt e et nas 133
8.1.2  PGR COIOUI SPECIIUM ...ttt 133
8.1.3  PGR ADSOrption SPECLIUM ......ccceeiviiieiieiie e 134
8.1.4  Pyrogallol red standard CUIVe............ccccvviieiieiicie e 134
8.2 pH and temperature profile 0f CV TAZ ......cooooi e 135
8.3 PlaSIMIUS. ...t 136
8.3.1  PJHI VECION MAP ..cuviiiiiiieieeie sttt 136
8.3.2  Vector map OF PIHZ ......cooiiiiiieee e 136
8.3.3  Vector map OFf PIH3 ... 137
8.3.4  PETL16D VECIOr MAP ...oviiiiiiiiiiieie et 138
8.3.5  Zero blunt topOPCR VECIOr MAP.......coviiveieirieiiirieeieieeeee e 139
8.4 DINA SEOUENCES ...ttt ittt ettt ettt ettt ettt ns 140
8.4.1  Chromobacterium violaceum CV TAZ .........cccooviiiiiiicieie e 140
8.4.2  Ochrobactrum antropi Oa TAL ... 140
8.5  ANAIYHICAI TrACES ....cvve et 141
8.5.1  (2S,5R)-2-Methyl-5-phenylpyrrolidine. ..........coceviiiiiiiiiiiece e, 141

7



Table of contents

8.5.2  (2R,5R)-2-Methyl-5-phenylpyrroliding...........cccccevviievieeieiieieece e 142
8.5.3  (2S,5R)-2-Methyl-5-benzylpyrrolidine. ..........cccccevviieviveieieceee e, 143
8.5.4  (2R,5R)-2-Methyl-5-benzylpyrroliding. .........ccccovevevievieieieceeecee 143
8.5.5 (2S,5R)-2-Ethyl-5-phenylpyrrolidine..........c.cccovveviiiiiiiciciieceee e, 144
8.5.6  (S)-1-Phenylethylamineg.........ccccoeriiiiiiiiiiie e 145
8.5.7  (S)-4-Bromo-1-phenylethylamine ..........cccooviiiiiiiiinnineceece e 145
8.5.10 (S)-4-Bromo-1-phenylethylamine..........ccccooviiiiiiiininnieneceeee e 147
8.6 NIMR TALA ....cueiiiieiici e 149
8.6.2  2,5-Dimethyl-3,4-dihydro-2H-pyrrole ..........ccooioiiiiiiiiicee 150
8.6.3  4-Bromo-1-phenylethanaming ..........cccccooiiiiiiiiiiniiicce e 151
8.6.4  3-Methyl-1,2,3,4-tetrahydroisoquinoling ...........ccceoveiiveieieniii s 152
8.6.5  3-Methyl-3,4-dihydroisoquinoline...........cccccovveveeiiiiieie e, 155
8.6.6  2-Methylindene OXide ..........ccceovveiiiiieiicir e 156
8.6.7  2-(2-Oxo-propyl)benzaldehyde............cccocveiveiieiiiiiicceec e, 157
8.6.8  2-Methyl-5-phenyl-3,4-dihydro-2H-pyrrole..........ccccccovvevviiececcecee, 158
8.6.9  5-Phenyl-2-ethyl-3,4-dihydro-2H-pyrrole. ........cccccovvevveiciiciecece, 159
8.7 PUDBHICAIONS ... 160



Abstract

Enantiomerically pure amines have a variety of industrial applications. They are
valuable components within the pharmaceutical and agrochemical industry, resolving
agents for separation of racemic mixtures by dimeric salt formation and ligands for
transition metal catalysts and chemocatalysts. Biocatalysis is increasingly seen as the
method of choice for the synthesis of chiral amines. New commercial enzymes being
readily available and new screening/evolution technologies allow for enzyme

optimisation towards a set of required conditions for chiral amine synthesis.

Transaminases are a class of pyridoxal 5’-phosphate (PLP) dependant enzymes that
catalyse the reversible transfer of ammonia from an amine donor (e.g. alanine) to a keto
acceptor (e.g. acetophenone), allowing the potential for asymmetric methodologies.
Transaminases are already well established for the industrial production of a-amino
acids and now that research scientists have dealt with some of the problems with
equilibrium and substrate/product inhibition, they are being investigated for the

industrial application of chiral amines.

A multi-enzyme Kinetic assay has been utilised for characterisation of newly identified
transaminase enzymes in solution phase. Identified transaminases that showed desirable
characteristics were cloned and expressed and utilised in the synthesis of amines of
interest to industry. Dual enzyme cascade reactions utilising transaminases and either
galactose oxidase from Fusarium sp. or monoamine oxidase from Aspergillus niger

were used to produce a number of primary and secondary amines in high e.e. and

conversion.
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1. Introduction

1.1 Biocatalysis

Biocatalysis is the general term for the use of natural catalysts, enzymes, to undertake
chemical transformations on organic substrates. Straathof et al., defined the process as
the use of enzymes and/or whole cells to convert a pre-formed precursor molecule to a
desired chemical, rather than a fermentation process with de novo production from a
carbon and energy source.'Biocatalysis has become much more commonplace in recent
times, and it is now accepted as an important strategy in synthetic organic chemistry.
Biocatalysts can be applied to a chemical reaction in various different forms. They can
be utilised as partially purified or purified cell free extract, whole cell microorganisms
and employed as a catalyst either in solution or immobilised onto a support. The cost of
commercial enzymes has started to decrease over the years? and chemists are now
utilising enzymes more often in their research, either to replace existing chemical
synthetic steps or to develop new paths to chiral compounds which would have

previously been dismissed due to high enzyme costs.

The chirality of a pharmaceutical is very important with respect to the metabolism of the
drug, due to the known fact that whilst one enantiomer can have desirable effect(s), the

other enantiomer can be potentially harmful.

O O O O
NH NH
Nt O N @)
(@) O

)1 (R)-1

Figure 1: The two enantiomers of Thalidomide, (S)-1 was found to cause malformations in embryos and
(R)-1 relieved the symptoms of morning sickness.

A classic example of this is Thalidomide 1 (Figure 1), the racemic drug prescribed to
pregnant women between 1957-61 to relieve the symptoms of morning sickness.® The
effect of both administering the racemate and inadequate in vivo testing resulted in

severe birth defects.
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Introduction

In 1992 the Food and Drug Administration (FDA), followed by the European committee
for proprietary medicinal products in 1993, required that both enantiomers be tested for
their pharmacological properties if administering a racemic drug.*® In 1997 the FDA
introduced a fast track program which allowed faster approval of a single enantiomer.
Synthesising single enantiomer drugs therefore became a more attractive approach to
the pharmaceutical industry due to the lower dosage required for administration to
achieve the desirable effects, fewer drug interactions and better pharmacological

profiles in comparison to administering the racemate.®

The application of enzymes as catalysts has gained momentum and is now a key
component in a process chemist’s toolbox due to a biocatalysts’ high regioselectivity
and stereoselectivity.” The replacement of conventional chemical steps with biological
methods is in demand, not only to produce single enantiomers in optically pure form
(e.e.> 99%), but also because of the economical advantage the biological process may
have to the pharmaceutical industry. The cost of a synthesis may be reduced in many
ways by employing a biocatalyst: the number of protection/deprotection steps may be
reduced, therefore freeing up valuable reactor time and increasing the atom efficiency of
the process; no requirement for high temperatures and pressures; reduction in the
amount of organic solvents used on a large scale and also enzymatic steps often produce
cleaner waste streams.® Scheme 1 shows a biological process for the production of
acrylamide 3 from acrylonitrile 2.° The use of a microbial nitrile hydratase from
Pseudomonas chlororaphis replaces the hydration of nitrile 2 using copper salts,
palladium complexes or concentrated sulphuric acid. High concentrations (400 g/L) of
acrylamide 3 were produced in high yield (99%) after 7.5 hours using low reaction
temperatures (10-20 °C).

Nitrile o
N Hydratase \)k
—_—
\\/ AN NH,
2 3

Scheme 1: Production of acrylamide 3 in high yield employing a nitrile hydratase as the biocatalyst.

Generally, for an enzymatic reaction to be industrially viable, product concentrations of
> 50 g/L must be employed, along with high chiral purity (> 98% e.e.)*® This can be
difficult to achieve as enzymes often work in the millimolar range in their natural

environment, therefore high concentrations can inhibit or denature the biocatalyst.
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Large substrate loadings are necessary for the higher product concentrations required
for an industrial process, however this often renders the substrate insoluble in aqueous
media, an enzyme’s natural environment. The addition of a co-solvent helps overcome
this problem but often reduces the activity of the biocatalyst. These challenges that have
limited the use of enzymes within industry!! can now be overcome by employing
directed evolution techniques to improve enzyme stability.*>*® The cost of making the
biocatalyst and its reusability are two important factors that need to be considered when
developing a biocatalytic process. Large scale fermentations can now be carried out and

also enzyme immobilisation techniques can be utilised to recover and reuse the enzyme.

There are two enzymatic routes to enantiopure compounds: asymmetric synthesis and
Kinetic resolutions. Asymmetric synthesis converts a prochiral or meso substrate
(desymmetrisation) into an optical isomer allowing yields of up to 100%. Scheme 2
shows an example of a lipase-catalysed diastereoselective acetylation of prochiral diol 4
to yield mono-acetate 5 in high yield (95%) and d.e. (97%).*

Reagents and conditions: i) Immobilised CAL-B, vinyl acetate and acetonitrile.

Scheme 2: Lipase catalysed desymmetrisation of diol 4.

Kinetic resolutions produce an enantiopure compound from a racemic mixture based on
the difference in reaction rates of the two enantiomers.™ Kinetic resolutions can only
achieve a maximum vyield of 50%, however, this can be overcome by an in-situ
racemisation of the slowest enantiomer resulting in a theoretical yield of 100%
(Figure 2).16

Chiral

Racemase catalyst

Sk

Figure 2: Dynamic kinetic resolution of a racemic mixture (S) for the synthesis of product (P).

Current industrial applications of enzymes mainly include lipases, esterases and
proteases, which are largely involved in the Kinetic resolutions of racemic starting

materials. However they have numerous other important applications. Lipases have
16



Introduction

been applied in the food processing industry for the modification of fats and oils, used
in the detergent and textile industries to aid dying and the removal of lubricants.!’
Likewise proteases are a major part in the detergent industry, new Subtilisins are being
improved to create better detergent proteases for the future.'® Esterases are important
enzymes for the degradation of industrial pollutants such as cereal wastes, toxic
chemicals and plastics.?® Technology is expanding to include other enzymes such as
transaminases and nitrilases for asymmetric synthesis to allow access to products in
100% yield.

17
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1.2 Enzymatic synthesis of chiral amines

1.2.1 Chiral amines

NH, NHR ~ NR,

2 NN N N
Rll RIII Rll RIII Rll Rlll
Primary amine Secondary amine  Tertiary amine

Figure 3: General structure of chiral amines.

Enantiomerically pure amines (Figure 3) have a variety of industrial applications. They
are valuable components within the pharmaceutical and agrochemical industry, as
resolving agents for separation of racemic mixtures by dimeric salt formation and
ligands for transition metal catalysts and chemocatalysts.?° Figure 4 shows an example
of a pharmaceutical compound which contains a chiral amine moiety. Rivastigmine
tartrate 6 is sold by the pharmaceutical company Dr Reddy’s for the treatment of
Alzheimer’s disease, and is also sold under the name EXELON® which is licenced by
Novartis Pharmaceuticals Corporation. Rivastigmine tartrate had US sales of approx.
$93 million dollars for the year ending June 2011.%

N
\/ \n/ . C4H6O6

Figure 4: Structure of Rivastigmine tartrate 6 sold by Dr Reddy’s for the treatment of Alzheimer’s.

There are numerous methods for the synthesis of chiral amines, for example the
asymmetric hydrogenation of an imine.?? However, the use of expensive metal catalysts
is undesirable, and the removal of auxiliary groups to give the free amine can be
problematic.?®> The most recognised method is still using classic resolution techniques
viadiastereomeric salt formation, but the use of enzymes for chiral amine synthesis
provides a much more attractive approach. Standard conditions in which biocatalysts
work tend to be lower in temperature and pressure than traditional chemical methods
and most reactions are carried out in water, making them more desirable processes

compared to current synthetic chemistry techniques.
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1.2.2 Biocatalytic synthesis of chiral amines

Biocatalysis is being increasingly seen as the method of choice for the synthesis of
chiral amines. This is due to new commercial enzymes being readily available and new
screening/evolution technologies that allow for enzyme optimisation towards a set of
required conditions. There are various different routes to enantiomerically pure chiral
amines using biocatalysts that are demonstrated in Figure 5. Existing technologies
include the use of hydrolases and oxidases (e.g. lipases), but one of the most attractive
approaches is the use of transaminases from a prochiral or meso ketone to give access to

the enantiomerically pure amine in 100% yield.?*

Existing Emerging
technologies techologies

HN /go
Imine
reductase
Hydrolase /
NH
Hy.drolase or Decarboxylase
oxidase COQH

Transamlnase

ol

Figure 5: Current and emerging biocatalytic routes for chiral amine synthesis.?*

1.2.3 Kinetic resolution

Kinetic resolution of racemic alcohols, carboxylic acids and amines by hydrolytic
enzymes has been studied in great detail. Hydrolytic enzymes offer the advantage of
being able to carry out resolutions in low/non aqueous conditions, allowing
transformations of hydrophobic substrates.?>?® The first report of the enzymatic
resolution of chiral amines by hydrolases was reported in the late 1980s by Kitaguchi et
al.?” They subjected a panel of commercially available lipases and proteases for the
resolution of various different racemic amines via acylation with trifluoroethyl butyrate.
The commercially available lipase, Subtilisin, was selected for solvent screening and it

was found that there was a strong effect on solvent choice with the enantioselectivity of
19
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the reaction. When 3-methyl-3-pentanol was used, enantioselectivites of 99% could be
achieved, highlighting the importance of solvent screening in hydrolytic processes to
maximise the yield and e.e.

Shell developed the work of Kitaguchi et al., for the synthesis of enantiomerically pure
1-phenylethylamine 8 and the corresponding amide 7 using whole cells from an
Arthrobacter sp. (Scheme 3). Even though high enantioselectivities (> 99.5% e.e.) were

obtained, the use of whole cells required longer reaction times making the reaction

7 111) ©/§

Reagents and conditions: i) Athrobacter sp. ii) Potassium phosphate buffer, 30 °C, 6 hr. iii) Potassium
phosphate buffer, 30 °C, 4 days.

Scheme 3: Shell’s enantioselective synthesis of (S)-1-phenylethylamine 8 and (R)-acetamide 7 using
whole cells from Athrobacter sp.

undesirable.??

H

Researchers investigated the enantioselective acetylation of racemic amines in one step
by carrying out the Kinetic resolution in the presence of the acetylating agent. Acquiring
conditions which are not detrimental to the biocatalyst can be challenging, however
BASF managed to demonstrate the multi-ton production of a number of different
enantiomerically pure chiral amines in the presence of an acyl donor, isopropyl

methoxyacetate.??
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Aryl alkyl amines Alkyl amines Amino alcohols

NH, NH,
> o )Nf/ L O
K )\(
NH, NH,
NH, NH, NH,
| N /‘W )\/O\
X
R
NH
NH2 2 NH2 NH2
)\/\ )\/\ _Bn
o]

Figure 6: Substrates for the BASF lipase catalysed resolution using CAL-B.?

The lipase catalysed resolution produced free amines (Figure 6) and the corresponding
acetamides in high enantiomeric excess. After separation either by distillation or
extraction, the acetamide was released by basic hydrolysis without racemisation. BASF
have the facilities to carry out this process on > 3000 tonnes/year and the unreacted
enantiomer can be recycled via racemisation with metal catalysts (such as Pd/C) and

any unreacted acyl donor recovered to help lower the overall cost.

Recently, research into the use of transaminases for the resolution of racemic amines
has been undertaken as the deamination reaction is thermodynamically more favoured
than the asymmetric synthesis.?® Shin et al., developed a biphasic system to overcome
inhibition of the enzyme by the product ketone.?® A cyclohexane/aqueous two phase
system was successful in the @-transaminase catalysed resolution of 500 mM racemic
1-phenylethylamine. Pyruvate was used as a keto acceptor and the process obtained
enantiomerically pure (R)-1-phenylethylamine in > 95% e.e. Unfortunately enzyme
inactivation was observed due to an emulsion forming at the interface of the
organic/aqueous phase and product inhibition by the acetophenone produced was still
observed. Further work to build on the concept of the biphasic system was investigated
using an enzyme membrane reactor and a hollow fibre membrane contactor for
minimisation of enzyme inactivation by emulsion formation and continuous removal of

acetophenone respectively.

Truppo et al., proposed a dual enzyme system for the resolution of a number of different
racemic amines utilising commercially available transaminases and an amino acid

oxidase.3! Scheme 4 shows the transaminase catalysed deamination of a racemic amine
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which yields alanine, the unreacted amine enantiomer and the corresponding ketone.
Alanine undergoes oxidation back to pyruvate catalysed by the amino acid oxidase in
the presence of molecular oxygen. This serves the purpose of minimising the amount of
pyruvate in the reaction (which is known to inhibit the transaminase) as catalytic
amounts can be used and also help drive the equilibrium to product formation. A range
of amines were produced in 50% conversion and > 99% for both enantiomers by using
enzymes with opposite selectivities.

NH, o)

. NH,
Transaminase + )k
/é\R" ‘/ﬁ R'/'\R" R R

0 NH,
)J\WOH WOH
o) o]

H,0, + NH, L-Z 0,

Amino acid
oxidase

Rl

Scheme 4: Transaminase catalysed kinetic resolution of racemic amines employing an amino acid
oxidase to recycle pyruvate.

These processes are only able to produce a maximum 50% yield; higher yields require

the racemisation of the unreacted enantiomer.

1.2.4 Dynamic kinetic resolution

Dynamic kinetic resolution (DKR) involves the in situ racemisation of the starting
material with the faster reacting enantiomer being removed from the system by a
separate reaction, allowing access to 100% yield.r® However racemisation conditions
can often be detrimental to the biocatalyst and acquiring conditions that are optimum for

both the biocatalyst and the racemisation catalyst can be difficult.

One of the first examples of a DKR of an amine was demonstrated by Reetz et al.
Palladium was wused as the catalyst for the racemisation of racemic
1-phenylethylamine 8 in the presence of a lipase from Candida Antarctica.®> After a
prolonged reaction time of 8 days, the amide (S)-7 was isolated in > 99% e.e. and
67% vyield (Scheme 5).
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Scheme 5: Dynamic kinetic resolution of racemic 1-phenylethylamine 8 for the production of
enantiomerically pure amide 7.

Parvulescu et al., built on the concept of using palladium and a lipase for the DKR of
1-phenylethylamine. They investigated palladium supported on alkaline earth salts
instead of charcoal.®®* BaSO, was shown to be the optimum support as the best
conversions and selectivities were seen when compared to other alkaline earth salts. The
choice of acyl donor and hydrogen pressure was found to be important for the
optimisation of reactions conditions. The BaSO4 process offers the advantage of fewer
by-products (e.g. unwanted imines) when compared to using Pd/C as the racemisation

catalyst.

Kim et al., investigated the use of a palladium nanocatalyst entrapped in aluminium
hydroxide for the resolution of primary amines.® In a one pot reaction a wide range of
amides were synthesised in high yield and e.e. using a commercially available lipase at
70 °C for 24 hours. The palladium nanocatalyst could be reused ten times without any
significant loss of activity. The same group recently reported an improved version of the
catalyst which had a reduced palladium nanoparticle size compared to the original
racemisation catalyst.>® The corresponding DKR in the presence of 1 mol% of new

palladium nanocatalyst proceeded to completion in a faster reaction time of 12 hr.

Backwall and co-workers developed a Ru-catalyst for the racemisation of primary and
secondary amines which allowed for high functional group tolerance.®® They later
developed a DKR method for the production of enantiomerically pure aliphatic and
benzylic amides employing commercially available CAL-B in conjunction with the Ru-
catalyst.3” However, to gain access to the free amine, harsh reaction conditions are
required, such as high temperatures and the use of concentrated hydrochloric acid for
long periods of time. The same group developed a new method which formed
carbamates, instead of amides, that can easily be removed at room temperature.®

Scheme 6 shows the synthesis of carbamate 11 which was produced in 98% e.e. and a
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yield of 95%; the carbamate was removed using Pd/C at room temperature for 0.5 hrs

under hydrogen conditions with full retention of the e.e.

o
J\o/\Ph

NH, HN
i) /@/\
—_—
Br Br
10 (R)-11

Reagents and conditions: i) Ru-catalyst, CAL-B, Na,COs, toluene, dibenzylcarbamate, 90 °C, 72 hrs.

Scheme 6: Dynamic kinetic resolution of racemic 4-bromo-1-phenylethylamine 10 for the production of
enantiomerically pure carbamate 11.

The use of less expensive transition metal catalysts, such as nickel, to replace palladium
or ruthenium based catalysts is advantageous.®® Scheme 7 shows the Raney Ni and
CAL-B catalysed DKR for the production of amide 13 by Parvulescu et al.*> As a one
pot reaction, amide 13 could be produced in 95% yield and 97% e.e., but if this reaction
was applied for the synthesis ofl-phenylethylamine, a two pot resolution followed by
racemisation had to be carried out due to Raney Ni deactivating the biocatalytic
reaction. Cobalt was also tried as a racemisation catalyst but low activity and poor
operational stability meant it was unsuitable for use. The Raney Ni system offers the
advantage of lower reaction costs with regards to the racemisation catalyst and also
because of the lower temperatures required for operation.

NH, , NHAC
)\/\/ ) /k/\/
12 13

Reagents and conditions: i) Raney Ni, CAL-B, ethyl methoxyacetate, toluene, 70 °C, 4 day.

Scheme 7: Dynamic kinetic resolution of racemic 2-hexylamine 12 for the production of enantiomerically
pure amide 13.

Poulhés et al., have investigated metal free DKR using radical racemisation methods.
Recently they reported a low temperature reaction (38-40 °C) to produce non benzyl
primary amines in range of enantiopurities (56-99% e.e.).** Octanethiol was used as the
racemisation agent using photochemical irradiation at 350 nm and, after acyl donor
screening, methyl B-methoxypropanoate was selected due to its volatility and ease of

removal from the reaction medium.
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Recently Koszelewski et al., demonstrated the use of transaminases for the enzymatic
racemisation of chiral amines.*? By utilising two enantio-complimentary transaminase
enzymes, a racemic amine and an amine acceptor, interconversion of the amine

enantiomers could be observed (Scheme 8).

NH,
oo e
1i1)! J PR

R R,

Reagents and conditions: i) (R)-Transaminase ii) (S)-Transaminase, iii) Enzymatic racemisation, 100 mM
phosphate buffer, pH 7, 30 °C, 24 hours.
Scheme 8: Enzymatic racemisation employing two enantio-complementary transaminase enzymes.

However, the number of enzymatic racemisation processes are limited and few
examples have been seen on an industrial scale.*> An example of one such reaction is
the hydantoinase process. This is a three step whole cell DKR of 5-monosubtituted
hydantoins 14.** Enzymatic racemisation of hydantoin allows for complete conversion
to D-N-carbamoyl amino acids 15 using D-hydantoinases. These are further hydrolysed
to yield D-amino acidsusing a D-carbamolyase enzyme (Scheme 9). Directed evolution
of hydantoinase has optimised this reaction. Naturally occurring L-carbamolyase and
L-hydantoinase has allowed for the production of L-amino acids via the same route. This
method has been used on an industrial scale for the production of both L and D-amino

acids and unfortunately cannot be applied for the synthesis of amines.

9 9 o R
HNJ\;’R HN)S/R D, HZNJ\N“I\COOH 15
J—NH /—NH H
O 14 O 14 liii)
R
H,N ' ~COOH

Reagents: i) Racemase ii) D-Hydantoinase and iii) D-Carbamolyase.

Scheme 9: Production of a-amino acids usinghydantoinase and carbamoylase enzymes.
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1.2.5 Deracemisation

Amine oxidases catalyse the oxidation of an amine to an imine which spontaneous
hydrolyses in the presence of water to the corresponding aldehyde or ketone. Schilling
et al., identified and cloned a flavin dependant monoamine oxidase (MAQO) from
Aspergillus niger.**4 Turner and co-workers built on the activity and sequence data
obtained and developed a high through-put assay for the detection of MAO activity.*°
They subjected active mutants to a deracemisation reaction with 1-phenylethylamine; if
oxidation of the amine to the corresponding imine was observed in the presence of a
suitable reducing agent, such as ammonia borane, the unreacted amine enantiomer was
accumulated in high enantiomeric excess (Scheme 10). This method produced (R)-1-

phenylethylamine in 77% yield and 93% e.e.

NH,

Reagents and conditions: i) MAO-N ii) NH3BHs, 1 M Phosphate buffer pH 7.8.

Scheme 10: Monoamine oxidase deracisation of chiral amines in the presence of ammonia borane.

Since then, the crystal structure of the MAO-N has been solved*’ and several rounds of
mutagenesis have been carried out to increase the reactivity of the enzyme towards a
number of different secondary amines.*® Kohler et al.,screened a wide range of
secondary amines for activity with a MAO-N mutant D5. Pyrollidine 16 undergoes the
MAO-N oxidation reaction, followed by cyanide addition, to give the corresponding
a-amino nitrile 17 with a d.r. ratio 96:4 (Scheme 11). a-Amino nitrile 17 then undergoes
hydrolysis in the presence of HCI to yield the corresponding amino acid (after
recrystallisation) in 40% vyield, d.r. 150:1 with a e.e. 98%. The 3,4-substituted proline

analogue is found in hepatitis C virus protease inhibitors Telaprevir 18.
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DCM.

Scheme 11: Monoamine oxidase synthesis and TMSCN addition to produce a-amino nitrile 17 which is
hydrolysed to the corresponding amino acid for the synthesis ofTelaprevir 18.

Koszelewski et al., investigated the ®-transaminase catalysed deracemisation and
asymmetric synthesis of Mexiletine 19, a chiral orally effective antiarrhythmic agent, in
a two-step one pot reaction.®® Scheme 12 shows the reaction scheme for the
transaminase catalysed reaction resulting in (S)-Mexiletine 19 being produced in > 99%
e.e. and 97% isolated yield. (R)-Mexiletine 19 can be synthesised in equally high yield

and enatiopurity by simply switching the order of transaminases used.

NH,
PN
. NH;
\)\(R) -Transaminase (S)-Transaminase O\/'\

Pyruvate Ala 19+ Pyruvate Ala

\)(L AADH
H0 DAAOO o NADE N 19

Scheme 12: Transaminase catalysed deracemisation and asymmetric synthesis of Mexiletine 19 in a two-

step one pot reaction.
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1.2.6 Asymmetric synthesis

Asymmetric synthesis of chiral amines is mainly achieved by the use of transaminase
enzymes (Scheme 13). In 1964 Kim reported the identification of an a-ketoglutarate
transaminase which could deaminate terminal diamines utilising pyruvate or
o-ketoglutarate.>* Transaminases have been used for the industrial production of amino
acids but were not utilised for industrial application of simple amines until the end of
the 1980s when Celgene published patents for both the kinetic resolution and
asymmetric synthesis of aromatic and aliphatic amines using R and S-selective
transaminase enzymes.®?>* The reaction starts with a prochiral ketone (for example
acetophenone) and an amine donor (in this case isopropylamine (IPA)) resulting in the
corresponding chiral amine and acetone respectively. Utilising both reagents at different
concentrations to help drive the equilibrium, this process has been achieved on a 2.5 m®

scale giving high e.e. values for both R and S-amines.

Reagents and conditions: i) Transaminase, pyridoxal 5’-phosphate, buffer.

Scheme 13: General asymmetric synthesis of chiral amines using transaminases as the biocatalysts.

Codexis recently demonstrated how powerful a tool biocatalysis can be for industrial
production of pharmaceutical compounds. Savile et al., carried out several rounds of
mutagenesis on a m-transaminase from a Arthrobacter sp. to improve the transamination
of a Sitagliptin diketone using IPA as an amine donor.*® High concentrations of both the
keto acceptor and the amine donor were required to make the process an industrial
viable option, the addition of DMSO co-solvent was needed to solubilise the starting
material. Mutations were required to stabilise the protein in conditions which did not
mimic its natural environment. After 27 rounds of mutagenesis an increase in
productivity (53%) and a decrease in waste (20%) were observed when using the
w-transaminase compared to the chemical route. Sitagliptin 41 (Figure 7) was produced
in 99.95% e.e. and 92% assay yield.
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Figure 7: The structure of the pharmaceutical compound Sitagliptin 41 synthesised using
w-transaminases by Codexis.

A major disadvantage to the use of transaminases for the asymmetric approach is the
need for stoichiometric or large excesses of amine acceptor to drive reaction equilibrium
toward product formation. Even though Codexis managed to achieve the conditions
required to drive the equilibrium, it involved 27 rounds of mutagenesis to develop a
biocatalyst to withstand those conditions. Unless high through put screening
methodologies are available, screening for new enzymes/mutagenesis libraries is a slow

process.

29



Introduction

1.3 Transaminases

Transaminases are a class of pyridoxal 5’-phosphate (PLP) dependant enzymes that
catalyse the reversible transfer of ammonia from an amine donor (e.g. alanine) to a keto
acceptor (e.g. acetophenone). In 1932 H. A. Krebs first observed the deamination of
amino acids in tissue slices but lack of adequate instrumentation at the time hampered

the full characterisation of the reaction.

In 1979 the international union of biochemistry named ‘aminotransferases’ in the
official Enzyme Nomenclature and they were termed ‘transaminases’ for every day
usage.>® Transaminases are attractive to the chemical community as they can be utilised
for asymmetric synthesis of amines from prochiral or meso ketones, giving access to
chiral amines with a theoretical yield of 100%. Today transaminases are used for the

industrial production of natural and unnatural amino acids.

1.3.1 Pyridoxal 5’-phosphate and the transaminase active site

PLP 21 (also known as vitamin Be, Figure 7) is a cofactor which plays a vital role in
biocatalytic reactions such as decarboxylation, transamination, aldol condensation and
racemisations.>” Transaminases, alongside other PLP dependant enzymes, have two
highly conserved amino acid residues: a lysine, which forms an internal aldimine with
the aldehyde group of the PLP and secondly, a carboxylate side chain (usually
glutamate or aspartic acid) which is positioned within hydrogen bonding distance of the

pyridine nitrogen of the cofactor.>®

H (0]
"o
3¢ OH
O/ \O \
@
l\ll CH,
H
21

Figure 8: Pyridoxal 5’-phosphate.

A recent publication by Humble et al., on the crystal structure of the w-transaminase
from Chromobacterium violaceum (CV2025) revealed a homodimer which has an
active site at the dimeric interface.>® Each monomer contributes amino acids to the
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active site and it was found upon PLP binding major structural changes were observed.
To give the active form, major refolding of the secondary structure occurs in both
monomers (but predominantly on one side of the active site whereas the other side is
ridged).

Detailed studies looking at the active site of transaminases have attempted to explain the
stereoselectivity and understand the substrate range. Kim et al., proposed a two-binding
site model (Figure 8) based on the substrate structure-reactivity relationship.® They
suggested two binding pockets, a small ‘S’ pocket and a large ‘L’ pocket. A strong
electrostatic repulsion for carboxylates and steric constraint is observed in the ‘S’
pocket (anything larger than an ethyl group showed decreased activity), resulting in
stereoselectivity and substrate specificity. Even the ‘L’ pocket showed a limitation to
the size of substituent as anything more sterically demanding than a hexyl group was

inactive towards the enzyme.

O \Eo
Asp/Glu

[VaVavav)

Figure 9: Active site model proposed by Kim et al.°

Distefano et al. produced an artificial transaminase by binding a pyridoxamine
derivative to the active site of an intestinal fatty acid binding protein via a disulphide
bond.%! Point mutations were carried out in order to place a lysine group in close
proximity to the aldehyde group of the cofactor, and catalytic activity was seen with
good enantioselectivity within the range of 84-94% e.e. Further work to stabilise the
positive charge on the synthetic pyridoxamine ring was investigated.®?> A carboxylate
group was inserted into the active site of the enzyme but this resulted in the mutants
being unstable. An alternate route using a chemically synthesised N-methylated

pyridoxamine to create a cationic cofactor proved to be more successful.
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1.3.2 Transaminase mechanism

The transaminase mechanism is known as a ping-pong bi-bi mechanism and is
composed of two half reactions which regenerates the PLP cofactor (Scheme 14).% An
internal schiff base is formed between an internal lysine and the aldehyde group of the
PLP. The alanine amine donor forms an imine with the PLP by replacing the active site
lysine, forming an external aldamine 22. A [1-3]-proton shift (catalysed by the lysine
residue released in the previous step) of the substrates a-proton results in the formation
of a ketamine 23. Hydrolysis of the intermediate releases a ketone (in this case
pyruvate) and forms pyridoxamine 5’-phosphate 24 (PMP). The formation of a
Michaelis-complex between the PMP 24 bound to the enzyme and a amine acceptor 25
results in the second reverse reaction to proceed and hence regenerates the enzyme
bound PLP 21,5364

é 0 0 0 %OH
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Scheme 14: Transaminase ping-pong bi-bi mechanism.

1.3.3 Methods to overcome transaminase challenges

Transaminases are known to have high stereoselectivity,®® and work efficiently under
mild reaction conditions,®® and their ability to catalyse asymmetric reactions means they
show great potential as industrial biocatalysts. However, transaminases have
considerable limitations which has hampered their use within industry for the synthesis
of chiral amines, such as the equilibrium strongly favouring kinetic resolution rather

than asymmetric synthesis of amines and enzyme inhibition by both products and
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starting material.®” Some of these limitations and methods to overcome these challenges

will be discussed below.

Transaminase reactions are well known to suffer from poor equilibrium constants. This
is because there is very little change in the Gibbs free energy of the reaction, due to
reactions being reversible and the substrates/products resembling each other in structure

with equilibrium constants for the reaction being ~ 1.8

Reagents: i) Transaminase

Scheme 15: Forward and reverse transaminase reaction.

Different methods have been used to drive the equilibrium to product formation and
prevent the reversible reaction between substrates and products. Shin and Kim
employed a biphasic system using the reverse transaminase biotransformation
(i.e. 1-phenylethanamine 8 toacetophenone 25, Scheme 15).2° The transaminase
reaction occurred mostly in the agueous phase whilst employing an organic phase
(cyclohexane) to remove acetophenone 25 and act as a reservoir for 1-phenylethylamine
8. This method helped drive the equilibrium to product formation by controlling the
concentration of acetophenone and 1-phenylethylamine 8 in the aqueous phase which

also helped prevent substrate/product inhibition of the transaminase.

Other methods which have been used to drive equilibrium involve the use of
co-enzymes to remove one or both products. Truppo et al., proposed a three enzyme
system to remove pyruvate 27 which serves the dual purpose of driving the equilibrium
to product formation and preventing inhibition of the transaminase.®® The transaminase
catalysed the reaction of acetophenone 25 to 1-phenylethylamine 8 employing D-alanine
26 as an amine donor (Scheme 16). Pyruvate 27 was then reduced by lactate
dehydrogenase (LDH) and glucose dehydrogenase (GDH) was used to recycle the
cofactor NADH, which is essential for LDH activity. The production of gluconic acid
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resulted in a drop in pH allowing for rapid screening using the indicator dye phenol red.

The colour change can be monitored spectrophotometrically at 560 nM.

O NH,

25 ) ©/s\
o )

LP

OH 0] NH
Aot T onsst 1o
N

O NAD+ NADH O %7 o 26

Glucose T> Gluconolactone

ii)
Reagents and conditions: i) Transaminase, ii) Lactate dehydrogenase and iii) Glucose dehydrogenase, 100
mM potassium phosphate buffer, 30 °C.

Scheme 16: Transaminase catalysed reaction of acetophenone 25 employing the LDH/GDH system
purposed by Truppo et al.

Another means of driving the equilibrium towards product formation is the use of
spontaneous cyclisation of one or both transaminase products. This method can also be
utilised to remove products which are inhibiting to the transaminase enzyme.
Truppo et al.,” ran 50 g/L scale reactions starting from ethyl 4-acetylbutyrate 28 with
an excess of IPA 29 utilising the commercially available Codexis enzymes ATA-
117/113. The reactions proceeded in > 99% conversion and > 99% e.e. after < 15 hours
the cyclised product (6-methyl-2-piperidone 31) was isolated in > 90% vyield (Scheme
17).

o) 0 NH, 0

- )\/\)J\
)wj\oa 7\ OEt

28
NH,

A P
30

29
OJ/fNj\

H
31

Reagents and conditions: i) Transaminase, ii) Spontaneous cyclisation, 100 mM potassium phosphate
buffer, 30 °C.

Scheme 17: Transaminase catalysed reaction of ethyl 4-acetylbutyrate 28 with spontaneous cyclisation of
the amine product to yield 6-methyl-2-piperidone 31 in high e.e developed by Truppo et al.
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A coupled reaction between an a-transaminase and a 6-transaminase for the synthesis of
A-pyrroline-(S)-carboxylic acid 33, by recycling 2-ketoglutaric acid with the
o-transaminase, was investigated by Tao et al.”* The &-transaminase catalyses the
deamination of L-ornithine forming L-glutamic acid semialdehyde 32, using
2-ketoglutartic acid as the keto acceptor. L-glutamic acid semialdehyde then
spontaneously cyclises, driving the equilibrium to product formation (Scheme 18). The
overall yield of the amino acids from both reactions increased by around 40% compared

to using both systems individually.

o] O Spontaneous
i) cyclisation
H,N OH > o” OH > <\ COOCH

Reagents: i) Ornithine-3-transaminase.

Scheme 18: Spontaneous cyclisation to produce A-pyrroline-(S)-carboxylic acid 33 from the coupled
transaminase reaction my Tao et al.

Hohne et al., investigated the transaminase catalysed asymmetric synthesis of four
different chiral amines utilising alanine as an amine donor.”> The use of a pyruvate
decarboxylase (PDO) was explored to help drive the equilibrium to product formation
by the breakdown of pyruvate to acetone and CO2. A PDO was employed because it
does not require for an external cofactor, unlike the LDH system which requires NAD™.
An excess of alanine (110 mM, 22 equivalents) helped drive the transaminase reaction
to above 80% conversion, which otherwise showed poor conversions of between

5.5-6% using an equimolar ratio without the PDO.

The highlighted examples show the potential of transaminases for the industrial
asymmetric synthesis of chiral amines in high yield and e.e. They overcome problems
with equilibrium by driving the reaction to completion by removing one of both of the
products. An excess of amine donor can also be utilised to push the reaction equilibrium
and spontaneous cyclisation can serve the dual purpose of driving the reaction, and also
creates a secondary product which is not inhibitory to the enzyme.
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1.3.4 Screening of transaminase enzymes

In order to detect new transaminase activity or to screen a library of mutants, a high
throughput assay (the ability to screen 10%-108 variants)'? is desirable. The most widely
used methods for the detection of transaminase activity involve conventional analytical
techniques such as HPLC or GC. These are time consuming and limit the number of
enzymes which can be screened, therefore, either a 96-well based assay or a solid phase

screen is required to allow screening of large libraries.

In 2004 Hwang et al., developed a 96-well microtiter plate (MTP) spectrophotometric
method using CuSO4/MeOH for the detection of w-transaminase activity.” Scheme 19
shows the concept of the assay, a keto acceptor (e.g. pyruvate, 27) and a amine donor
(e.g. 1-phenylethylamine, 77) is subjected to an ®-transaminase from Vibrio fluvialis to
produce the corresponding a-amino acid and ketone or aldehyde. In the presence of
CuSOs4 the a-amino acid forms a copper complex resulting in a blue colour which is
detectable at 595 nM. A wide range of amino donors were screened utilising this
method and the selectivity of the enzyme could be calculated by using a chiral amine
donor. However formation of phosphate-copper complexes means the assay solution has
to be centrifuged and cell cultures have to be dialysed before being screened due to
phosphates salts present in the cell culture, and endogenous amino acids can give
negative results. Another drawback of the methodology is that it is only an endpoint
assay; unfortunately the assay solution inhibits the enzyme and therefore cannot be used

to determine kinetic data.

Q NH, NH, o)
OH )\/ i) OH )k/
—_—
o} o)
27

77 l
ii)

Blue colour
595 nM

Reagents and conditions:i) Transaminase, 100 mM phosphate buffer, pH 7, ii) CuSO4/MeOH.

Scheme 19: Spectrophotometric assay developed by Hwang et al., for the detection of a-amino acid
formation by forming a copper complex.

Schétzle et al. built on this concept but instead of using a copper staining solution they

monitored the production of acetophenonespectrophotometrically at 245 nM.”* As long
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as low wavelength UV absorbing ketones/aldehydes or keto acids are used as a
co-substrate with 1-phenylethylamine then kinetic data can be recorded for the
transamination. However, this assay is limited to screening transaminases with
1-phenylethylamine and is limited to low concentrations as too high a concentration

overloads the detector and therefore kinetic parameters cannot be measured.

To overcome the limitation of only one amine donor being screened Schétzle et al.
developed a conductometric method for the detection of transaminase activity.”
Utilising pyruvate as the keto acceptor and any amine donor, a decrease in the
conductivity can be observed if transaminase activity is present as demonstrated in
Scheme 20. Low conducting buffers have to be used as only a slight change is observed
in the conductivity of the reaction, thus phosphate buffer had to be replaced with tricine
buffer.

Charged substrates Neutral products
NH,

o
+ O
O
o}

PN

R2 R3 RZ R3

Reagents and conditions: i) Transaminase, 20 mMTricine buffer, pH 4-8.

Scheme 20: Conductometric transaminase assay which can be used to carry out an amino donor profile.

Recently Sehl et al., have published a colourimetric assay for the detection of
o-transaminase activity with substrates with 2-hydroxy ketone 35 motifs (Figure 10).7
2,3,5-Triphenyltetrazolium chloride (TTC) was used to detect a wide range of different
aliphatic, aliphatic-aromatic and aromatic 2-hydroxy ketones 35 using either
1-phenylethylamine 8, benzylamine 34 or alanine 26 as the amine donors. Upon
conversion of the 2-hydroxy ketone to the corresponding amine, TTC is reduced to
1,3,5-triphenylformazan (TFP) which produces a colour change from an intense red

colour to colourless which can be detected spectrophotometrically at 510 nM.
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Figure 10: 2-Hydroxy ketone 35 and three different amine donors utilised for the TTC assay developed
by Sehl et al.

Although the above methods offer higher through-put than standard HPLC/GC
detection techniques, they do not generate the outcome that a solid phase assay would
provide, meaning the ability to screen large libraries of transaminases is often time

consuming.
1.3.5 Transaminases for chiral amine synthesis

Transaminases offer many advantages over other available enzymes for the industrial
production of chiral amines. Transaminases possess high turnover rates, have no
requirement for external cofactor recycling, have a broad substrate specificity and the
ability to catalyse asymmetric synthesis giving access to a wide range of chiral amines
in a theoretical quantitative yield.®® Because of these factors, transaminases have
attracted increased attention by research scientists to exploit new routes for the large

scale industrial production of chiral amines.

Transaminases are already well established for the industrial production of a-amino
acids. The synthesis of both D and L-amino acids employing microbial amino acid
transaminases as the biocatalyst has proven very successful with greater than 99.9%
e.e.”” Production of L-phenylalanine 36 (Figure 11) from phenylpyruvic acid utilising an
immobilised recombinant E.coli expressing transaminase (SW0209-52) wasinvestigated
by Leng et al.”® The average productivity was 1.85 g/L/h, with an average of 85%
conversion over 40 days, making this process relevant for industrial applications.
However, the addition of the expensive cofactor PLP was required for high
transaminase activity; this would have to be addressed prior to large scale commercial

processes.
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OH
NH,

36
Figure 11: Structure of L-phenylalanine 36.

A tyrosine aminotransferase (E.C 2.6.1.5) has been used for the large scale production
of L-thienylalanine from 2-hydroxy-3-thienylacrylic acids.L-Thienylalanine is an
important building block of the bradykinin antagonist HOE-140 which is used as an
anti-inflammatory and anti-allergenic agent.”” The use of L-aspartate 78 as an amine
donor served to drive the equilibrium as upon production of the equivalent keto acid

37by the transaminase, decarboxylation occurred as demonstrated in Scheme 21.

o) ‘ 0
HO )~ Ho
oH i) OH

O  NHy ¢ O O 3
l-co2

0
%OH

o)
27

Reagents: i) Transaminase (ATCC 11303), ii) L-thienylalanine
Scheme 21: Decarboxylation of keto acid 37 to pyruvate 27.

An o-transaminase from Vibrio fluvialis JS17 and an a-transaminase from the (avtA)
gene of E. coli K-12 were employed for the simultaneous synthesis of (S)-amino acids
and (R)-amines as shown in Scheme 22.8° The decarboxylation of oxaloacetate helps
drive the o-transaminase reaction to completion but also provides the keto acceptor
(pyruvate) for the w-transaminase reaction. This process produced L-amino acids and

(R)-1-phenylethylamine in high conversion and e.e.
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a—Keto acid L-Aspartic acid L-Alanine (R)-1-phenylethylamine
+
i) ii) Acetophenone
L-Amino acid Oxaloacetate ? Pyruvate (Rac)-1-phenylethylamine
o,

Reagents: i) a-Transaminase, ii) o-Transaminase

Scheme 22: Dual transamination reaction for the production of enantiomerically pure L-amino acids and
(R)-1-phenylethylamine.

As the use of transaminases for the production of a-amino acids has been successful on
an industrial scale, the use of transaminases for the synthesis of f-amino acids has also
been investigated. f-Peptides show a higher resistance to protease degradation when
compared to a-peptides making them valuable physiologically active compounds.!82

A novel B-transaminase from Mesorhizobium sp. Strain LUK®® was identified for the
asymmetric synthesis of 3-amino-3-phenylpropanoic acid 38 in high e.e. The
transformation utilised 3-aminobutyric acid as the amino donor to help drive the
equilibrium to product formation as the by-product that is formed (acetoacetic acid 40)
spontaneously decomposes into acetone and CO: (Scheme 23). A dual enzymatic
system was required because the substrate had to be synthesised in situ (because the

acid was prone to decarboxylation) using a lipase from the corresponding ester.

0O O NH, O NH, O

OH ii) OH

38 (R)-39 (S)-39

Reagents: i) B-Transaminase ii) 3-aminobutyric acid

40

Scheme 23: Asymmetric synthesis of 3-amino-3-phenylpropanoic acid 39 employing a -transaminase
from Mesorhizobium sp. as the biocatalyst and the by-product acetoacetic acid 40 before spontaneous
decomposition.

Truppo et al., demonstrated the use of IPA in high concentrations to push the
equilibrium of the transamination of acetophenone to (R) and (S)-1-phenyethylamine
using the commercially available transaminases ATA-117 and 113.%° The reactions

were carried out on a 25 mL scale in the presence of 20 mM acetophenone. The
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reactions went to 95% conversion in greater than 99% e.e. for both enantiomers. This
system shows great promise for the industrial production of chiral amines as IPA is

cheaper to use as an amine donor than alanine.

Even though transaminases present problems as industrial biocatalysts, the above
methods show some possible solutions for resolving these problems. Whether it is the
use of coenzymes or a large excess of the amine donor to drive the equilibrium, chiral
amines can be produced at industrially relevant concentrations using the above
methodologies. Codexis demonstrated that whilst wild-type transaminases may not be
active under desired process conditions, it is possible to engineer the enzyme to tolerate

the reaction environment.
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1.4 Aims of the project

The aim of this project is to develop transaminases for the synthesis of enantiomerically
pure chiral amines. Firstly a suitable screening methodology will be developed for the
detection of novel transaminase activity utilising chiral amines and a keto acceptor. The
screen must have the ability to detect the selectivity of the enzyme (i.e. whether the

enzyme is R or S selective).

Transaminases identified by this approach will be cloned and expressed in E. coli and
characterised for their ability to convert keto acids to optically active amines of
industrial importance. Desirable characteristics that will be looked for include high
enantioselectivity and also high catalytic activity against a range of different substrate

keto acids.

The identified enzymes of interest will be subjected to preparative biotransformations in
order to address the issues associated with scale-up, particularly substrate/product

concentrations and also enzyme stability under the reaction conditions.
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2. Results and discussion- Colourimetric assay

In order to detect the transamination of chiral aminesand sodium pyruvate, a high-
throughput screen was required. Current methods of screening transaminase activity
have been based upon monitoring pH changes using the indicator dye phenyl red,%°
formation of coloured copper—alanine complexes,” an elegant UV spectrophotometric
protocol™ and recently a 96-well colourimetric assay for the detection of
2-hydroxyamines.”® However, reaction time and sample preparation can often be time
consuming. Herein describes a simple colorimetric-based method and it has been
demonstrated that this method can be used to determine both the activity and

enantioselectivity of a wide range of transaminase substrates.

A three-enzyme colourimetric assay was developed for the detection of transaminase
activity; amines are treated with a transaminase and sodium pyruvate 27. Successful
substrates result in the conversion of sodium pyruvate 27 to L- or D-alanine 26 which
can be detected by the addition of an amino acid oxidase (L- or D-AAO respectively) to
the reaction mixture. Oxidation of alanine 26 to the imine 42 by AAO results in the
production of H2O> which can be detected colourimetrically by the addition of a
reporter dye (in this case pyrogallol red) and horse radish peroxidase. Provided that all
subsequent enzymes and reagents are added in excess; the transaminase step becomes
rate-limiting and hence its activity with respect to the amine substrate of interest can be
determined. Scheme 24 shows the assay which is adapted from previous reported

screens for the use with oxidase enzymes. 4684

NH»> (@] i NH» NH,
1)\ . T )J\ i )\ ¥ 1/L 2
R R CO,Na CO,H R" R

27 26

+
O,

ii
iii, iv 1 5
monitor at, =510 nm  <—— H20; R R

NH

)S(OH
(0]
42

Scheme 24: Overview of the colourimetirc assay.
Reagents and conditions: i) ATA-117, ii) D-AAOQ, iii) PGR, iv) HRP, 30 °C, pH 7.5, 510 nm.
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Results and discussion

2.1 Path length determination

In order to calculate the extinction coefficient of PGR, the path length of a sample in a
96-well MTP requires calculation. A flavin adenine dinucleotide (FAD) solution
(17 mM) in 100 mM phosphate buffer (pH 7.7) was used due to its known extinction
coefficient (11300 M-tcm™).

oD

< + <+ + <+ + + + + <+ <+
360 380 400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700 720 740
Wavelength (nm)

Cuvette o AL
Lambda at Maximum 450.00

Figure 12: Absorbance spectrum of a FAD solution over the range of 360-750 nm.

Figure 12 shows that the absorbance maximum of the FAD solution is 450 nm,
therefore, samples were run in both a 1 cm cuvette and a flat bottom 96-well MTP at
450 nm. Measurements were taken in a 1 cm cuvette using 100 mM potassium
phosphate buffer (pH 7.7) as a standard, followed by a series of volumes in a MTP
(Table 1). The path length was calculated by using Equation 1.

Equation 1: Path length (cm).

Path length = OD 96 well MTP =+ OD 1 cm cuvette
OD = Optical Density (AUML)
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Table 1: Calculated path length of four different volumes in a flat bottom 96-well MTP.

Volume Path length
(1L) (cm)
200 0.61
132.5 041
122.5 0.37
100 0.31

2.2 Determination of extinction coefficient of pyrogallol red

In order to determine the extinction coefficient and maximum wavelength (Amax) Of
PGR, the absorbance spectrum was measured between the wavelengths 300 nm and 700
nm. The maximum wavelength (Amax) Was determined to be 540 nm (Appendix 8.1.3).

The concentration of PGR was then varied to produce a standard curve (Figure 13).
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Figure 13: Linear range of the PGR standard curve at 540nm.

The linear range at 540 nm of a standard curve gives a gradient which is equal to the
extinction coefficient x the path length. According to the Beer-Lambert law
(Equation 2) for a 100 pL solution this gives an extinction coefficient for PGR of 35.1

mM-tcm™.

Equation 2: The Beer-Lambert law.
A=¢€ Xc XL

A = Absorbance (AUL), € = extinction coefficient (M*cm™?), C = concentration

(M) and L = path length (cm).
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2.3 Background activity of Pyrogallol red

Background activity of PGR in the colourimetric solution phase screen was determined
by carrying out a series of blank reactions. Experiments were carried out using the
optimised assay conditions utilising 1-phenylethylamine as the amine donor and
individual components removed were replaced by the addition of 100 mM phosphate
buffer (Table 2).

Table 2: Components of each individual reaction investigated.

Components

1-Phenylethylamine | D-AAO | ATA-117
Reaction v v v
Blank 1 v v
Blank 2 v v
Blank 3 v v

Figure 14 shows that there is minimal background activity which does not interfere with
the most active of substrates. The effect of background activity on the data from the
screen can be minimised by removing a blank from the substrate data. The highest
background activity was obtained when ATA-117 was removed. This result suggests
that upon the addition of the amine an increase in background activity can be observed.

All control experiments were therefore measured without the addition of ATA-117/113.

120

100

80

60

40

Relative inital rate (%0)

20

0 : i —— R
Reaction Blank 1 Blank 2 Blank 3

Figure 14: Determination of pyrogallol red background activity.
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2.4 Screening of amine substrates

A selection of amine donors were screened and the relative initial rates calculated to
determine if the liquid phase assay (Scheme 25) could be used to discriminate between
different amine donors. This was achieved by comparison of the different rates with

ATA-117 and therefore, their acceptance by the transaminase enzyme.

NH, O | 0 NH,

4+ ONa__ + OH
SRS S

8 270 25 o, O 26

iii)

Monitor at A= 540nm 4% H,0,
v

NH

)H(OH
0 42

Reagents and conditions: i) Forward reaction, ii) Reverse reaction, iii) D-AAO, iv) HRP, v) PGR, 30 °C,

540 nm, pH 7.5.
Scheme 25: Transamination reaction using ATA-117.

Previous studies have indicated that ATA-117 has good activity with
1-phenylethylamine 8, therefore relative initial rates of substrates screened

werecompared to 1-phenylethylamine 8.
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Figure 15: Different amine substrates screened and the relative initial rates compared to
1-phenylethylamine. Control experiments were carried out for each reaction utilising the same reaction
conditions but without the transaminase present.

Five different f-amino acids were also screened (3-amino-4-phenylbutanoic acid,
3-aminobutyric acid, 3-amino-2-methylpropanoic acid, 3-aminopentanedioic acid and
3-aminoproanoic acid), however no activity was observed with any of the compounds.
As seen in Figure 15 the assay was able to measure initial rates with
ATA-117 with various substrates.

2.5 Varying ATA-117 concentration

Optimisation of the colourimetric assay conditions was required, therefore, investigation
into the effect of varying ATA-117 concentration was carried out. A series of dilutions
of ATA-117 were prepared and using 1-phenylethylamineas a substrate, previous
conditions were kept constant (see Section 6). Experiments were carried out at 30 °C

and analysed spectrophotometrically.
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Figure 16: The effect of changing ATA-117 concentration, each experiment was carried out in triplicate
and analysed viathe colorimetric assay.

Figure 16 shows that as the concentration of ATA-117 increases above 0.05 g/L, the
transamination step is no longer rate limiting. Therefore, in order to obtain accurate
kinetic data the concentration of ATA-117 used in the assay must be within the linear

range (i.e. no higher than 0.05 g/L).

Further investigations into changing both ATA-117 and D-AAO concentrations were
carried out to confirm the above results. As the concentration of D-AAO was increased
from 4.5 U to 9 U, the initial rate also increased (Figure 17). This result suggests that
the transamination step was not rate limiting when using 4.5 U of D-AAO. However, as
the concentration of D-AAO was increased from 9 U to 18 U, the rate, which was still in
the linear range (i.e. up to 0.01 g/L of transaminase) did not increase. The
transamination step is therefore rate limiting under the concentrations of the oxidase

enzyme employed within the assay.
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Figure 17: Effect of changing both ATA-117 and D-AAO concentration.

Experiments were carried out to analyse the kinetics of the transaminase reaction using
9 U of D-AAO and 0.01 g/L of ATA-117 (i.e. to ensure that the transaminase step is the
rate limiting step whilst, D-AAO and HRP are in excess). Alternatively, when screening
for activity towards different substrates where the transaminase concentration is not
critical (if a substrate is accepted by a specific transaminase enzyme), the amount of
transaminase employed in the reaction was 0.09 g/L and the AAO concentration was

lowered to 3 U.

Using the optimised reaction conditions described above, the specific activity of
ATA-117 can be calculated assuming a ratio of 1:1 between PGR oxidation and the rate
of D-alanine formation. Specific activity measurements for different substrates can be
determined and the differences in observed activity are a result of the acceptance of the
substrate by the transaminase being the rate-limiting step in the reaction.
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2.6 Effect of adding external pyridoxal-5’-phosphate

H 0
20,4P OH
\O \
P
N CHs
21

Figure 18: The structure of the cofactor PLP.

Previous research has found that PLP 21 is covalently bound to an internal lysine group
of the transaminase active site; suggesting that no external cofactor would be needed for
the transaminase reaction to proceed. The effect of supplementing the assay with PLP
21 (Figure 18) was therefore investigated. Experiments were run using the optimised

assay conditions both with and without external PLP 21.
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Figure 19: Effect on addition of external pyridoxal-5’-phosphate.

From Figure 19 it can be seen that supplementing the assay with PLP 21 more than
doubles the initial rate of the detected reaction. As a result, reactions can be run without
the addition of external PLP 21 but in order to reduce the reaction time for screening

purposes PLP 21 was added at a concentration of 0.05 g/L.
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2.7 Comparison of forward and reverse transamination reaction

In order to determine whether the colorimetric screen can be used to predict the rates for
both the forward and reverse transamination reaction, the relative initial rates (compared
to 1-phenylethylamine 27) for both directions were compared. Scheme 26 shows the
forward and reverse transaminase reaction. The forward reaction uses a keto acceptor
(in this example acetophenone, 25) alongside an amine (in this case D-alanine, 26) to
yield 1-phenylethylamine 8 and pyruvate 27. The reverse reaction utilises

1-phenylethylamine 8 as the amine donor and sodium pyruvate 27 as the keto acceptor.

0 NH, _ NH, O
+ OH i) L+ ONa
~1)
0 0
25 D-26 (R)-8 27

Scheme 26: Transamination reaction using ATA-117 as the biocatalyst.i) Forward transamination
reaction, ii) reverse transamination reaction.

It has been reported® previously that the five compounds selected for this study
(1-phenylethylamine8,  1-(4-chlorophenyl)-ethylamine 47,  1-(4-bromophenyl)-
ethylamine 10, 1-pyridin-3-yl-ethylamine 49 andl-pyridin-4-yl-ethylamine 45) were
active with ATA-117. For this reason, these substrates alongside the equivalent ketones
(acetophenone25, 4-chloro-acetophenone 46 and 4-bromo-acetophenone 43,

3-acetylpyridine 44 and 4-acetylpyridine 48) were selected for investigation (Table 3).
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Table 3: List of the different keto acceptors and the corresponding amines.

Ketone

Amine

sailien
o) NH,
B N
N S 44 N| s
0 NH,
Cl Cl
0 NH,
| AN | AN
R J
N N

Inspection of the data in Figure 20 reveals that there is good correlation between the GC

data and the colorimetric assay for all five of the substrates. This demonstrates that the

assay can be employed to predict the initial rate for the forward transaminase reaction.

Experiments monitored consumption of PGR for the reverse transaminase reaction via

plate spectrophotometry and observation of conversion for the corresponding forward

reaction was monitored by GC.
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Figure 20: Comparison of the relative initial rates (compared to 1-phenylethylamine) for the forward
(GC) and reverse (plate reader) transaminase reaction.

2.8 Determination of enantioselectivity
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Figure 21: The selectivity of two different transaminase enzymes (ATA-113and ATA-117) with the two
enantiomers of 1-phenylethylamine.

Investigations into whether the assay could be used to distinguish enzymes that showed
the opposite enantioselectivity compared to ATA-117 (i.e. a preference for
(S)-enantiomers over (R)-enantiomers) were conducted using two different
commercially available transaminase enzymes with known selectivity (ATA-113 (S)-
selective and ATA-117 (R)-selective). To detect activity of the (S)-enantiomer, D-AAO
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was replaced in the colourimetric screen with L-AAOQO, since the transaminase reaction
with (S)-selective transaminase enzymes generates the L-amino acid. Control
experiments showed that both L-AAO and D-AAQO were selective for L-alanine and D-
alaninerespectively. Inspection of Figure 21 reveals that by changing the amine donor

enantiomer and the AAO, transaminases with opposite selectivity can be detected.

2.9 pH Stability

The pH stability of the colorimetric screen was monitored to establish if there was an
effect on initial rate by a change in the pH. Reactions were run in eppendorf tubes using
the colorimetric assay conditions (Section 6) scaled up 10 fold (a total volume 1.325
mL). pH readings were taken on a MultiMax reactor system at time zero and ten
minutes to allow for full consumption of the PGR (monitored by a plate
spectrophotometer).

Table 4: pH of both the sample and the blank at time 0 and 10 minutes.

Time
(Min) 0 10
E'I;rf’; 809 | 807
pPHOf 1 549 | 506
sample

It can be seen from Table 4 that the pH throughout the reaction is stable. The slight
change in pH between 0-10 minutes could be attributed to the error on the MultiMax pH
probe (1/100" of a pH unit). The amount of product produced is minimal, therefore

should not have a direct effect on the pH.
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2.10 Screening of whole cell transaminases

'l“"z O
B ONa )
8 270 O 26
111)
Monitor at A= 540nm <%H202
NH
)S(OH
o) 42
Reagents and conditions: i) Forward reaction, ii) Reverse reaction, iii) L-AAO, iv) HRP, v) PGR, 30 °C,

pH 7.5, 540 nm.

Scheme 27: Transamination reaction using Chrombacterium violaceum.

The solution phase screen (Scheme 27) was then tested to see if transaminase activity
could be detected from whole cell microorganisms. It has been previously reported,®
that Chrombacterium violaceum (LGC standards, accession number 9131, ATCC
12472) has (S)-transaminase activity and this microorganism was assayed using the
solution phase screen. When a colony of C. violaceum was re-suspended in the assay
mixture utilising 1-phenylethylamine 8 as the amine donor and left for 24 hours no
conversion could be detected. This result suggests that the levels of conversion were too
low to detect. Moreover, the organism was grown in LB media until an ODeoo of 5 was
reached. The cells were subsequently harvested and re-suspended in the assay mixture
containing 1-phenylethylamine 8 as the amine donor. As soon as the cells were
re-suspended a colour changed occurred from red to yellow, this was also observed in
the negative control (pET-16b in E.coli BL21 (DE3)). It was concluded that amino acids
in the cell were giving a false positive and therefore the screen cannot be utilised for

whole cell transaminase screening.
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2.11 Transaminase activity with purified enzyme

Ay o Ay
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pH 7.5, 540 nm.

Scheme 28: Transamination reaction using Cv TAL.

Due to the unsuccessful screening of whole cell transaminases, screening of the purified
enzyme was investigated (Scheme 28). Cloning and expression of the transaminase
gene from C. violaceum into pET-16b (Appendix 8.3, PJH1) was carried out as
previously reported.® Purification by affinity chromatography on a Ni column followed
by desalting and removal of any amino acids through a PD10 column (GE healthcare-
17-0851-01) afforded a pure transaminase (Cv TA1l). Cv TA1l was subjected to the
solution phase assay utilising 1-phenylethylamine 8 as the amine donor and sodium
pyruvate 27 as the keto-acceptor. Activity was observed when using racemic
1-phenylethylamine 8 and L-AAO, however, even the negative control (empty pET16Db)
showed slight background activity. Previous investigations showed that the dye PGR
which is currently used in the screen slowly decolourises over 24hr in the current
reaction conditions with 1-phenylethylamine 8. The background activity of PGR results
in the dye being unsuitable for lower activity systems. For this reason, investigations
into an alternative dye were carried out. TBHBA 51 coupled with 4-AAP 50 (Scheme
29) has been previously analysed as co-substrate indicators that can be used in HRP
based assay systems.2>8” TBHBA 51 and 4-AAP 50 do not produce a coloured product
until H20> oxidises 4-AAP50 in the presence of HRP. The oxidised formof4-AAP 50
subsequently reacts with TBHBA 51 to produce the dye quinoneimine 52 (Amax 510
nm). The screen was tested with TBHBA 51 and 4-AAP 50 employing organisms with

known transaminase activity (C. violaceum).
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Br
N/ HO,C
N/

)\/2-@20
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O
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52
Reagents: i) HRP and H20..
Scheme 29: HRP coupled assay producing the dye quinoneimine.

The use of TBHBA 4-AAP resulted in no background activity when the negative
control (blank pET-16b) was used. The dye was therefore changed to allow screening

for lower activity systems.

The assay was then applied for the screening of 32 different amine donors using sodium

pyruvate as the keto-acceptor. The results of the screen are depicted in Figure 22.
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Figure 22: Different amine substrates screened with purified Cv TA1 with L and D-AAO.

Inspection of Figure 22 reveals that the enzyme displayed (S)-selectivity towards the
majority of the compounds assayed and showed slight preference for para-substituted
aromatics over orthoor meta- substitution. -Alanine and f-amino butyric acid showed
little or no activity compared to the best amine donor, 4-bromo-1-phenylethylamine.
The enzyme also showed activity towards the primary amines butylamine and

amylamine.

2.12 Conclusion

The aim of this research was to develop a high-throughput assay for the detection of
transaminase activity in the deamination direction. The coupling of AAO, HRP and
transaminase (which was an adaptation of an oxidase screen previously reported) allows
for the screening of a wide range of chiral amines and the determination of the
enantioselectivity of the enzyme by replacing D-AAO with L-AAO ((R) and (S)
selectivity respectively). The use of the commercially available Codexis enzymes
(ATA-117 and ATA-113) allowed the development of the assay and it was applied to
screen a wide range of chiral amines with the (R)-transaminase (ATA-117) and D-AAO
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on one plate in under an hour. It has also been used to show the difference in
selectivities of the two enzymes (which has already been pre-determined) and prove that
there is no need to add external PLP. Unfortunately, the screen was unusable for
screening whole cell microorganisms for transaminase activity by the re-suspension of a
colony of C. violaceum as the activity is too low. Re-suspension of harvested cells was
also unsuccessful because the background activity was too high whilst using AAO with
the amino acids from the cell or media. Furthermore, the assay was used to screen
transaminases which were over expressed. A C. violaceum transaminase (Cv TA1) was
cloned and expressed and the purified (affinity chromatography and PD10 column) CFE
was used in the assay.

PGR was switched for TBHBA and 4-AAP to remove the background activity which
occurred with PGR. A full substrate spectrum was obtained for the transaminase and the
enantioselectivity was determined. The disadvantage of the solution phase screen is the
cost of the oxidase enzymes (in particular L-AAQO). The overall cost can be minimised
by reducing the loading of the transaminase and hence the loading of the oxidase
enzyme can be lowered (as long as the transaminase step remains rate limiting).
Producing stocks of L-AAO was not possible as only the D-AAO can be expressed in
E.coli due to L-AAO being toxic to the cell in which it is expressed. Although the cost
of the oxidase enzymes is high, the screen can be used to assay a wide range of chiral
amines in a short period of time, removing the need for long HPLC/GC runs and
laborious extractions. The screen is currently being developed onto a solid phase format
which will allow a high-throughput method for mutagenesis studies with a lower

screening cost for large libraries.

60



3. Results and discussion- Cloning identification and characterisation

of two transaminase enzymes

There has been an increase in demand for chiral amines as intermediates for the
pharmaceutical industry and new efficient synthetic methodologies are being
investigated.!® Enzymatic synthesis of chiral amines is performed on a multi-ton scale
per annum by employing Kinetic resolutions using hydrolytic enzymes which give the
resulting amine in high enantiomeric excess.®® Recently, the use of lipases (e.g. CAL-B)
for the DKR of racemic amines employing metal catalysts for the racemisation, such as
palladium or ruthenium, has achieved high e.e. (> 99%) and high yields (80-90%).
Unfortunately, acquiring conditions which are suitable for the chemo- and bio-catalyst
to work together has proven to be challenging.?* The recent emphasis on applying a
biocatalyst for the asymmetric synthesis of prochiral or meso substrates provides a more
attractive approach. Transaminases catalyse the reaction of a prochiral ketone with an
amine donor (e.g. alanine) to give access to a wide range of chiral amines and often
show high enantioselectivity and broad substrate specificity without the addition of
external cofactors. This class of enzymes are therefore suitable for industrial

applications.

Increasing demand for novel w-transaminases has been represented by the extensive
number of publications which include transaminases from Vibrio fluvialis JS17,%°
Alcaligenesdenitrificans  Y2k-2,%° Arthrobacter sp. KNK168,°* Mesorhizobium sp.
LUK®? and more recently, a transaminase from Pseudomonas fluorescens KNK08-18.%
The number of w-transaminases which show potential for industrial application are
limited, and most m-transaminases reported to date are (S)-selective, resulting in the
search for (R)-selective transaminases. To screen for potential transaminase activity in
wt organisms, a sensitive, accurate and high-throughput screen is required. Without
such a screen, identifying transaminase activity can be labour-intensive and also time-
consuming. Previously, there have been reports®®®® of solution phase screens which
have been utilised to select wt microorganisms with transaminase activity. In this study
the use and optimisation of a previously developed minimal media based selection

screen for the detection of transaminase activity from wt organisms is reported.?®
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Scheme 30: Principle of solution phase screen for the detection of TA activity utilising (S)-1-
phenylethylamine as the sole nitrogen source.

A minimal media screen reported by Shin and Kim?® (Scheme 30) for the detection of
transaminase activity in wtorganisms was investigated. The screen omits the standard
ammonia source (usually NH4Cl) from the growth media and replaces it with
(S)-1-phenylethylamine 8. The media is also supplemented with a carbon source
(glycerol). If transaminase activity is observed, conversion of (S)-1-phenylethylamine 8
to acetophenone 25 and production of L-alanine 26 can be detected and an increase in
ODesoo Will be observed. The assay was adapted to include sodium pyruvate 27 as a
carbon source and the screen can also be used to screen for (R)-selective transaminases

by simply replacing (S)-1-phenylethylamine 8 with (R)-1-phenylethylamine 8.

Herein the isolation, purification and characterisation of two different transaminases
from C. violaceum (CMCC 104818, Cv TA2) which has a 95% sequence identity to that
of the previously published C. violaceum (CMCC 105910, Cv TA1)®® and a new
O. anthropi transaminase (CMCC 104240, Oa TA1) is reported.

3.1 Initiation of screen

To ascertain whether the screen was reliable for detecting transaminase activity, a
recombinant transaminase, overproduced in E. coli BL21 (DE3) was screened first. C.
violaceum was purchased from LG standards (9131) and deposited into the Chirotech
Microbial Culture Collection (CMCC) and given the accession number CMCC 105910.
The genomic DNA was isolated and a PCR carried out using previously reported®
primers which introduced Xhol and Ndel restriction sites for sub-cloning into the
expression vector pET-16b. The PCR product was gel purified, initially cloned into a
Zero blunt TOPO cloning vector and then used to transform E. coli XL1 blue.

Restriction digests were performed and the gene was cloned into pET-16b using the
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Xhol and Ndel restriction enzyme sites present on the plasmid to create pJH1 (Appendix

8.3). The resulting plasmid was used to transform E. coli BL21 (DE3).

As the first step, initial proof of principle experiments were carried out using E. coli
BL21 (DE3) pET-16b (negative control) and E. coli BL21 (DE3) pJH1, employing
three different carbon sources (1. sodium pyruvate 27, 2. glycerol and 3. sodium
pyruvate and glycerol — demonstrated in Scheme 31). This was to identify conditions
that would allow the growth of a bacterium expressing a transaminase when using the
defined combination of nutrients. 250 mL culture flasks containing minimal media
were inoculated with 2.5 mL of starter culture and incubated at 37 °C and 250 rpm.

Samples were taken periodically to monitor growth and conversion.

(@) NH> NH, o)
) ~__OH
\[HJ\ONa + ©/'\ - W + ©)J\
O o7 8 fze 25

Growth ———» ODgo
Conversion

Reagents and conditions: i) Whole cell transaminase, 30 °C, 250 rpm, pH 8.

Scheme 31: Principle of solution phase screen for the detection of TA activity utilising (S)-1-
phenylethylamine as the sole nitrogen source and sodium pyruvate a carbon source.

As expected no growth or conversion of (S)-1-phenylethylamine to acetophenonewas
observed with E. coli BL21 (DE3) pET-16b when grown on any of the three carbon
sources. E. coli BL21 (DE3) pJH1 showed acetophenone production after 20 hours and
reached an ODeoo Of 1.4 after 185 hours when a combination of both glycerol and

sodium pyruvate were used as the carbon sources (Figure 23).
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Figure 23:E. coli BL21 (DE3) pJH1 utilizing a combination of both glycerol and pyruvate as the carbon
source. Conversion (%) was calculated by chiral GC analysis.

The above results demonstrate that the screen could be utilised for transaminases in
recombinant systems. The next step was to see if the assay could be applied for the
identification of transaminase activity in wtorganisms. A C. violaceum was purchased
from LG standards (NCIMB 9178, ATCC 12472) and was deposited into the CMCC
under CMCC 105910 and was used as a test organism as it is known to possess
transaminase activity.®® The CMCC already contained an additional C. violaceum
(CMCC 104818) which was screened for comparison of transaminase activity. Again
three different types of minimal media containing three different carbon sources were
inoculated with 2.5 mL of starter culture and ODgoo measurements and GC samples

taken to monitor conversion.
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Figure 24: C. violaceum (CMCC 105910) employing both glycerol and pyruvate as the carbon source.

64



Results and discussion

Figure 24 shows the conversion (%) of (S)-1-phenylethylamine to acetophenone whilst
taking ODeoo measurements over a period of 185 hours. The data shows good
correlation between increase in ODegoo and percentage conversion. Upon inspection of
Figure 25, C. violaceum CMCC 104818 shows slightly higher activity and better growth
compared to C. violaceum CMCC 105910 after 185 hours.
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Figure 25: C. violaceum (CMCC 104818) employing both glycerol and pyruvate as the carbon source.

The liquid phase minimal media screen was then used to assay a selection of unknown
microorganisms from the CMCC. Eight strains were selected from the CMCC on the
basis that they were previously screened for a-transaminase activity but not screened for
o-transaminase activity. Below in Table 5 is the list of the eight unknowns screened and

the results for the three different carbon sources that were used.

Table 5: List of CMCC screened for transaminase activity employing three different carbon sources.

Carbon Source

CMCC reference Sodium Pyruvate Glycerol Sodmn;lszgl;;/f\ te and
104236 (T.C18)
104247 (T,M30) v v v
104241 (T,M24) v v
104240 (T,S148) v v v
104332 (T,S112) v v v
104263 (T.C6)
104284 (T,S57)
104337 (T,S128)

v’ =growth

65



Results and discussion

Out of eight unknowns screened, four showed potential transaminase activity with
(S)-1-phenylethylamine. To achieve higher throughput, a solid phase screen was
developed.

3.2 Solid phase screen

Solid phase screening has a higher throughput than that of liquid phase screens due to
the decrease in manual handling, resulting in more microorganisms that can be screened
in a shorter period of time. Shin and Kim? reported a solid phase assay using the
minimal media mentioned above in Section 3.1 but with the addition of 1% agar. Plates
were supplemented with different carbon sources (sodium pyruvate and glycerol) and
incubated at 30 °C. Colonies were visualised only with microorganisms that express
transaminase activity for (S)-1-phenylethylamine and hence produce L-alanine for
growth.

A selection of unknowns were picked for screening from the CMCC which have been
previously screened for o-transaminase activity. Table 6 shows the results when
comparing the two different carbon sources glycerol and sodium pyruvate. A
combination of both glycerol and pyruvate was tested but the combinations of carbon
sources resulted in crystals forming in the agar.

Table 6: Screening results for several unknown microorganisms from the CMCC.

Carbon Source
CMCC reference Sodium Glycerol
Pyruvate
BL21 pET16b (Blank)
BL21 pJH1 (Positive control) v
104245 (T,M28) v v
104248 (T.M31)
104231 (T.C13)
104235 (T,C17) v 4
104241 (T.M24) v 4
1042338 (T.C20)
104345 (T,S144)
104234 (T,C16)

Three out of eight unknown microorganisms screened showed growth after five days at
30 °C, suggesting that they have potential transaminase activity with
(S)-1-phenylethylamine. The three unknowns which had activity (CMCC 104235,
104241, 104245) showed better growth when the media was supplemented with
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glycerol rather than sodium pyruvate (only a few colonies visualised) compared to the
control experiment E. coli BL21 (DE3) pJH1 which only showed growth with media
supplemented with sodium pyruvate. CMCC 104241 was screened on both liquid phase
and solid phase to confirm the reliability of both screens and a good correlation was

found between the two assays.

3.3 ldentification of unknown microorganisms

To determine whether the potential transaminase activity discovered in Section 3.2 was
novel, 16S rRNA sequencing was carried out. This was used to identify what
classification of species the microorganisms were. 16S rRNA sequencing uses generic
primers to amplify the 16S gene, encoding the ribosomal RNA (in prokaryotes) to
provide a PCR product which can be sequenced by conventional methods. The
sequencing results can be entered into a database (for example EXPASy BLAST) to
determine the species of the microorganism. Table 7 shows the results of the 16S rRNA

sequencing and BLAST searches.

Table 7: 16S rRNA sequencing results and the top match from ExPASy BLAST searches.

Chirotech Microbial Culture

Collection accession number Organism
104241 (T2M24) Unable to identify
104240 (T2S5148) Ochrobactrum antropi
104235 (T2C17) Elizabethkingia sp.

104247 (M30) Elizabethkingia sp.
104332 (S112) Ochrobactrum antropi
104245 (T,M28) Unable to identify
104236 (T2C18) Unable to identify

3.4 Protein identification

To identify any potential transaminase enzymes from the wt organisms Elizabethkingia

sp. (CMCC 104247) and Ochrobactrum anthropi (CMCC 104240), protein

identification was carried out. The organisms were grown in LB broth with

1-phenylethylamine and isopropylamine overnight at 37 °C. The cells were harvested

and semi-purified using a butyl His-trap column.Samples were then analysed via

SDS-PAGE (Figure 26) and separated proteins sent for protein identification. Samples
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were sent to the Facility of Life Sciences for Biomolecular Analysis and identification
experiments were performed by Emma-Jayne Kevil. A trypsin digest was performed
followed by tandem MS/MS analysis (MALDI-TOF/TOF) and the data was processed

using Proteome Softwear.

kDa
170

130
100

Figure 26: SDS-PAGE analysis of Ochrobactrum anthropi transaminase production and purification
when grown on selection media. Lane 1: Flow through, Lane 2: Wash, Lane 3: Elution 1 mL, Lane 4:
Elution 2 mL, Lane 5: Elution 3 mL, Lane 6: Elution 4 mL, Lane 7: Elution 5 mL. The red boxes indicate
the samples sent for protein identification.

Analysis of the Elizabethkingia sp. showed that there was no potential transaminase
protein, however, the O. anthropi revealed potential transaminase protein at 55 kDa.
The protein sequence fragments (not a full sequence due to the trypsin digest) received
from the identification were entered into EXPASy BLAST and a full protein sequence
was obtained from O. anthropi (ATCC 49188, Figure 27). One of the sequence
fragments was at the N-terminal end of the protein sequence, and from this the DNA
sequence from the protein in the database was obtained and primers were designed for
the 5’ end to see if the transaminase gene could be isolated from the genomic DNA of
O. anthropi (CMCC 104240).

MQFIDLGAQR
ALOMPLMARG
ATRKEGRLQP
HVGATSFYPA
QAAVLLEKLA
KAHLQAEGIP

ARIEDRLNAA
IGPGDAVFEVP
KAIIPVDLEG
KPLGCYGDGG
ILEDEMEARD
SVIYYVKPLH

ISKVVAEGRY
SFTFAATAEV
LAADYNRISA
AMFTNDAELA
RIAKRYNEAL
QQTAYKHYPV

ILGPEVAEFE
VALVGAEPVFE
IADREGLFVI
DTLRSVLFHG
KDVVKVPALP
APGGLPISES

KKLGEYLGVE
IDVDADTYNL
EDAAQSIGGK
KGETQYDNVR
AGNRSAWAQY
LPNRILSLPM

HVIACANGTD
NIEQLEAATIA
RDNVMCGAFG
IGINSRLDTI
SIESENRDGL
HPYLSEADHD

KIIGAIRGFH GKKA

O. anthropi (strain ATCC 49188 / DSM 6882 / NCTC 12168)

Figure 27: Protein sequence of O. antropi transaminase in the EXPASy database. The red fragments were
those obtained from protein identification of the SDS-PAGE bands from O. anthropi (CMCC104240).
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3.5Cloning and expression of Ochrobactrum anthropi

Primers were designed based on the N-terminal sequence of an O. anthropi (ATCC
49188) transaminase which is published on ExPASy. Primer walking was carried out to
obtain the full DNA sequence of the potential transaminase gene from O. anthropi
CMCC 104240. This was translated and the protein sequence was aligned to the
published protein sequence to which it showed 95% sequence identity. Primers were
designed to amplify the target sequence, also introducing BamHI and Xhol restriction
enzyme recognition sites. These restriction sites were chosen as the gene sequence does
not contain either BamHI or Xhol restriction enzyme sites which are found in the
multiple cloning site of the expression vector pET-16b. The gene was amplified by PCR
and initially cloned into Zero blunt TOPO cloning vector (Invitrogen- K2830-20) and
the resulting construct used to transform E. coli XL1 blue. To see if the cloning was
successful, the transformants were screened by conducting a PCR using the primers

described above.

Figure 28: PCR product from TOPO cloning. Potential O. anthropi transaminase can be seen at 1 kb.

Figure 28 shows the cloning was successful as PCR fragments could be visualised at
1 kb, hence, a double digest was performed on the DNA obtained from the
transformants. Restriction endonucleases, BamHI and Xhol were used to clone the gene
into pET-16b to create pJH3 and the construct was subsequently used to transform E.
coli BL21 (DE3) (Appendix 8.3). Clones were confirmed by sequencing using T7
forward/reverse primers and expression studies were carried out in LB ampicillin at;
25 °C, 30 °C and 37 °C with induction at ODeoo 0.6 using 1 mM IPTG. Samples were
taken at different time points to monitor the expression and analysed by SDS-PAGE
(Figure 29). E. coli BL21 (DE3) pJH3 was grown and the transaminase was purified by
affinity chromatography followed by PD-10 buffer exchange to give pure a

transaminase (Oa TAL).
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Figure 29: SDS-PAGE of expressed pJH3, protein appears at 54 kDa. The gel on the left hand side is at
30 °C and different time points (hours), the gel in the middle is 37 °C and the gel on the right is 25 °C.

A higher level of protein expression was observed when grown at 30 °C, 19 hours. The
protein was not visible in the insoluble fractions and the smaller band at 50 kDa was not
present after purification with a Ni column. A western blot of the expressed protein at
30 °C revealed the His-Tag was present on the band at 54 kDa (Figure 30).

kDa 1 2 3 4

70
55

40
35

Figure 30: Western of potential transaminase from Oa TAL, protein appears at 54 kDa.

After purification the protein was filtered through a PD-10 column to exchange
imidazole with HEPES buffer and also to remove small amino acids present in the
solution. The enzyme was then screened to investigate the activity and substrate scope

using the solution phase assay developed in Section 2.
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Figure 31: Different amine substrates screened with Oa TAlwith L and D-AAO using the TBHBA 4-
AAP solution phase assay. 1U = is defined as 1nmol/min.

Investigation of the data in Figure 31 revealed Oa TAL does not show selectivity for
alanine production but does have slight activity with (R)-amines. The enzyme displayed
activity with napthylethylamines, 3-(chloro) and 3-(bromophenyl)ethylamine and
primary amines butylamine and amylamine. No activity was seen with the f-amino

acids and isopropylamine.

Transaminases are known to use different keto acceptors such as acetone and keto acids
similar to sodium pyruvate. The screen was adapted for the use of a-keto-glutarate 53
instead of sodium pyruvate to give L/D-glutamic acid 54. L/D-AAQO was replaced with
glutamate oxidase, which in the presence of molecular oxygen yields hydrogen peroxide
and an imine 55 (Scheme 32). Commercially available L-glutamate oxidase (Sigma
G5921, D-glutamate oxidase is not commercially available) was used to test this screen.
However, one major drawback was that only the production of L-glutamic acid 54 could

be monitored.
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Reagents and conditions: i) Transaminase; ii) D- or L-glutamate oxidase; iii) horse radish peroxidase
(HRP); iv) Reporter dye (TBHBA, 4-AAP), 30 °C, pH 7.5, 510 nm.

Scheme 32: Adapted solution phase assay for the detection of L-glutamic acid production by the
transaminase.

When the panel of amines were screened with Oa TA1, no activity was observed with
any of the amine donors, suggesting a-keto glutarate is not suitable as a keto-acceptor.
Further continuation of this work would be to screen other potential transaminase
enzymes for activity with a-keto glutarate and gain access to a D-glutamate oxidase to

allow both (R) and (S)-selective enzymes can be assayed for activity.

3.6 Cloning and expression of C. violaceum (CMCC 104818).

To distinguish between the two potentially different transaminase genes from two
different strains of C. violaceum deposited in the CMCC, a PCR using previously
designed primers® for the creation of pJH1 was used to amplify the transaminase gene
found in C. violaceum CMCC 104818. Below in Figure 32 it can be seen that the PCR

was successful and a PCR product can be clearly seen at 1.4 Kb.

Figure 32: DNA agarose gel showing amplified PCR product. Lane 1: C. violaceum CMCC104818 with
DMSO Lane 2: positive control (C. violaceum) CMCC105910 with DMSO Lane 3: positive control
(C. violaceum) CMCC105910 Lane 4: C. violaceum CMCC104818.
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The gene was then cloned into Zero blunt TOPO vector (Invitrogen- K2830-20) to
create TOPO JH2 (Appendix 8.3) and used to transform E. coli XL1 blue. To confirm
the cloning was successful, EcoRlI restriction sites were chosen to perform a digest. This
restriction enzyme site was chosen as it is located on either side of the cloned gene. No
sequence data was available at this point so it was not known if the gene itself contained
any EcoRI restriction sites. If the cloning was successful products at 3 kb and 1.5 kb

would be expected.

Figure 33: EcoRlI Digest, Lane 1: TOPOJH2 4:1 with DMSO* Lane 2: TOPOJH2 4:1 Lane 3: TOPOJH2
1:1 with DMSO* Lane 4: TOPOJH2 1:1.

Inspection of Figure 33 should show a product at 3 kb and 1.5 kb but it reveals that
there was an unexpected EcoRI restriction site within the gene, resulting in three
fragments at 3, 0.9 and 0.6 kb. The gene was then sent for sequencing and subsequently
cloned into pET-16b and the resulting construct (pJH2) used to transform E. coli BL21
(DE3). The sequence of the transaminase protein produced in E. coli BL21 (DE3) pJH2
(referred to herein as Cv TA2) was aligned to the known published sequence of
Cv TAL
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1 50
CVv 104818 (1) MOKQRTTSQWRELDAAHHLHPFTDTASLNQAGARVMTRGEGEYLWDSBGN
Cv 2025 (1) MOKQRTTSQWRELDAAHHLHPFTDTASLNQAGARVMTRGEGMYLWDSEGN
51 100
CV 104818 (51) KIIDGMAGLWCVNVGYGRKDFAEVARRQMEELPFYNTFFKTTHPAVVELS
Cv 2025 (51) KIIDGMAGLWCVNVGYGRKDFAEAARRQMEELPFYNTFFKTTHPAVVELS
101 150
CV 104818 (101) RLLAEVTPAGFDHVFYTNSGSESVDTMIRMVRRYWDVQGKPEKKTLIGRW
Cv 2025 (101) SLLAEVTPAGFDRVFYTNSGSESVDTMIRMVRRYWDVQGKPEKKTLIGRW
151 200
CV 104818 (151) NGYHGSTIGGASLGGMKYMHEQGDLPIPGMAHIEQPWWYKHGKDMTPDEF
Cv 2025 (151) NGYHGSTIGGASLGGMKYMHEQGDLPIPGMAHIEQPWWYKHGKDMTPDEF
201 250
CV 104818 (201) GVVAARWLBEKIQEIGADKVAAFVAEPIQGAGGVIEPPATYWPEIERICR
Cv 2025 (201) GVVAARWLEEKILEIGADKVAAFVE@EPIQGAGGVIMPPATYWPEIERICR
251 300
Cv 104818 (251) KHDVLEVADEVICGFGRTGEWFGHQHFGFQPDLFTAAKGLSSGYLPIGAV
Cv 2025 (251) KMDVLEVADEVICGFGRTGEWFGHQHFGFQPDLFTAAKGLSSGYLPIGAV
301 350
Cv 104818 (301) FVGKRVAEGLIAGGDFNHGFTYSGHPVCAAVAHANVVALRDEGIVQRVKD
Cv 2025 (301) FVGKRVAEGLIAGGDEFNHGFTYSGHPVCAAVAHANVAALRDEGIVQRVKD
351 400
CV 104818 (351) DIGPYMQKRWRETFSQFEHVDDVRGVGEEQAFTLVKNKAKRELFPDFGEM
Cv 2025 (351) DIGPYMQKRWRETFSRFEHVDDVRGVGMMQOAFTLVKNKAKRELFPDFGER
401 450
CV 104818 (401) GTLCRDIFFRNNLIMRACGDHIVC§PPLVMTRAEVDEMLEGVAARCLAEFE
Cv 2025 (401) GTLCRDIFFRNNLIMRACGDHIVSAPPLVMTRAEVDEMLAVAERCLEEFE
451
CV 104818 (451) QALKARGLA
Cv 2025 (451) QTLKARGLA

Figure 34: Alignment of Cv TA1 (CV2025) with Cv TA2 (CV 104818). The yellow indicates conserved
regions, green represents conservative amino acids with respect to physical properties and white indicates
mutations for amino acids with different physical properties.

Figure 34 shows the aligned sequences of the two C. violaceum transaminases have
95% sequence identity. Overall there are 22 mutations in the transaminase gene from
Cv TA2 compared to Cv TA1; 10 code for amino acids with similar chemical properties
and 12 code for amino acids which are different in physical properties from the parental
amino acid. To see if the mutations cause any difference in the activity between the two
enzymes, E. coli BL21 (DE3) pJH2 was grown in LB containing ampicillin for selection
at 37 °C, 250 rpm and induced at an ODesoo of 0.6 with 1 mM IPTG for the
overproduction of Cv TA2. Different time points were taken to monitor the expression
by SDS-PAGE. As shown in Figure 35 the protein (Cv TA2) was produced at a high

level 2 hours post-induction.
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Figure 35: SDS-PAGE of produced Cv TA2, protein appears at 55 kDa. The gel on the left hand side is
pre-purification at different time points (hours), the gel on the right is post His-tag purification (1*)
followed by PD-10 buffer exchange (2%*).

The enzyme was then assayed to determine the activity and substrate scope using the
solution phase assay developed in Section 2. The purified protein was filtered through a
PD-10 column to remove imidazole, exchange the elution buffer from the purification
with HEPES buffer and also to remove small amino acids present in the solution. The
data was also compared to the liquid phase assay carried out on Cv TAL in Section 2.
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Figure 36: Different amine substrates screened with Cv TA2 with L and D-AAO using the TBHBA 4-
AAP solution phase assay. 1U is defined as 1 nmol/min.
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The data revealed (Figure 36) that Cv TA2 displayed (S)-selectivity towards all
compounds assayed and showed a preference for substituted aromatics over non-
substituted. B-Alanine and B-amino butyric acid afforded 5% relative initial activity
compared to the best amine donor, 4-bromo-1-phenylethylamine. The enzyme also

demonstrated activity towards the primary amines butylamine and amylamine.

When comparing the data of the two C. violaceum transaminases the specific activity
varied slightly. Cv TA2 showed higher activity with 4-bromo-1-phenylethylamine but
lower activity with (S)-1-phenylethylamine when compared to Cv TAL. Interestingly,
Cv TA1 was less selective for alanine and also showed activity with some of the

(R)-enantiomers of the amines screened when utilising L-AAO.

3.7 Homology modelling of the Chromobacterium violaceum transaminases

To gain a better understanding where the difference in activity of the two C. violaceum
transaminases originated, homology modelling based on Cv TA1 was investigated. Prof.
Jenny Littlechild from the University of Exeter provided PDB files for three different
crystal structures of Cv TAL1.% The structures are the enzyme in three different forms;
holoenzyme (PLP bound enzyme), apoenzyme (no PLP bound enzyme) and inhibitor
bound enzyme (gabaculine). Previous crystal structures® revealed that the PLP binding
site is located at the interface of two subunits. Most of the residues which are involved
in cofactor binding come from the subunit which is covalently bound to PLP and this is
the case for all w-transaminases. Interestingly, the main difference between the
holoenzyme and apoenzyme is that the apoenzyme has a more open active site than the
holoenzyme which can be attributed to a flexible N-terminal loop. Upon PLP binding,
the loop completes the enzyme active site by binding to the phosphate group of PLP in
the holoenzyme. This loop could play a major part in substrate specificity as it projects

a phenylalanine (Phe22) directly into the active site region.

Models of Cv TA2 were constructed by Dr. Simon Willies with Accelrys Discovery

Studio 3.1, using the X-ray crystal structure of CV TA1 (PDB code 4AH3) which was

crystallised in the holo state. This was a more relevant form of the enzyme due to this

being the active state of the enzyme with PLP bound in the active site. Homology

modelling could not identify any significant differences between the two models, due to

the very high similarity in the two sequences. Therefore, MD simulations were carried
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out using a standard dynamics cascade with the CHARMmM forcefield implemented in
Accelrys Discovery Studio 3.1. There were three mutations which altered the structure
marginally, Gly225Ala, Cys424Ser and Ser425Ala. All the mutations were
approximately 9A (2nd/3rd sphere residues) from the PLP so they are not directly
involved in substrate binding but they are close enough that they could have an effect on

the shape or size of the cavity.

Gly225

Figure 37: Comparison of holoenzyme and Cv TA2structures. Region 229-233, Gly225Ala and Ala231
highlighted. Green: Holoenzyme and blue: Cv TA2.

The mutation Gly225Ala in Cv TA2 alters the confirmation of the loop leading up to
Ala231. Ala231 forms part of the active site pocket but does not directly bind to PLP in
the holoenzyme structure. Figure 37 shows a slight shift in the loop leading up to
Ala231 in the Cv TA2 model. Ala231 has shifted by 1.7A which could account for the

increased activity with para-substitued compounds in Cv TA2.

Figure 38: Comparison of holoenzyme and Cv TA2structures. Active site cavity shown with PLP bound.
Green: Holoenzyme and blue: Cv TA2.
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All the other mutations demonstrated no major differences in the structure between the
two proteins. Inspection of Figure 38 shows a slight shift in the loops that form the
active site but nothing significant enough to account for the differences in selectivity for
alanine or (R)-enantiomers of the amine donors between the two enzymes. The
calculated RMSD for the structure is 0.794 A which suggests that overall there is no

significant difference in the two structures.

3.8 Conclusion

The aim of this work was to identify novel transaminase enzymes for the synthesis of
enantiomerically pure chiral amines. The work was initiated by screening eight
microorganisms from the CMCC, previously shown to have a-transaminase activity, for
o-transaminase activity using a solution phase and solid phase assay which was
developed by Shin et al.,”® for w-transaminase activity. Screening with the solution
phase assay containing 1-phenylethylamine, sodium pyruvate and glycerol was
investigated and organisms whichshowed conversion of 1-phenylethylamine to
acetophenone (analysed via GC) and an increase in ODegoo Were subjected to 16S rRNA
sequencing for classification of species.

Elizabethkingia sp. and O. anthropi were identified as the soil microorganisms
possessing potential transaminase activity. Samples were then sent for protein
identification to ascertain the enzyme which displayed the potential transaminase
activity. Elizabethkingia sp. did not produce a transaminase which was detectable by
protein identification, however, a transaminase was found at 55 kDa via SDS-PAGE in
O. anthropi. Primers were designed based on the published sequence in ExPASy
BLAST and a gene was isolated from the genomic DNA. The protein sequence was
aligned to the published O. anthropi and the identity was 95% on a protein level. The
expression of the O. anthropi transaminase was investigated in pET-16b and E. coli
BL21 (DE3) at three different temperatures with 1 mM IPTG. The gene was
successfully cloned into BamHI and Xhol restriction enzyme sites of pET-16b and
soluble protein could be obtained after 19 hours incubation at 30 °C. The activity and
substrate scope was investigated using the solution phase assay developed in Section 2
but the enzyme only showed good activity with napthylethylamine type compounds.
When sodium pyruvate was exchanged for a-keto-glutarate, to try and achieve better
activity, no turnover by the enzyme was observed.
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C. violaceum CMCC104818 was found in the CMCC and was subjected to the minimal
media based assay. Conversion of (S)-1-phenylethylamine to acetophenone was
observed alongside an increase in ODgoo. DNA primers were designed based on a
publishedtransaminase (Cv TA1) and a PCR product was obtained which had a 95%
sequence identity to the Ward et al.,® transaminase (Cv TA1). The gene was cloned
into pET-16b using the restriction sites Xhol and Ndel and expressed in E. coli BL21
(DEJ) at 30 °C for 5 hours. After His-trap purification Cv TA2 was subjected to the
solution phase assay described in Section 2, the results were compared to substrate
scope obtained for Cv TAl. Cv TA2 showed higher activity with 4-bromo-1-
phenylethylamine but lower activity with (S)-1-phenylethylamine when compared to Cv
TAL. Interestingly, Cv TAL was less selective for alanine but also showed activity with

some of the (R)-enantiomers of the amines screened when utilising L-AAOQ.

Dynamic simulations did not reveal any significant differences between the holoenzyme
form of Cv TAL and the model of Cv TA2. The only differences observed were three
mutations; Gly225Ala, Cys424Ser and Ser425Ala (the mutations closest to the active
site) which marginally altered the structure of the enzyme. All the mutations were
approximately 9A from PLP so they are not directly involved in binding of substrate but
they are close enough that they could have an effect on the shape or size of the cavity. A
shift in the active site Ala231 was caused by a mutation Gly225Ala and a slight change
in where the loop (229-233) sits. Ala231 had shifted by 1.7A which could explain the

slight differences in activity between the two compounds.

Further work would be to investigate the differences in activity by carrying out a series
of mutations with Cv TA2. Firstly, the three mutations Gly225Ala, Cys424Ser and
Ser425Ala should be mutated both singly and combinatorially back to the original
sequence of E. coli Cv TAl and a comparison of activity investigated. Another
interesting mutation to perform would be to switch Ala231 for glycine and see if this

alters the active site cleft and substrate preference and/or activity
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4. Results and discussion- Biotransformations using transaminases

Regulations that require strict testing of both enantiomers of racemic compounds*
before release for sale is resulting in an increase of the approval of single enantiomer
drugs worldwide.®” Biocatalysts have the potential to offer a cost effective,
environmentally benign route to chiral molecules owing to their inherent
enantioselectivity. For this reason Dr Reddy’s (Chirotech Technology Centre) are
investigating new biocatalytic methods for the synthesis of enantiomerically pure chiral
amines and transaminase enzymes provide an attractive approach by employing

asymmetric catalysis from a prochiral ketone.

Within this project is described the synthesis of a number of different chiral primary and
secondary amines using two different transaminase enzymes (a commercially available
(R)-selective transaminase from Codexis and the overproduced recombinant
(S)-selective transaminase from C. violaceum) to catalyse a reductive amination
reaction. Scheme 33 describes two different methods which were used to help drive the
equilibrium; (i) LDH/GDH®® system in which the LDH serves to drive the equilibrium
by the removal of pyruvate (known to inhibit transaminase) and the GDH recycles the
NADH cofactor for the LDH and (ii) spontaneous cyclisation of the initial amine

produced to remove it from the system and therefore drive the reaction.

PMP

NH, Yi
/K{( i) )S(ONL_ /\[(OH
NAD+ NADH ©O o U

Glucose - Gluconolactone — Gluconic acid

iii)
Reagents and conditions: i) Transaminase ii) LDH, iii) GDH, 30 °C, 100 mM potassium phosphate or
HEPES pH 7.5, 209% DMSO.

Scheme 33: GDH recycle system (blue) and spontaneous cyclisation (red) for the production of
enantiomerically pure chiral amines.
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4.14-Bromoacetophenone
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Figure 39: Y-39983, a Rho-associated protein kinase inhibitor for the treatment of ophthalmic treatment
of glaucoma.

Y-39983 compound 55 (Figure 39) is a Rho-associated coil-forming protein kinase
inhibitor (ROCK inhibitor) for the potential ophthalmic treatment of glaucoma.®® One of
the steps in the synthesis of Y-39983 is the carbonylation of (S)-4-bromo-1-
phenylethylamine.®*1% It was envisaged that (S)-4-bromo-1-phenylethylamine could be
synthesised from the corresponding ketone, 4-bromo-acetophenone, by utilising
Cv TAZ2. In Section 2 the enzyme was assayed against a panel of 35 different amine
donors for activity in the reverse deamination direction. Cv TA2 displayed the highest
activity with (S)-4-bromo-1-phenylethylamine when using sodium pyruvate as a keto
acceptor. If alanine 26 is used as the amino donor then it should be possible to
aminate4-bromo-acetophenone 43 to synthesise (S)-4-bromo-1-phenylethylamine 10
and pyruvate 27 (Scheme 34). A solvent screen showed that DMSO was the best co-
solvent whencompared to MeOH, acetone and acetonitrile, therefore this was the co-

solvent selected for all future biotransformations.

. OH
+
A GhEE J@A s o
Br O Br o

43 26 10 27
Reagents and conditions: i) Forward transaminase reaction: transaminase, LDH, GDH, glucose, 30 °C,
100 mM potassium phosphate pH 7.5, 20% DMSO ii) Reverse transaminase reaction.

Scheme 34: Biotransformation employing (S)-TA Cv TA2 for the production of (S)-4-bromo-1-
phenylethylamine.

Different enzyme preparations of Cv TA2 were investigated to try and achieve the
optimum biotransformation conditions for the conversion of 4-bromo-acetophenone to

(S)-4-bromo-1-phenylethylamine. Reactions were performed on a 1 mL scale (5 mM) at
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30 °C using whole cell, lysed whole cell, cell free extract and purified protein
preparations and monitored for up to 24 hours via chiral GC analysis. The data in Figure
40 revealed the best activity was seen when utilising purified Cv TA2.
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Figure 40: Biotransformation of 5 mM 4-bromo-acetophenone using Cv TA2 utilising L-alanine as a
amine donor. Reactions were prepared from 1g of wet cell (the same batch) to control the amount of
protein in the reactions. WC = Whole cell, LWC = lysed whole cell, CFE = Cell free extract and PP =
purified protein.

Initial scale up of the biotransformation was investigated using the Mettler-Toledo
Multi-Max reactor system (5 mM 4-bromo-acetophenone, 20 mL total volume).
Conversion was monitored by chiral GC and the automated addition of 2 M NaOH to
maintain the pH at 7.5 (a drop in pH should be observed upon conversion from
4-bromo-acetophenone to (S)-4-bromo-1-phenylethylamine due to the production of
gluconic acid by the GDH in the recycling system) using purified protein enzyme
preparations. No conversion was observed after 24 hours even when the reaction was
repeated and the rpm of the paddle stirring reduced. To investigate whether the paddle
stirring was denaturing the enzyme a different method of agitation was tried. Reactions
were carried out on a 20 mL scale at 5 mM 4-bromo-acetophenone in a sealed conical
flask and shaken at 250 rpm in a 30 °C incubator. Two different buffers (potassium
phosphate and HEPES) were also employed based on the results obtained from a pH
profile for Cv TA2 (Appendix 6) and previous investigations by Ward and co-workers
showing that using HEPES instead of potassium phosphate increased the activity of Cv
TA1.86
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Table 8: Results from two different buffered systems carried out with a different agitation method.

72 hours Potassium phosphate HEPES
Conversion 89% 97%
e.e. >99% (S) > 99% (S)

The data in Table 8 shows that HEPES gave the best conversion from 4-bromo-
acetophenone to 4-bromo-1-phenylethylamine and it was concluded that paddle stirring
is not suitable for this reaction as the biotransformation went to completion after 24
hours with orbital shaking. The maximum substrate loading for the reaction was
investigated next by carrying out the reaction at different concentrations. At 15 mM it
was noted that the conversion was greatly decreased (Table 9). This reduction in
conversion could be due to the low solubility of the starting material even in the
presence of 20% DMSO and also a build-up of the product amine could lead to

inhibition of the transaminase.

Table 9: Different substrate loadings of 4-bromo-acetophenone using purified protein enzyme
preparations.

48 hours 5mM 10 mM 15 mM 20 mM
Conversion 94% 96% 40% 20%
e.e. > 99% > 99% > 99% >99 %

To overcome the problem of substrate solubility, a product accumulation experiment
was carried out by the drop wise addition of a solution of 4-bromo-acetophenone
(113.92 mg, 18 mM) in DMSO (20% reaction volume) over a period of 72 hours. The
reaction proceeded to 90% conversion (based on GC analysis) and the product was
isolated (yield 92%) and analysed by NMR. However, when the reaction was repeated
and a higher concentration of 4-bromo-acetophenone was added to the solution (total 30
mM), the rate of reaction greatly decreased beyond 25 mM substrate concentration.
Investigation into the reason for decreased activity was carried out using the solution
phase assay in the deamination direction as discussed in Section 2. Varying
concentrations of 4-bromo-(S)-1-phenylethylamine were assayed to assess the effect of

change in concentration upon specific activity.
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Figure 41: Concentration curve employing the solution phase screen (TBHBA 4-AAP) with (S)-4-bromo-
1-phenylethylamine. 1U = is defined as 1nmol/min.

Inspection of Figure 41 reveals a reaction profile for the deamination reaction which is
indicative of substrate inhibition. At concentrations of 4-bromo-(S)-1-phenylethylamine
above 17 mM a significant decrease in activity was observed. This observation helps
explain the decreased reaction rate for the forward transaminase reaction because
accumulation of 4-bromo-(S)-1-phenylethylamine occurs in the solution. However
additional sources of inhibition must be present to explain the significant loss of
activity, most likely to be caused by the substrate 4-bromo-acetophenone. Investigations
into whether 4-bromo-acetophenone causes substrate inhibition in the forward
transaminase reaction is required, however, increasing the amount of substrate loading
produces more 4-bromo-(S)-1-phenylethylamine which itself causes inhibition,
therefore a method of product removal must be investigated first. There have been many
methods developed for product removal in transaminase reactions including the use of
resins,’® cosolvents?® and spontaneous cyclisation’ of the amine product to help drive
the equilibrium and reduce the concentration of the product inhibitor within the
solution. Investigation into the above methods to study the inhibition effects of 4-
bromo-acetophenone and hence eventually increase the substrate loading was

unfortunately outside the timeframe of this project.
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4.2 Cascade reactions

Biocatalytic cascade reactions provide an ideal approach for the synthesis of
pharmaceutical compounds. The idea of a multi-step one-pot synthesis by incorporating
multiple genes on one plasmid which are co-overproduced, provides an attractive
approach for an organic chemist because, without requirement for intermediate isolation
procedures, the process becomes environmentally benign and sustainable.'®* Within this
project, proof of principle experiments behind biocatalytic cascade reactions were
investigated using purified transaminase, galactose oxidase (GO) and monoamine
oxidase enzymes either sequentially or in one-pot for the synthesis of enantiomerically

pure chiral amines.

4.2.1 Galactose oxidase/transaminase cascade

Galactose oxidases (GOase) is a copper dependant enzyme that catalyses the oxidation
of the C6-OH in D-galactose to the respective aldehyde. A GOase variant (Ms.s) has
been created that catalysed the kinetic resolution of racemic 1-phenylethylalcohol to
acetophenone in the presence of hydrogen peroxide scavengers, HRP and catalase.®
The recombinant GOase was overproduced in E. coli. BL21 Star and combined with
commercially available Codexis transaminases (ATA 113 and 117) to provide an
attractive approach to (S or R)-1-phenylethylamine 8 (depending on the selectivity of
the transaminase enzyme used) which is demonstrated in Scheme 35.

OH 0 NH,
iii)
ii) iv)

73 25 8
Reagents and conditions: i) GOase ii) HRP and Catalase, iii) Transaminase and iv) GDH recycle
system.

Scheme 35: Biotransformation employing a overproduced GOase and commercially available Codexis
Transaminase enzymes ATA-113 and 117 for the production of (S or R)-1-phenylethylamine 8 from
(rac)-1-phenylethylalcohol 73.

In this process racemic 1-phenylethylalcohol 73 is initially converted to acetophenone
25 using GOase, HRP and catalase. Ideally in a one pot reaction, the transaminase

(alongside the GDH recycle system) is used to carry out a reductive amination reaction
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providing access to (S or R)-1-phenylethylamine 8 depending on whether an S or R

selective transaminase is used.

Initial investigations were carried out in one pot using 5 mM (rac)-1-phenylethylalcohol
on a 1 mL scale. GOase and the commercially available Codexis enzymes ATA-117 and
113 were combined with the GDH recycle system, HRP and catalase. The reactions
were monitored over a period of 24 hours by chiral GC analysis but unfortunately, no
conversion from the alcohol to acetophenone was observed by the GOase. In previous
experiments it was noted that chemical reducing agents inhibited the GOase by possibly
reducing the copper in the GOase active site. We considered that LDH in the GDH
recycle system could be reducing the copper suggesting that the transaminase reaction
mixture could be added to the GOase until the reaction is complete. Thus the GOase
reaction was carried out individually and monitored over a period of 3 hours to make

sure the kinetic resolution of 10 mM (rac)-1-phenylethylalcohol went to completion.

Table 10: Different substrate loadings of 4-bromo-acetophenone.

GOase Percentage (%)

Conversion 47

e.e. 96

The data in Table 10 reveals that the (R)-selective GOase reaction went to 47%
conversion in high enantiomeric excess. A solution of the transaminase in the GDH
recycle system was added to the GOase reaction mixture and was monitored over a
period of 28 hours by chiral GC analysis. Both the ATA 117 and 113 reactions
progressed to 80% and 70% conversion respectively and in both cases greater than 99%

e.e. as shown in Figure 42.
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Figure 42: Conversion of acetophenone to (S or R)-1-phenylethylamine employing commercially
available Codexis transaminase enzymes ATA 117 and ATA 113.

The results show the potential of combining two enzymes to carry out a synthetic
sequence which would be difficult to carry out chemically. The use of GOase and
transaminase in a two-step, one pot synthesis of cyclic chiral secondary amines from a
mesodiol for the asymmetric synthesis of chiral amines in 100% yield would be the next
step; unfortunately, further investigation was restricted due to the time frame of this

project.
4.2.2 Monoamine oxidase and transaminase cascade

Spontaneous cyclisation helps drive the equilibrium of transaminase reactions by
removing the amine product which is known to inhibit transaminase enzymes. Simon et
al., demonstrated the regioselective and stereoselective amination of 1,5-diketones 74
which spontaneously cyclised to give the corresponding cyclic imine 76 in high yield
and e.e..’%? Diastereoselctive hydrogenations were performed utilising Pd/C to give
access to cis-(+)-piperidines 56 in high yields (Scheme 36).
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Reagents and conditions:i) Transaminase ii) Alanine and pyruvate removal system, iii) Spontaneous
cyclisation.

Scheme 36: Substituted piperidines 56 produced by transamination of 1,5-diketones 74 followed by
stereoselective hydrogenation with Pd/C by Simon et al.

In this project the regioselective amination of 1,4-diketones 62 for the synthesis of
1-pyrrolines 63 using transaminase enzymes was investigated. It was envisaged that the
resulting imine 63 could be subjected to a stereoselective reaction involving a
monoamine oxidase enzyme (MAO) and a chemical reducing agent to give access to
enantiomerically pure secondary amines 64a (Scheme 37). Previous work by the Turner
group has revealed that 2,4-substitued pyrrolidines 64 are substrates for the MAO
showing higher reaction rates than the equivalent 6-membered rings 56.The smaller of
the two stereogenic centres (either methyl or ethyl in this study) will be defined by the
transaminase which will either be (R) or (S)-selective depending on which transaminase
is used. The stereocentre with the larger substituent (either phenyl or benzyl) will be

defined by the MAO catalysed reaction which gives the (R)-stereocentre.

NH2 H
“, N
\H)k 111)
A Ay "y
64a

Reagents:i) Transaminase ii) Pyruvate removal system, iii) NaBH4 V) MAO-N.

Scheme 37: Regioselective amination of 1,4-diketones 62 for the synthesis of 1-pyrrolines 63 using
transaminase enzymes followed by a stereoselctive reaction involving MAO-N.

Utilising a dual enzyme cascade provides a more attractive approach compared to the

chemoenzymatic approach used by Simon et al. Using two enzymes which operate

under ambient temperature and pressure and without the need for external hydrogen and

Pd catalysts makes this approach more desirable for industrial use. This process also

offers higher stereoselctivity compared to using standard chemical reducing agents
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(such as NaBH4 and NH3BHs3) alone as only 50:50 mixtures of diastereomers would be
obtained in these instances. The flavin dependant MAO from Aspergillus niger (MAO-
N) catalyses the selective oxidation of chiral amines 57 to the corresponding imine 58,
which in the presence of a suitable reducing agent, such as ammonia borane, gives
access to the unreacted amine in high enantiomeric excess as demonstrated in Scheme
37.% Different variants of the MAO-N can be utilised which have undergone several

rounds of mutagenesis, in this study MAO-N D9 and D11 will be used.

NH»>

. R R' R'
ii) 58
NH, /
R/\ R
57

Reagents and conditions: i) MAO-N ii) NHsBHs, 1 M Phosphate buffer pH 7.8.
Scheme 38: Monoamine oxidase deracemisation of chiral amines 57 in the presence of ammonia borane.

Initial experiments were carried out with commercially available 2,5-hexanedione 59
(5 mM, Sigma 165131) to see if the formation of 2,5-dimethyl-3,4-dihydro-2H-pyrrole
61 could be detected (Scheme 39). Reactions were carried out using the LDH/GDH
recycle system (with and without DMSO) and with the (S)-selective recombinant
transaminase Cv TA2 and monitored over a period of 24 hours via GC-MS and
GC-FID.

o) N 0 0
: i
M + /ﬁ(OH /)\‘ )W + %OH
59 PMP 60 NH, 0 27
OH NH, iv)
'/\ /\[‘( /’//,' N
O  NAD+ NADH O o) Qf
Glucose ™ Gluconolactone — Gluconic acid 61

Reagents and conditions: i) Transaminase (Cv TA2) ii) LDH, iii) GDH, iv) Spontaneous cyclisation.
Glucose, 30 °C, 100 mM HEPES pH 7.5, 20% DMSO.

Scheme 39: Biotransformation employing (S)-transaminase Cv TA2 for the production of (S)-2,5-
dimethyl-3,4-dihydro-2H-pyrrole 61 from 2,5-hexandione 59 and (L)-alanine 26.
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Reactions containing 20% DMSO successfully went to 80% conversion after 24 hours
compared to reactions containing no DMSO which gave very low conversions (possibly
due to solubility of the substrate). The reaction containing DMSO was scaled up to 100
mM with two different transaminases, an (R)-selective transaminase (ATA-117) was
used as well as the (S)-selective transaminase (Cv TA2) to generate both enantiomers of
2,5-dimethyl-3,4-dihydro-2H-pyrrole 61. At 100mM the reactions went to 30%
conversion and both products were isolated. *H NMR analysis confirmed the identity of
2,5-dimethyl-3,4-dihydro-2H-pyrrole 61 and equal and opposite optical rotation values

(+ 3.5 and — 3.6) were obtained suggesting that different enantiomers were obtained.

Chemical reduction of imine 61 with NaBH4 followed by oxidation catalysed by MAO-
N was investigated. Unfortunately the MAO-N variants showed no activity towards
either (S) or (R)-61. Previous studies within the Turner group have revealed that MAO-
N prefers larger substituents on one side of the pyrroline ring such as ethyl, phenyl and
benzyl substitutions. Therefore a reaction employing 1-phenylpentane-1,4-dione 62 as
the transaminase substrate was investigated to give 2-methyl-5-phenyl-3,4-dihydro-2H-
pyrrole 63, which was a test substrate for the MAO-N reaction (Scheme 40).

(@] NH> o H
R OH i) 050N 0,080 N
Ph
)W + /\r( ‘—T)’ OH+ &Ph%» Ii)ﬂph
le) (@]
62 © 26 27 63 64a

Reagents and conditions: i) Transaminase ii) Pyruvate removal system, 30 °C, 100 mM HEPES pH 7.5,
20 % DMSO iii) NaBH4 1) MAO-N.

Scheme 40: Biotransformation employing (S)-transaminase Cv TA2 and ATA-117 for the production of
(S or R)-2-methyl-5-phenyl-3,4-dihydro-2H-pyrrole 63 followed by the MAO-N stereoselective synthesis
of (2S,5R)-2-methyl-5-phenylpyrrolidine 64a.

Reactions at 5 mM concentration were carried out employing Cv TA2 using 20%
DMSO and the LDH/GDH recycle system. The reaction successfully went to 85%
conversion after 24 hours as monitored by GC and chiral HPLC. The reactions were
scaled up to 100 mM and both ATA-117 and Cv TA2 were utilised to generate the
(R)-and (S)-enantiomers respectively of 2-methyl-5-phenyl-3,4-dihydro-2H-pyrrole 63.
Interestingly both transamination reactions proceeded with complete regioselectivity for
the smaller substituent on the diketone (i.e. the methyl group in this case) resulting in
only the pyrroline shown in Scheme 39 being produced. Chiral HPLC analysis

confirmed both transaminase reactions proceeded in > 99% e.e. and the
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enantiopureimines were isolated, characterised and then subjected to the MAO-N (D9

mutant) catalysed reaction after reduction with ammonia borane (Scheme 41).

Reagents: i) NH3BH3; 1) MAO-N.

Scheme 41: Biotransformation employing MAO-N for the production of (2S,5R)-2-methyl-5-
phenylpyrrolidine 64a.

The MAO-N reaction with the enantiomerically pure (R)-pyrroline 63 transaminase
product resulted in (2R,5R)-2-methyl-5-phenylpyrrolidine 64a in > 99% diasteromeric
excess. However, the enantiomerically pure (S)-pyrroline transaminase product when
subjected to the MAO-N reaction, only gave a diasteromeric excess of 63% for the
(2S,5R)-2-methyl-5-phenylpyrrolidine 64a. A possible explanation to this observation is
that MAO-N may be also oxidising the (S)-methyl stereogenic centre giving access to
the (R)-methyl diastereomer. This could prove problematic if the reaction is not
monitored as 50/50 mixture of both diastereomers would be obtained resulting in a d.e.
of 0. The MAO-N catalysed oxidation of the methyl centre is a lot slower than that of
the phenyl so optimal conversion can be achieved if the reaction is stopped before
oxidation of the methyl position occurs. This was demonstrated with the substrate
2-benzyl-5-methylpyrrolidine 65 (Scheme 42) which was generated by the transaminase
catalysed amination of the corresponding ketone. Figure 43 shows that after 3 hours
with the MAO-D9 mutant the reaction is complete with > 99% d.e. However after
prolonged reaction times (74 hours) the d.e. goes to 0. If the D11 mutant is used the

reaction progresses much slower and the d.e. after 74 hours is 85%.
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Scheme 42: MAO-N stereoselective synthesis of (2R,5R)-2-benzyl-5-methylpyrrolidine 66a.
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Figure 43: MAO-N stereoselective synthesis of (2R,5R)-2-benzyl-5-methylpyrrolidine 66a.

Table 11 shows all the diketones (which were either commercially available or
synthesised by Diego Ghislieri) screened and the results from the sequential

transaminase then MAO-N reaction.
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N

Figure 44: Structure of the di-substituted pyrolline.

Table 11: Table of di-substituted pyrollines and the e.e. values after oxidation with MAO-N.

R R’ TA-e.e. MAO-d.e.l
Et Ph >99% (S) D9 94 % - (25 5R).
> 99% (S)
D9 80 % (2S,5R).
Me Bn > 99% (R)
D9 99 % (2R,5R).
>99% (R)
D9 90 % (2R,5R).
Me Ph > 99% (S)
D9 98 % (2S,5R).
Ph Ph - -
>99% (R)
Me Me -
>99% (S)

! Configurations assigned based on previous MAO-N oxidation reactions with similar substrates and the

selectivity of the transaminase in the previous step.

The transaminase reactions at 5 mM concentrations proceeded to greater than 70%
conversion for all compounds except for 1,4-diphenylbutane-1,4-dione which showed
no conversion from the ketone to the corresponding imine. This is because as described
in Section 1 the transaminase active site has a small and a large pocket in which the
substrate fits therefore having two phenyl groups does not allow the substrate to fit into
the active site of the transaminase and therefore renders the enzyme inactive with this

substrate.

Investigations were then carried out to try to improve the low conversions obtained for
the transaminase reactions at higher substrate concentrations. As mentioned in Section
1, pyruvate is known to inhibit transaminase enzymes and therefore needs to be
removed completely or recycled back to alanine. This can be achieved through the use
of an alanine dehydrogenase system or a LDH/GDH system. When using the
LDH/GDH system at 5 mM reaction concentrations high conversion were achieved,
however, when reactions were scaled up to 100 mM conversions were reduced
significantly. Simon et al., reported similar findings when removing pyruvate by
reduction to lactate through the use of a LDH/GDH system, the conversions varied from
56-98%.192 They solved this problem by utilising an alanine dehydrogenase to recycle
pyruvate back to alanine alongside a formate dehydrogenase to recycle the cofactor
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NAD+ which is required by the alanine dehydrogenase (Scheme 43). Experiments were
performed with 1-phenylpentane-1,4-dione at 50 mM concentrations using the
LDH/GDH recycle system and the alanine dehydrogenase system used by Simon et al.
Both systems showed high levels of conversion at 50 mM substrate concentrations,
however the alanine dehydrogenase system resulted in a higher conversion of 94%
compared to the LDH/GDH system which had a conversion of 86%. Reaction scale-up
should therefore be performed using the alanine dehydrogenase system to achieve

optimal results.

R i) NH iii)
—_— NH2 + 2 >
Alanine Pyruvate =
O

ii)

N S v 0

Reagents and conditions: i) o-Transaminase ii) Alanine dehydrogenase, spontaneous cyclisation.Formate
buffer, formate dehydrogenase, NAD+, 30 °C for 24 hours.

Scheme 43: Biotransformation by Simon et al for the regio- and stereoselective monoamination of
diketones.

Different chemical reduction conditions were performed on (S)-2-methyl-5-phenyl-3,4-
dihydro-2H-pyrrole to enable a comparison with the MAO-N catalysed reactions and to
achieve the best reaction conditions for the synthesis of the corresponding pyrrolidine.
Initially a reaction with NaBH4 was investigated and after an hour at room temperature
a d.e. of 10% was achieved (essentially a 50:50 mixture of both diastereomers).
Secondly hydrogenation with Pd/C was investigated overnight at room temperature.
Full consumption of the imine was observed but poor conversions to the corresponding
pyrrolidineswere achieved (< 10%) in poor d.e. (5%). The major product was
unidentified however it was assumed to be the ring opened amine 72 (Figure 45). These
results show the MAO-N reaction is the best of the methods investigated for the

stereoselective synthesis of substituted pyrrolidines.
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H
HzN)\/\(
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Figure 45: Structure of the ring opened amine 72 thought to be produced from the hydrogenation
reaction.

Next a one pot, two step, synthesis was attempted with the (S)-transaminase Cv TA2
and MAO-N/ammonia borane using 1-phenylpentane-1,4-dione as the substrate to see if
the production of 2-methyl-5-methylpyrrolidine could be detected under these
conditions. Chemo-enzymatic one pot reactions are desirable due to the avoidance of
extractions between steps and in this instance no protection/deprotection steps would be
required. Reactions were run for 24 h at 15 mM substrate concentration, 30 °C using the
alanine dehydrogenase system and monitored via GC-FID and chiral HPLC. The
transamination reaction went to completion after 24 h in > 99% e.e. MAO-N and
ammonia borane were then added to the reaction mixture and the reaction was left for a
further 24 h after which (2S,5R)-2-methyl-5-phenylpyrrolidine was generated in 99%
de.

This one-pot two-step dual enzyme cascade reaction provides an attractive approach for
the regio/stereoselective synthesis of enantiomerically pure 2,5-di-substituted

pyrrolidines in high d.e. and e.e.

4.3 3 Methyl-3,4-dihydroisoquinoline

3-Methyl-3,4-dihydroisoquinoline 67 has attracted interest as a building block for the
synthesis of antithrombotic agents, platelet aggregation inhibitors!®® and quinolone anti-
infective agents.’® We envisaged developing a new approach to this compound by
utilising a transaminase enzymefor initial asymmetric  amination  of
2-(2-oxopropyl)benzaldehyde 68 followed by cyclisation (Scheme 44). Previous
experiments within the Turner group have shown that ®-transaminase enzymes have
little/no activity with aldehydes when compared to ketones, therefore a transaminase
should selectively aminate the ketone in the presence of the aldehyde group to afford
2-(2-aminopropyl)benzaldehyde 69 which upon spontaneous cyclisation would yield 3-
methyl-3,4-dihydroisoquinoline 67. Either enantiomer of the dihydroisoquinoline could

be obtained by using the commercially available (R)-selective Codexis transaminase
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enzyme, ATA-117 and the over-produced recombinant (S)-selective transaminase, Cv
TAZ2.

. N

68 69 67
Reagents and conditions: i) Transaminase, LDH, GDH, glucose, L-alanine 30 °C, 100 mM HEPES pH
7.5, 20% DMSO. ii) Spontaneous cyclisation.

Scheme 44: Biotransformation employing (S)-transaminase Cv TA2 for the production of (S)-3-methyl-
3,4-dihydroisoquinoline 67.

Firstly, 2-(2-oxopropyl)benzaldenhyde 68 was synthesised chemically following a
previously reported method by Lara et al.!® 2-Methylindene (Aldrich 449431) was
oxidised using 3-chloroperbenzoic acid (Aldrich 273031) and sodium hydrogen
carbonate to afford the corresponding epoxide in 32% yield. Treatment of the epoxide
with ammonium cerium (1V) nitrate afforded 2-(2-oxopropyl)benzaldehyde 68 in 41%

yield after flash chromatography.

),
— ii)
70 71

Reagents and conditions: i) Microwave irradiation ii) EtOH, NH4Cl and In.

Scheme 45: Microwave synthesis of (rac)-3-methyl-1,2,3,4-tetrahydroisoquinoline 71.

A racemic HPLC standard of 67 was required to detect the formation of 3-methyl-3,4-
dihydroisoquinoline by the transaminase enzymes. As shown in Scheme 45
commercially available 3-methylisoquinoline 70 (Aldrich 129895) was subjected to
microwave irradiation in the presence of EtOH, In and NH4Cl as described by Moreno
et al.1% (except for replacing the 5 day reflux with a 4 hour microwave step). (rac)-3-
Methyl-1,2,3,4-tetrahydroisoquinoline 71 was obtained in 53% yield and subjected to
the MAO-N oxidation reaction to afford (rac)-3-methyl-3,4-dihydroisoquinoline.

Biotransformations at 5 mM concentrations were carried out at 30 °C using the (R) and
(S)-selective transaminases, ATA 117 and Cv TA2 respectively. The GDH/LDH recycle

system was utilised to recycle pyruvate back to alanine and reactions were monitored
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for a period of 24 h by chiral HPLC. After 30 minutes some over oxidation of the imine
to form 3-methylisoquinoline was observed and after 2 h full conversion to the aromatic
product occurred. Different temperatures were investigated and the reactions were
carried out under N> to try and slow down the rate of the oxidation. Reactions were
carried out at 15, 20 and 25 °C but unfortunately 3-methylisoquinoline was still detected

after 30 min.

A report published by Bonamore et al.,'%” stated that the use of the reductant L-ascorbic
acid helped prevent the oxidation of dopamine during the reaction time course. It was
envisaged that by the addition of L-ascorbic acid to the biotransformations, the rate of
oxidation of the imine transaminase product may be slowed or even prevented.
L-Ascorbic acid was incorporated into the transaminase biotransformations and the
reaction was monitored every 15 minutes by chiral HPLC. Although conversion to
3-methylisoquinoline was not completely eliminated the rate of oxidation was slowed
such that formation of the isoquinoline was not observed until after 45 minutes.
L-Ascorbic acid was thus incorporated into the biotransformations and the reactions
were monitored by chiral HPLC. Full consumption of 2-(2-oxopropyl)benzaldehyde
was observed after 1 hour and 3-methyl-3,4-dihydroisoquinoline was synthesised in
> 99% e.e. for both enantiomers. (R) and (S) configurations were assigned based on

previous transaminase catalysed reactions with similar substrates.

4.4 Conclusion

The aim of this work was to investigate the synthesis of a range of enantiomerically
pure chiral amines utilising three different transaminase enzymes, the commercially
available Codexis enzymes ATA-117 and ATA-113 (R and S selective) and the over-
produced recombinant (S)-selective transaminase Cv TA2. Firstly, biotransformations
were investigated utilising 4-bromo-acetophenone as a substrate. Reactions at 5 mM
substrate concentration went to over 80% conversion in > 99% e.e. when using purified
protein enzyme preparations. Reactions were scaled up although 4-bromo-acetophenone
was insoluble at 10 mM even in the presence of 20% DMSO. Feeding the substrate as
an 18 mM solution in DMSO together with shaking in an orbital shaker gave better
retention of enzyme activity compared with paddle stirring which denatured the
enzyme. A substrate inhibition curve was produced when the solution phase assay
(developed in Section 2) was used to screen the transaminase reaction in the
97



Results and discussion

deamination mode. 4-Bromo-1-phenyl-ethylamine causes inhibition of the transaminase
at a concentration of 17 mM, therefore when operating in the forward transaminase
direction product removal methods need to be employed in order to optimise the
biotransformation. Additional work is required to determine whether 4-bromo-

acetophenone causes substrate inhibition to the transaminase.

Cascade reactions were investigated using transaminase, GOase and MAO-N enzymes
to examine whether the synthesis of chiral amines could be carried out in one pot by
addition of multiple enzymes to the reaction flask. Initially GOase/transaminase
cascades were investigated and it was observed that the LDH in the transaminase
recycle system inactivated GOase. Subsequently, the reaction was carried out in one pot
but in two steps. The GOase kinetic resolution went to completion with an e.e of 96%.
A solution of transaminase plus recycle system was added to the pot and both (S) and
(R)-1-phenylethylamine was synthesised (utilising Cv TA2 and ATA-117 respectively)

in over 70% conversion and > 99% e.e.

The transaminase/MAO-N cascade reactions were investigated starting from a series of
diketones which were subjected to the (R) and (S)-selective transaminases, ATA-117
and Cv TA2. 5 mM transaminase reactions proceeded to greater than 80% conversion
after 24 hours in > 99% (stereochemistry was inferred based on previous transaminase
reactions carried out with both enzymes). The resulting imines, which had a defined
stereocentre (either methyl or ethyl substitution) generated by the transaminase, where
subjected to ammonia borane reduction to yield two amine diastereomers which could
be interconverted by MAO-N. A range of chiral secondary amines, containing two
stereogenic centres, were produced in high d.e., the first being either an ethyl or methyl
group which could be R or S depending of the selectivity of the transaminase and the
second larger substituent (phenyl or benzyl) assumed to be (R) based on a (S)-selective
MAO-N being used. Large scale transaminase reactions were found to have higher
conversions when utilising the alanine dehydrogenase system instead of the LDH/GDH
recycle system. The MAO-N reactions were found to be superior to standard chemical
reduction techniques and gave the highest d.e. values. A one-pot, two-step, reaction was
carried using the (S)-selective transaminase Cv TA2 and MAO-N resulting in (2S,5R)-
2-methyl-5-phenylpyrrolidine in 99% d.e. after 48h.

Finally the synthesis of 3-methyl-3,4-dihydroisoquinoline was investigated by

employing transaminase catalysed amination starting from the diacarbonyl compound,
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2-(2-oxopropyl)benzaldehyde. HPLC standards were synthesised chemically and 5 mM
reactions were carried out using the (R) and (S)-selective transaminases. It was noted
that cyclisation occurred even without the presence of DMSO, however, over oxidation
to the fully aromatic 3-methylisoquinoline was observed after half an hour and after 2
hours only the fully aromatic product could be seen. Addition of the reductant
L-ascorbic acid reduced the rate of oxidation and after 1 h both enantiomers of
3-methyl-3,4-dihydroisoquinoline were present in > 99% e.e. with minimal
2-methylisoquinoline present. Larger scale biotransformations and product isolation is

required to fully characterise the reaction and products.
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5. Summary, conclusion and future work

5.1 Summary and conclusion

Cloning and expression in E.coli of three transaminase enzymes from Chromobacterium
violaceum transaminase (Cv TA2), an Ochrobactrum antropi transaminase (Oa TA1)
and a previously published a Chromobacterium violaceum transaminase (Cv TAL) was
successfully carried out. These enzymes were characterised using a multi-enzyme

solution phase assay also developed during the course of this research.

The purified transaminase Cv TA2 was subjected to the solution phase assay described
in Section 2.1, the results were compared to substrate scope obtained for a previously
published C. violaceum transaminase Cv TAl. Cv TA2 showed higher activity with
4-bromo-1-phenylethylamine but lower activity with (S)-1-phenylethylamine when
compared to Cv TAL. Interestingly, Cv TA1 was less selective for alanine but also
showed activity with some of the (R)-enantiomers of the amines screened when utilising
L-AAQ. Oa TA1 did not show any significant activity to any of the 35 different amines
screened even when the keto accepter pyruvate was exchanged for a-keto glutarate.
Dynamic simulations did not reveal any significant differences between the two

C. violaceum enzymes to identify where the differences in activity originated from.

Finally a commercially available (R)-selective transaminase (ATA-117) alongside the
(S)-selective transaminase identified in this project were used in dual enzyme cascade
reactions utilising either a galactose oxidase from Fusarium sp. or monoamine oxidase
from Aspergillus niger to produce a number of primary and secondary amines in high

e.e., d.e. and conversion.
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5.2 Future work

This project has provided an ideal starting point for further research into transaminases
for chiral amine synthesis. Firstly, large scale preparative biotransformations for the
formation of 3-methylisoquinoline (a pharmaceutical intermediate of interest to
industry) should be investigated to see if this process can be achieved at industrially

applicable substrate loadings.

However, the main focus for future work should be the development of new
transaminase libraries. Dr Simon Willies within the Turner group is currently
developing a solid phase screen based on the solution phase assay mentioned in this
project. The use of alanine and hence the GDH/LDH recycle system can become
problematic at an industrial scale due to costing. A possible solution to this problem
would be to replace alanine as the amine donor with isopropylamine, but this would
require developing enzymes that tolerate isopropylamine at high concentrations (to help
drive the equilibrium to product formation).

The difference in activity of the two Chromobacterium violaceum transaminases should
be investigated by carrying out the three mutations Gly225Ala, Cys424Ser and
Ser425Ala (suggested in Section 2 of this project). Mutations at these positions should
be generated both singly and combinatorially to revert Cv TA2 back to the original
sequence of Cv TAL and a comparison of activity of each mutant investigated. Another
interesting mutation to perform would be to switch Ala231 for glycine and see if this
alters the active site cleft and substrate preference and/or activity. These mutants
(alongside the previously published crystal structure) could provide greater insight in to
creating a protein variant with increased activity.

Expansion of this project using a high through-put screen will allow rapid development
of transaminases that can be utilised on larger compounds, higher substrate loadings
with greater stability under industrial process conditions (mimicking the methodology

applied to Sitagliptin).

The ideal multistep one pot synthesis using various enzymes for amine production is
attractive to a chemist but investigations into product removal techniques (such as resins
and the use of biphasic systems) is required to overcome product inhibition of the

transaminase enzyme.
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6. Experimental

6.1 Materials

6.1.1 Chemicals, reagents and Kits.

Commercially available reagents and chemicals were either purchased from Sigma-
Aldrich Company Ltd, Acros organics or Fisher Scientific UK Ltd unless otherwise
stated. Molecular biology reagents/kits were either purchased from Invitrogen, New

England Biolabs, Stratagene or Qiagen.

6.1.2 Enzymes

The three enzymes peroxidase, type VI-A from horseradish (P6782, HRP), D-amino
acid oxidase from porcine kidney (A5222, D-AAO) and L-amino acid oxidase from
Crotalusadamanteus (A9378, L-AAO)were purchased from Sigma-Aldrich Company
Ltd. The transaminase enzymes 117 and 113 (ATA), glucose dehydrogenase (GDH) and
lactate dehydrogenase (LDH) were supplied free of charge by Codexis.

6.1.3 Strains

The strains of E. coli and their genotypes which were used in this research;

Strain Genotype
BL21 (DE3) F-ompThsdSB(rB-, mB~) gal dcm(DE3)
XL1 Blue recAl endAlgyrA96thi-1 hsdR17 supE44
relAl lac [F' proAB laclqZAM15 Tnl0
(Tetr)]

Chromobacterium violaceum was purchased from LG standards (ATCC 12472, NCIMB
9178).

Strains were stored at -80 °C.
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6.1.4 Plasmids

All genes were initially cloned into the cloning vector Zero Blunt TOPO PCR
(Invitrogen part number 45-0245) and then sub-cloned into pET-16b (Novagen 69662-
3). All constructs were stored at -20 °C.

6.1.5 Buffer solutions

Phosphate buffer

100 mM phosphate buffer (pH 8) was prepared by dissolving 174.18 g/L of K2HPOg4 in
100 mL of dH20 followed by the preparation of 136.09 g/L of KH2PO4 in 100 mL of
dH20. 94.0 mL of K;HPO4and 6.0 mL KH2PO4 were diluted with 900 mL of dH-O.

HEPES

100 mM HEPES buffer was prepared by dissolving 23.83 g/L in 900 mL of dH.0 and
the pH adjusted to 8 by the addition of 5 M NaOH. The volume of the solution was
made up to 1000 mL with dH-O.

50 x TAE buffer

TAE buffer consists of 242 g Tris base, 57.1 mL glacial acetic acid and 10 mL 0.5 M
EDTA (pH 8.0) diluted with dH2O to a final volume of 1 L.

TOWBIN buffer

TOWBIN buffer consists of 3 g Tris base, 4.08 g bicine and 100 mL of MeOH which
was made to a final volume of 1 L using dH-O.

Phosphate buffered saline (PBS)

2 g of K;HPO4, 11.3 g of NazHPO4 and 8 g of NaCl were added to 900 mL of dH20 and
the pH adjusted to 7.5. The volume of the solution was made up to 1000 mL with dH0.
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Binding buffer for purification of His-tagged proteins

The binding buffer was prepared by dissolving 100 mM potassium phosphate, 40 mM
imidazole and 300 mM NaCl in 1 L of dH>O and the pH adjusted to 7.4. The resulting
solution was degassed and filtered through a 0.45 pm pore filter.

Elution buffer for purification of His-tagged proteins

The Elution buffer was prepared by dissolving, 68 g of imidazole and 17 g NaCl in 900
mL of 100 mM potassium phosphate buffer and the pH adjusted to 7.4. The resulting
solution was diluted to 1000 mL using 100 mM potassium phosphate buffer, degassed
and filtered through a 0.45 um pore filter.

Binding buffer for purification using anion exchange columns

The binding buffer was prepared by dissolving 20mM potassium phosphate and 2 M
potassium chloride in 900 mL of dH20. The pH was adjusted to 8 and the solution was
made to a final volume of 1L using dH-O.

Elution buffer for purification using anion exchange columns

The elution buffer was prepared by dissolving 20mM potassium phosphate in 900 mL
of dH>O. The pH was adjusted to 8 and the solution was made to a final volume of 1L
using dH20.

6.1.6 Growth media

LB:

To dH20 (1 L) 10 g of tryptone, 10 g of NaCl and 5 g of yeast extract was added and

stirred till dissolved, then sterilised by autoclaving.

LB Agar:

LB medium with the addition of 15g of bactoagar dissolved in 1 L of dH20. The

mixture was then sterilised by autoclaving.
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Nutrient broth:
To dH20 (1 L) 13 g of Nutrient broth was added and stirred till dissolved, then sterilised

by autoclaving.

Nutrient agar:
Nutrient broth and 15g of bactoagar were dissolved in 1 L of dH20. The mixture was
then sterilised by autoclaving.

Minimal media;

Media A:

Actual Stock Concentration
Trace element _ _
Concentration | (Stock solution 1)

MgS04.7H20 1g/L 10 x (10 g/L)
CaCl, 0.2 mM 10 x (2 mM)
Actual Stock Concentration

Trace element _ _
Concentration | (Stock solution 2)

ZnS04.H,0 0.13mg/L | 1000 x (130 mg/L)
MnCl2.4H20 0.089 mg/L | 1000 x (88.7 mg/L)
H3BO3 (Boric acid) 0.02 mg/L 1000 x (20 mg/L)
CuS04.5H.0 0.14mg/L | 1000 x (140 mg/L)
CoCl.6H20 0.09 mg/L 1000 x (90 mg/L)
NiSO4.6H20 0.1 mg/L 1000 x (100 mg/L)
(Na)2MoO4 1.90 mg/L | 1000 x (1903 mg/L)
FeCl3.6H20 3.89 mg/L | 1000 x (3800 mg/L)

The trace elements were combined to make stock solutions 1 and 2 then Autoclaved. 50
mM potassium phosphate buffer, 50 mM (S)-a-MBA, 100 mM glycerol or 100 mM
sodium pyruvate or a combination of both (50 mM glycerol and 50 mM sodium
pyruvate) were added to the appropriate volumes of stock solutions 1 and 2 and diluted
to a litre with dH20 then pH was then adjusted to 8 with concentrated HCI. The solution

was filter sterilised through a 0.22 uM filter.
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Minimal media plates

e Media A
e 1% Agar

6.1.7 Antibiotics

Ampicillin

A 1000x stock solution of ampicillin was made by dissolving 100 mg/mL of ampicillin
in dH20 followed by sterilisation using a 0.22 um pore filter.

Kanamycin

A 1000x stock solution of kanamycin was made by dissolving 50 mg/mL of kanamycin
in dH20 followed by sterilisation using a 0.22 um pore filter.

Chloramphenicol

A 1000x% stock solution of chloramphenicol was made by dissolving 30 mg/mL of
chloramphenicol in EtOH.

Solutions were stored in 1 mL aliquots at -20 °C.

6.1.8 IPTG

0.47 g of IPTG was dissolved in 10 mL dHO, followed by sterilisation using a 0.22 um
pore filter creating a stock solution with a final concentration of 200 mM.

6.1.9 Enzyme stocks for solution phase assay

HRP stock: 10 mL of 1 g/L (1550 U/mg) of HRP was prepared in dH-O.

ATA-117 stock: 10 mL of 5 g/L ATA-117 was prepared in dH.O which was then
diluted to a final stock concentration of 0.6 g/L.

ATA-113 stock: 10 mL of 5 g/L ATA-113 was prepared in dH.O which was then

diluted to a final stock concentration of 0.6 g/L for use in the optimised assay.
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D-AAO stock: 10 mL of 60 U D-AAQ was prepared in dH-0.

6.1.10 Sample preparation for colony PCR

To 20 pL of sterile dH20 suspend one or two colonies from a pure culture. Use 2 pL of
the resulting solution as a template for PCR reactions.

6.1.11 DNA and protein gel markers

1 kb DNA Ladder (N3232S) were purchased from New England Biolabs UK and the
pre-stained protein ladder plus (SM18115) was purchased from Fermentas.
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6.2 Methods

6.2.1 Colourimetric transaminase assay with PGR
Substrate mixture:

0.1 g/L of PGR, 0.2 g/L of sodium pyruvate, and 0.05 g/L of PLP were added to 1 L of
100 mM phosphate buffer pH 8.

Solution 1:

5 mM of amine donor and 50 mL of the substrate mixture was added to a falcon tube
and pH adjusted to 8.

Solution 2:

10 uL of HRP (1 g/L), 20 pL of D-AAO (30 U) and 100 pL of the Solution 1.
Solution 3:

10 uL of HRP (1 g/L), 20 pL of D-AAO (60 U) and 100 puL of the Solution 1.
Solution 4:

10 uL of HRP (1 g/L), 10 pL of L-AAO (4.2 U) and 100 pL of the Solution 1.
Standard assay conditions for use with ATA 117:

In a 96-well MTP 100 pL aliquots of solution 2 was dispensed into individual wells and
assays were initiated by the addition of 2.5 pL of ATA-117 (5 g/L). Experiments were
run on a spectrophotometer at 30 °C with a wavelength of 540 nm and absorbance

readings taken every 30 seconds.
Optimised assay conditions for use with ATA 117:

In a 96-well MTP 100 pL aliquots of solution 3 was dispensed into individual wells and
assays were initiated by the addition of 2.5 uL of ATA-117 (0.6 g/L). Experiments were
run on a spectrophotometer at 30 °C with a wavelength of 540 nm and absorbance
readings taken every 30 seconds.

Optimised assay conditions for use with ATA 113:

In a 96-well MTP 100 pL aliquots of solution 4 was dispensed into individual wells and

assays were initiated by the addition of 2.5 pLL of ATA-113 (0.6 g/L). Experiments were
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run on a spectrophotometer at 30 °C with a wavelength of 540 nm and absorbance

readings taken every 30 seconds.

6.2.2 Colourimetric transaminase assay with TBHBA 4-AAP

In two separate 1 mL tubes a solution of TBHBA (20 mg/mL in DMSO, Sigma 439533)
was made alongside a 1 mL solution of 4-AAP (100 mg/mL in 100mM HEPES buffer
pH 8, Sigma 06800).

A stock solution (Stock A) of 15 mM amine donor (10 mL) was made in a 15 mL falcon
tube with 100 mM phosphate buffer, the pH was adjusted to 8 after addition of the
amine with 1 M HCI.

A stock solution (Stock B) was then made in a 15 mL falcon tube containing 5 mL of
100mM HEPES pH 8.0, 200 pL of the 20 mg/mL TBHBA solution, 30 pL of the 100
mg/mL 4-AAP solution, 20U AAO, HRP (1 mg, Sigma P8375) and sodium pyruvate
(0.2 mg/mL). Adjust pH to 8 and make to a final volume of 10 mL with 100mM HEPES
buffer pH 8.

In a 96 well plate 50 pL of Stock A was added to each well, 50 pL Stock B and 50 puL
of purified enzyme solution (concentration 1 mg/mL) to start assay. ). Experiments were
run on a spectrophotometer at 30 °C with a wavelength of 510 nm and absorbance

readings taken every 30 seconds.

6.2.3 Path length determination

The path length of a series of volumes (200 pL, 132.5 pL, 122.5 pL and 100 pL) was
determined in a flat-bottomed 96 well MTP. A FAD solution (18 mM) was prepared in
100 mM phosphate buffer 7.7. Using the Beer-Lambert law A = gxcXL the path length

for each volume was experimentally determined.”

A = absorbance

g =extinction coefficient (mM=1cm™)
¢ = concentration (mM)

L = path length (cm)
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6.2.4 Extinction coefficient of pyrogallol red

A standard curve of PGR was prepared over a concentration range of 3.05x10° to 1
mM in 100 mM phosphate buffer (pH 8). 100 puL was placed into 96-well MTP and
analysed on a Molecular Devices SpectraMax M2 Photometer over three different
wavelengths (540, 550 and 560 nm). The linear range of 540 nm from a standard curve
produced was used to calculate the extinction coefficient (gradient is equal to exL
according to the Beer-Lambert law). For a 100 pL solution the path length was

previously calculated to be 0.31 cm.

6.2.5 Genomic DNA purification

5 mL of overnight bacterial culture was harvested by centrifuging at 8000 x g for 10
mins. The genomic DNA was extracted and purified using a DNeasy blood and tissue
kit from QIAGEN (69504). The procedure provided was followed and the eluted

genomic DNA was stored at -20 °C.
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6.2.6 16S rRNA sequencing PCR recipe

Primer Sequence
27F 5’-GTGCTGCAGAGAGTTTGATCCTGGCTCAG-3’
1492R | 5’-CACGGATCCTACGGGTACCTTGTTACGACTT-3’

PCR Solution
Solution Volume (uL)
Primers (F/R) 2 (100 pMm)
Template 2
Sterile H20 39
Taq polymerase* 1
dNTP’s 1
Buffer (10 x) 5

* Taq polymerase was purchased from New England biolabs (M02735).

Cycle | Temperature °C Time
1 94 2 mins
2 94 15 Sec
3 60 30 Sec 30 cycles
4 72 90 Sec
5 72 10 mins

PCR product size = 1400 bp

6.2.7 Plasmid DNA purification

5 mL of overnight bacterial culture was harvested by centrifuging at 8000 x g for 10

mins. The plasmid DNA was purified using a QIAGEN DNA mini prep kit (27104).

The procedure provided was followed and the eluted plasmid DNA was stored at

-20 °C.
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6.2.8 PCR of C. violaceum

The PCR of C. violaceum was repeated as described by the John Ward group at UCL®®

using the primers below.

Primer Sequence

CV1-R | 5-CTCGAGCTAAGCCAGCCCGCGCGCCTTCAG-3’
CV1-F 5’-CAT-ATGCAGAAGCAACGTACGACCAGCC-3

PCR Solution
Solution Volume (uL)
Primers (F/R) 3 (100 pMm)
Template 2
dNTP’s* 1
PFU polymerase* 1
Buffer (10 x) 5
Sterile dH20 38

*PFU polymerase was purchased from Stratagene (600136-81) and the dNTP’s were
purchased from Fermentas (R0181).

Cycle | Temperature °C Time
1 95 2 mins
2 94 15 Sec
3 62 30 Sec 30 cycles
4 68 90 Sec

PCR product size = 1500 bp
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6.2.9 PCR of Ochrobactrum sp genomic DNA.

Primer Sequence
XholF | 5" GCACTCGAGATGCAGTTTATTGATCTTGGAGCGCA 3’
BamHI1R | 5> TGGTTTTCACGGAAAGAAGGCCTGAGGATCCACG 3’
PCR Solution
Solution Volume (pL)
Primers (F/R) 3 (100 pMm)
Template 2
dNTP’s 1
PFU polymerase 1
Buffer (10 x) 5
Sterile dH20 38
Cycle | Temperature °C Time
1 95 2 mins
2 94 15 Sec
3 51.4 30 Sec 30 cycles
4 68 90 Sec

PCR product size = 1400 bp

6.2.10 Gel extraction

The appropriate bands were extracted from agarose gels and purified using a gel

extraction kit from QIAGEN (28604) following the manufactures protocol.

6.2.11 DNA guantification

DNA quantification was carried out using a NanoDrop 1000 spectrophotometer from

Thermo Scientific. Measurements were taken following the manufactures protocol

using 2 pL of sample.
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6.2.12 Cloning (Zero blunt TOPO)

Cloning of the PCR product was carried out using a ZERO Blunt TOPO PCR cloning
kit from Invitrogen (K2830-20) following the manufactures protocol.

6.2.13 Restriction Enzyme digests

All restrictions enzymes were purchased from New England Biolabs and used with the

10 x buffers supplied.

The volumes of each constituent are:

EcoR1 (1 pL)

5 uL 10x buffer

1 uL BSA (if required)

~400ng of DNA

dH20 to a total volume of 50 pL.
Restrict at 37 °C for 1 hour.

BamH]1 (1 pL)

Ndel (1 pL)

5 uL 10x buffer

1 uL BSA (if required)

~400ng of DNA

dH20 to a total volume of 50 pL.
Restrict at 37 °C for 1 hour.

Xhol (1 uL)

Ndel (1 pL)

5 uL 10x buffer

1 uL BSA (if required)

~400ng of DNA

dH20 to a total volume of 50 pL.
Restrict at 37 °C for 1 hour.
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6.2.14 Transformation of E. coli

Chemically competent cells, strains BL21 (DE3), BL21 STAR and XL-1 Blue, were

transformed according to the manufacturer’s protocol.

6.2.15 Expression of PJH2 in BL21 (DE3)

A single colony of BL21 (DE3) transformed with PJH2 was picked and grown
overnight in a 5 mL culture. 500 pL was used to inoculate a 500 mL culture and was
grown in a shaking incubator at 37 °C until an ODego of 0.5-0.6 was reached. Protein
production was then induced by the addition of 2 mM IPTG. The induced culture was
left for 5 hours at 37 °C and the protein then analysed by SDS-PAGE.

6.2.16 Expression of PJH3 in BL21 (DE3)

A single colony of BL21 (DE3) transformed with PJH3 was picked and grown
overnight in a 5 mL culture. 500 pL was used to inoculate a 500 mL culture and was
grown in a shaking incubator at 37 °C until an ODego of 0.5-0.6 was reached. Protein
production was then induced by the addition of 2 mM IPTG. The induced culture was
left overnight at 30 °C and the protein then analysed by SDS-PAGE.

6.2.17 MAO-N transformation and expression

Chemically competent cells, E. coli strains C43 (DE3), were transformed according to
the manufacturer’s protocol. 5 mL of LB medium (containing 100 pg/mL of ampicillin)
was inoculated from a single colony of E. coli C43 (DE3) harbouring the [pET16b
MAO-N (D(X))] plasmid and the culture was grown to saturation at 30 °C and 120 rpm.
This culture was used to inoculate 600 mL of autoinduction medium (4ZY-LAC-SUC;
containing 100 pg/mL of ampicillin) and the new culture was grown at 25 °C and 150
rpm for 72 h. The cells were harvested by centrifugation (8000 rpm, 20 min),
resuspended in phosphate buffer (100 mM K-Pi, pH 7.7) and centrifuged again (4000

rpm, 20 min). The cell pellets were stored at —20 °C until use.

6.2.18 GOase expression

A falcon tube containing 5 ml of LB medium, supplemented with ampicillin, was

inoculated with a single colony and incubated at 37 °C, 250 rpm until an ODggo of 0.6
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was reached. Once the ODegoo Was reached the falcon tube was immediately placed on
ice. This culture was used to inoculate fresh LB medium (600 ml), supplemented with
ampicillin, and incubated overnight at 26 °C. The next day, the culture was transferred
into falcon tubes and the cells were harvested by centrifugation at 4000 rpm for 30 min
at 4 °C (Eppendorff bench top centrifuge). The supernatant was discarded and the cells
were lysed as follows: Initially each pellet was resuspended in 15 ml buffer NaPi 20
mM, NaCl 500 mM, PMSF 1 mM pH 7.4. Fresh lysozyme solution (10 mg/ml) was
added to each falcon tube, which was then incubated at 37 °C for 15 min. The cells were
lysed by 10 bursts of sonication of 30 sec each. Lysis suspension was centrifuged at
4000 rpm for 30 min at 4 °C and the supernatant was collected (cell free extract). The
process was repeated and the two cell free extracts and pellet were stored at 4 °C.

6.2.19 Purification of proteins on anion exchange column

Sample preparation

To the Cell Free Extract obtained from cell lysis add the same volume of binding buffer
pH 7.4. Filter the sample through a 0.45 um filter followed by a 0.22 pum before
applying it to the column.

Purification

Protein purification was carried out on a HiTrap Butyl Q FF 1 mL column (GE
healthcare 17-5053-01) following the manufactures protocol.

6.2.20 Purification of His-tagged proteins

Sample preparation

To the Cell Free Extract obtained from cell lysis add the same volume of binding buffer
pH 7.4. Filter the sample through a 0.45 pm filter followed by a 0.22 um before
applying it to the column.

Purification

Protein purification was carried out on a HisTrap HP 1 mL or 5 mL column (GE
healthcare 17-5247-01) following the manufactures protocol.
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6.2.21 Chemistry and biotransformations

Starting materials were purchased from Acros and Sigma-Aldrich and used as received.
1,4-Disubstituted ketones were prepared by published procedures by Diego Ghislieri.
Solvents were analytical or HPLC grade or were purchased dried over molecular sieves
where necessary. Column chromatography was performed on silica gel (Sigma, 220-440
mesh). *H and 3C NMR spectra were recorded on a BrukerAvance 400 (400 MHz for
'H and 100.6 MHz for *C) in CDCIs without additional standard. Chemical shifts are
reported in & values (ppm) and are relative to the standard (RSi(CHs)s, **C = 0.0) or the
solvent signal (CHCls, *H = 7.26; CDCls, 13C = 77.0).

GC-MS spectra were recorded on a Hewlett Packard HP 6890 equipped with a HP-1MS
column, a HP 5973 Mass Selective Detector and an ATLAS GL FOCUS sampling
robot. GC analysis was performed on Agilent 6850 GCs equipped with a
GerstelMultipurposesampler MPS2L and the columns indicated for each compound
separately. Normal phase HPLC was performed on an Agilent system equipped with a
G1379A degasser, G1312A binary pump, a G1329 autosampler unit, a G1315B diode
array detector and a G1316A temperature controlled column compartment; column and

conditions are indicated for each compound separately.

6.2.22 Biotransformation’s for the synthesis of chiral amines

Utilising the LDH/GDH recycle system®®

The below biotransformation’s used the LDH/GDH recycle system unless otherwise
stated in the text.

2 x stock solution of the GDH recycling system

Glucose 20g/L (0.11 mol), NAD+ 2g/L, PLP 1g/L (4.04 mmol) and L-alanine 90g/L
(1.01 mol) were added to a 50mL Falcon tube and 5 mL of 100 mM HEPES buffer was
added and the pH of the solution was adjusted to 8. To 500 L of the resulting solution,
200 pL 25 mM solution of ketone (in DMSQO), 200 uL of enzyme solution in 100 mM
HEPES buffer and 100 pL of 100 mM HEPES bufferwas added to make a final volume
of 1 mL, 24 h, 30 °C. The reactions were monitored by GC-MS and, when the enzyme
didn’t show turnover, stopped by acidification with 1 M HCI. The solution was then
centrifuged at 8000 g for 10 minutes and the supernatant extracted with

dichloromethane (3 x 5 mL). The aqueous phase was then basified with 10 M NaOH
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and extracted with CH2Cl2 (3 x 5 mL). The combined organic phases were washed with

water (3 x 5 mL), dried over MgSO4 and concentrated under vacuum.

Using the alanine dehydrogenase system'%2

5 mM ketone, ATA-117 (5 g/L in 150 mm ammonium formate) or purified Cv TA2 (5
g/L), 1 mM PLP, 1 mM NAD+, 5 equivD- or L-alanine, 12 U alanine dehydrogenase,

11 U formate dehydrogenase, 150 mM ammonium formate, 24 h, 30 °C. The same

work-up was used as in the LDH/GDH system.

Synthesis of racemic intermediates and standards

The indium complex was synthesised following a

previous published protocol by Z. Shen et al.1% Under
O <In—>0

\)U Cl vigorously stirring, to a solution of 1-penten-3-one (1.7
g, 20 mmol) in a mixture 1:1 CH3CN:H20 (100 mL)

was added indium (1.84 g, 16 mmol) and InCls (1.8 g, 8.0 mmol). After 24 hours, the
mixture was extracted with CH2Cl> (3 x 20 mL) and dried over MgSOa4. The organic

phase was then concentrated under vacuum to give 2.85 g of the indium complex in
89% yield.

1-Phenylhexan-1,4-dione 73.
1-Phenylhexan-1,4-dione was synthesised following a

previous published protocol by Z. Shen et al.1%® Under
O

nitrogenatmosphere, to a solution of indium
homoenolate (960 mg, 3.00 mmol) in anhydrous THF (30 mL) was added benzoyl
chloride (700 mg, 5.00 mmol) and PdCI>(PPhs). (180 mg, 0.25 mmol). The reaction
mixture was stirred at reflux for 6 hours. Solvent was removed under vacuum and the
residue was purified by silica gel column chromatography using Cyclohexane/EtOAc
9:1 as eluent giving 1-phenylhexane-1,4-dione in 84% isolated yield (0.079 g, 4.200
mmol). *H NMR (400 MHz, CDCls): § 8.03-7.99 (m, 2H, Ar), 7.61-7.55 (m, 1H, Ar),
7.51-7.45 (m, 2H, Ar), 3.32 (t, J = 6.3 Hz, CH>), 2.88 (t, J = 6.3 Hz, CH>), 2.59 (q, J =
7.3 Hz, CHy), 1.12 (t, J = 7.3 Hz, CHs). *3C NMR (100 MHz, CDCI3): § ppm 210.2,
198.8, 136.6, 133.3, 128.6, 128.1 36.0, 35.8, 32.5, 7.9.
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1-Phenylhexan-2,5-dione 74.
1-Phenylhexan-2,5-dione was synthesised following a

5 previous published protocol by H. Stetter et al.!% Under

nitrogen atmosphere, to a solution of phenylpyruvic acid
(1.0 g, 6.1 mmol) in EtOH (10 mL) was added triethyamine (1.2 mL, 9.7 mmol), 1-
buten-3-one (0.7 mL, 9.1 mmol) and 3-benzyl-5-(2-hydroxyethyl)-4-methylthiazolium

chloride (165 mg, 0.61 mmol). The mixture was stirred at reflux for 4 hours. The
solvent was removed under vacuum, then CH2Cl> (50 mL) was added and the organic
phase washed with 10% H2SO4 (2 x 50 mL). Solvent was removed under vacuum to
give 980 mg of crude 1-phenylhexane-2,5-dione in 85% isolated yield.

'H NMR (400 MHz, CDCls): § 7.35-7.27 (m, 3H, Ar), 7.21-7.18 (m, 2H, Ar), 3.75 (s,
CHa), 2.75-2.66 (m, 4H, CHy, CH2), 2.17 (s, CH3). C NMR (100 MHz, CDCls): &
207.2, 207.0, 134.2, 129.5, 128.7, 127.0, 50.1, 37.0, 35.5, 29.9.

0 2-(2-Oxopropyl)benzaldehyde 75.1%°

| Powdered m-CPBA (2.0 g, 9.0 mmol, 77%, 1.2 eq) was added to
a stirred heterogeneous mixture of aqueous NaHCO3 (150 mL,
0.30 M) and 2-methylindene (1.0 mL, 7.5 mmol) on ice over 15

minutes. The suspension was vigorously stirred at room temperature overnight and then
extracted with diethyl ether (3 x 100 mL). The organic phase was washed with brine (10
mL), dried over MgSO4 and concentrated under vacuum. Flash chromatography using
petroleum ether/EtOAc 1:10 as eluent afforded 350 mg of 2-methylindene oxide in 32%
yield as colourless oil. *H NMR (400 MHz, CDCls): § 7.54 (d, J = 7.2, 1H, Ar), 7.32-
7.19 (m, 3H, Ar), 4.09 (s, 1H, CH), 3.21 (d, J = 17.7 Hz, CH), 2.95 (d, J = 17.7 Hz,
CH), 1.75 (s, CHa3). 13C-NMR (100 MHz, CDCls): 34.6, 57.6, 59.1, 125.1, 126.0,
126.2, 128.5, 140.8, 143.5.

A solution of the 2-methylindene oxide (294 mg, 2.0 mmol) and ammonium ceric
nitrate (983 mg, 2.1 mmol) in a mixture 3:1 CH3CN/H20 (150 mL) was stirred
overnight at room temperature. The solution was diluted with water (200 mL) and
extracted with CHCI3z (3 x 150 mL). The organic phase was dried over MgSO4 and
concentrated under vacuum. Flash chromatography using petroleum ether/EtOAc 2:1 as
eluent afforded 160 mg of pure dicarbonyl compound 2-(2-oxo-propyl)-benzaldehyde in
41% yield as yellow oil. *H NMR (400 MHz, CDCls): § 10.01 (s, CH), 7.82 (dd, J =
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7.4, 1.6 Hz, 1H, Ar), 7.60-7.47 (m, 2H, Ar), 7.22 (m, br, 1H, Ar), 4.13 (s, CH>), 2.33 (s,
CHy).

3-Methyl-1,2,3,4-tetrahydroisoquinoline 71.1%

@O\li 3-Methylisoquinoline (28 mg, 0.2 mmol) was dissolved in
ethanol (1 mL). Aqueous saturated ammonium chloride (300 pL)
and indium powder (Avocado Research Chemicals Ltd, L18757.06) (200 mg) were

added to the mixture. The mixture was stirred in a microwave tube and heated to 160 °C

for 1 hour (microwave irradiation, 300 W, 2 min ramp time).The solution was cooled to
room temperature and water (5 mL) was added. The pH was then adjusted to 9 and the
mixture was filtered through a celite plug. The aqueous layer was extracted with CH2Cl>
(3 x 20 mL). The combined organics phases were dried over MgSO4 and concentrated
under vacuum to give 17 mg of 3-methyl-1,2,3,4-tetrahydroisoquinoline in 60% yield as
yellow oil. 'H NMR (400 MHz, CDCls): & 7.07 (m, 6H, Ar), 4.09 (g, J = 1.9 Hz, CHy),
3.10 — 2.96 (m, 1H, CH), 2.79 (dd, J = 16.4, 3.6 Hz, CH), 2.53 (dd, J = 16.3, 10.7 Hz,
CH), 1.91 (broad s, NH), 1.26 (d, J = 6.3 Hz, CHs). 3C NMR (100 MHz, CDCls): §
135.3,134.9, 129.2, 126.2, 126.2, 125.9, 49.4, 48.6, 37.3, 22.5.

HPLC: Chiralpack IC 6.4 mm x 250 mm x 5 pum, 90:10 (hexane/propan-2-ol)

1 mL/min, 3-methylisoquinoline 8.89 mins, racemic amine 6.63 min and 8.0 min.

N 2,5-Dimethyl-3,4-dihydro-2H-pyrrole 61.
\@/ 2,5-Hexanedione (1.1 mL, 9.7 mmol) was dissolved in DMSO (25
mL) was added to a solution containing Cv TA2 and the GDH

recycling system (100 mL). The reaction was stopped after 72 hours. 221 mg of
compound were obtained as yellow oil in 27% yield. *H NMR (400 MHz, CDCls): §
4.06-3.92 (m, CH), 2.58-2.37 (m, CH>), 2.14-2.03 (m, CH), 2.00 (s, CHz3), 1.37 (m,
CH), 1.23 (d, J = 6.8 Hz, CHa).

GC-MS EI (m/z): 97, imine 2.69 min, diketone MS EI (m/z) 114, 4.27 min.
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(S)-2-Methyl-5-phenyl-3,4-dihydro-2H-pyrrole 63.

N 1-Phenylpentane-1,4-dione (1.2 g, 6.7 mmol) was dissolved in
DMSO (25 mL) and added to a solution containing CvTA2 and
the GDH recycling system (100 mL). The reaction was stopped

after 72 hours. 262 mg of 2-methyl-5-phenyl-3,4-dihydro-2H-pyrrole were obtained as
yellow oil in 21% yield. *H NMR (400 MHz, CDCls): § 7.89-7.84 (m, 2H, Ar), 7.48-
7.39 (m, 3H, Ar), 4.48-4.26 (m, CH), 3.09 (m, CH), 2.92 (m, CH), 2.28 (m, CH), 1.59
(m, CH), 1.39 (d, J = 7.2 Hz, CH3). 3C NMR (100 MHz, CDCls): § 172.0, 134.5, 130.4,
128.4, 127.7, 68.3, 35.2, 29.5, 22.1. [a]P2 - 110 (c = 2.0, CHCI3). NMR data was in
good correlation of previously published data.°

GC-MS EI (m/z): 159, imine 7.42 mins, diketone MS EI (m/z) 176, 8.9 mins.

(R)-2-Methyl-5-phenyl-3,4-dihydro-2H-pyrrole 63.

1-Phenylpentane-1,4-dione (1.2 g, 25 mmol) was dissolved in
DMSO (6 mL) and added to a solution containing ATA-117
and the GDH recycling system (24 mL). The reaction was

N (Riw

7

stopped after 72 hours. 262 mg of 2-methyl-5-phenyl-3,4-dihydro-2H-pyrrole were
obtained as yellow oil in 21% yield.'"H NMR (400 MHz, CDCls): § 7.89-7.84 (m, 2H,
Ar), 7.48-7.39 (m, 3H, Ar), 4.48-4.26 (m, CH), 3.09 (m, CH), 2.92 (m, CH), 2.28 (m,
CH), 1.59 (m, CH), 1.39 (d, J = 7.2 Hz, CHs). 3C NMR (100 MHz, CDCls): § 172.0,
134.5, 130.4, 128.4, 127.7, 68.3, 35.2, 29.5, 22.1. [a]P24 + 106 (c = 1.5, CHCl3). NMR
data was in good correlation of previously published data.!

GC-MS EI (m/z): 159, imine 7.42 mins, diketone MS EI (m/z) 176, 8.9 mins.
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(S)-2-Ethyl-5-phenyl-3,4-dihydro-2H-pyrrole 76.

N 1-Phenylhexane-1,4-dione (10 mg, 0.1 mmol) was dissolved
in DMSO (400 pL) and added to a solution containing Cv
TA2 and the GDH recycling system (1.6 mL). The reaction
was stopped after 24 hours. *H NMR (400 MHz, CDCls): § 7.87-7.83 (m, 2H, Ar), 7.43-
7.37 (m, 3H, Ar), 4.18-4.09 (m, CH), 3.07-2.97 (m, CH), 2.94-2.84 (m, CH), 2.24-2.15
(m, CH), 1.93-1.83 (m, CH), 1.67-1.50 (m, CH), 1.04-1.00 (t, J = 8 Hz, CHj3). 3C
NMR (100 MHz, CDCl3): 6 172.0, 134.4, 130.9, 129.0, 128.1, 74.5, 35.0, 29.9, 28.3,
11.4. [a]P24 - 67.59 (c = 2.0, CHCI3). NMRs were in good correlation to published
data.!t!

GC-MS EI (m/z): 173, imine 8.69 mins, diketone MS EI (m/z) 113, 10.04 mins.

(S)-5-Benzyl-2-ethyl-3,4-dihydro-2H-pyrrole 77.

N
= NS
W 1-Phenylheptane-2,5-dione (10 mg, 0.1 mmol) was

dissolved in DMSO (400 pL) and added to a solution
containing Cv TA2 and the GDH recycling system (1.6 mL). The reaction was stopped

after 24 hours.

GC-MS EI (m/z): 187, imine 8.86 mins, diketone MS EI (m/z) 161, 9.80 mins.

(S)-5-Benzyl-2-methyl-3,4-dihydro-2H-pyrrole 66.

N
= \(S
m 1-phenylhexane-2,5-dione (500 mg, 2.63 mmol) was

dissolved in DMSO (25 mL) and added to a solution
containing Cv TA2 and the GDH recycling system (100 mL). The reaction was stopped

after 72 hours. 291 mg of compound 5-benzyl-2-methyl-3,4-dihydro-2H-pyrrole was
obtained as yellow oil in 64% yield. [a]P24 - 27.6 (¢ = 2.0, CHCI3).

GC-MS EI (m/z): 173.2, imine 7.96 mins, diketone MS EI (m/z) 172.1, 9.67 mins
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(S)-3-Methyl-3,4-dihydroisoquinoline 67.1%
2-(2-oxopropyl)benzaldehyde (150 mg, 0.93 mmol) was dissolved
in DMSO (25 mL) and added to a solution containing Cv TA2, 5
mM L-ascorbic acid (Sigma A5960) and the GDH recycling system (50 mL). The
reaction was stopped after 72 hours. 102 mg of 3-methyl-3,4-dihydroisoquinoline were
obtained as yellow oil in 76% yield. *H NMR (400MHz, CDCls): § 8.33 (s, 1H, CH),
7.40-7.32 (m, 1H, Ar), 7.29 (m, 1H, Ar), 7.20-7.12 (m, 2H, Ar), 3.81-3.63 (m, CH),
2.81 (dd, J = 16.3 Hz, CH), 2.62-2.49 (m, CH), 1.41 (d, J = 20 Hz, CH3). 3C NMR (100
MHz, CDCI3) 8 ppm, 135.3, 134.9, 129.2, 126.21, 126.2, 125.9, 49.4, 48.6, 37.3, 22.6.

~N
(S)

GC-MS El (m/z): 143.1, imine 7.78 mins
HPLC: Chiralpack IC 6.4 mm x 250 mm x 5 pum, 90:10 (hexane/propan-2-ol)

1 mL/min, racemic imine 9.40 mins and 9.73 mins.

6.2.23 MAO-N stereoselective conversion general procedure

In a 2 mL Eppendorf tube, the 2-5 disubstitutedpyrrolines (4.5 pL of 1 M solution in
DMF), NH3BHz (18 pL of 1 M solution in 1 M KPOs-buffer, pH = 7.8) and cell pellet
of MAO-N D9 or D11 from E. coli cultures (280 L of a solution 100 mg/mL in 1 M
KPOs-buffer, pH = 7.8) were mixed. If necessary, the pH of the solution was adjusted to
7.8 by addition of HCI. The tube was placed in a shaking incubator and shaken at 37 °C
and 250 rpm. In total 5 reactions were set up for each pyrroline. The reaction was
monitored by GC taking a reaction and working it up every 1, 3, 6, 24 and 48 hours. GC
samples were prepared as follows: agueous NaOH solution (10 puL, 10 M) was added to
the reaction mixture in the Eppendorf tube, followed by 1 mL of CH2Cl,. After vigorous
mixing, by means of a vortex mixer, the sample was centrifuged at 13200 rpm for 1

minute. The organic phase was separated, dried with MgSO4 and analysed by GC.
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8. Appendix

8.1 Solution phase assay

8.1.1 Proposed mechanism for PGR oxidation

Reagents: I) Horseradish peroxidase

Scheme 46: Estimated pyrogallol red oxidation by horseradish peroxidase.

Scheme 44 shows the proposed mechanism by previous members of the Turner/Flitsch
group, neither the mechanism or the structure for the oxidised product has been

confirmed.112

8.1.2 PGR colour spectrum

Figure 46: Pyrogallol colour spectrum

Figure 46 shows the colour spectrum of PGR, the left hand side is at time zero and the
right hand side is full consumption of PGR by HRP.
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Appendix

8.1.3 PGR Absorption spectrum

Figure 47 shows a PGR absorption spectrum carried out over the wavelengths 300nm to

700nm with a maximum at 540nm.

300 320 340 380 380 400 420 440 480 480 500 520 540 560 580 800 820 840 860 880 T00
Wavelength (nm)
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Figure 47: PGR absorbance spectrum.

8.1.4 Pyrogallol red standard curve
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Figure 48: Standard curve of pyrogallol red at three different wavelengths.

Figure 48 shows a PGR standard curve over three different wavelengths (540, 550 and

560nm), maximum absorbance was observed to be 540nm.
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8.2 pH and temperature profile of Cv TA2
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Figure 49: Temperature profile for Cv TA2.

Figure 49 shows the temperature profile for Cv TA2. The optimum temperature for the

enzyme is 30 °C.
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Figure 50: Effect of different buffers (L00mM concentration)/pH on relative activity of Cv TA2.

Figure 50 shows a pH and buffer profile for Cv TA2. The optimum conditions are pH

7.5in 100 mM HEPES.
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8.3Plasmids
8.3.1 PJH1 Vector map

HindIlI (29)
EcoRI(7089) BamHI (319)
| , Xhol (324)
EcoRI(363)
~ CV2025

AmpR

H1 \ /NdeI (1711)
P N Tiac
7091bp -

Xbal (1811)

Figure 51: Vector map of a transaminase gene from C. Violaceum (2025) obtained from Prof. Helen
Hailes, University College London, cloned into pET16b. Multiple cloning sites used in this study (Ndel
and Xho 1) and the plasmid carries an ampicillin resistance marker.

8.3.2 Vector map of PJH2

HindIII (29)
EcoRI(7086) BamHI (319)

AmpR | /___ Xhol (324)

/CV TA
”””EcoRI (1110)
ET16b PIH2 el 78
P T7lac
7088 bp -
T7Pronoter Priner (100.0%)

Figure 52: Vector map of a transaminase gene from C. Violaceum (CMC 104818) obtained from the
Chirotech microbial culture collection, cloned into pET16b. Multiple cloning sites used in this study
(Ndel and Xho 1) and the plasmid carries an ampicillin resistance marker.

136



Appendix

8.3.3 Vector map of PJH3

EcoRI (6835) HindIII (29)

.

AmpR _____ BamHI(319)
CMC104818

"~ HindIII (890)

Xhol (1450)
/

: T7lac
pET16b PJH3 r—

6837bp

Figure 53: Vector map of a transaminase gene from Ochrobactrum sp. (CMC 104240) obtained from the
Chirotech microbial culture collection, cloned into pET16b. Multiple cloning sites (Bam HI and Xho I)

and the plasmid carries an ampicillin resistance marker.
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8.3.4 pET16b Vector map

PET-16b sequence landmarks

T7 promoter

T7 transcription start
His«Tag coding sequence
Multiple cloning sites
(Nde1-BamH 1)

T7 terminator

lacI coding sequence
pBR322 origin

bla coding sequence

466-482
465
360-389

319-335
213-259
869-1948
3885
4646-5503

Aat lI(5638)

Hindlil29
AN

Ssp 1(5520)

Sca I(5196) Y
Pvu I(5085)

Pst l{4961)

Bsa lj4777)

Eam1105 14716)

Bpu1102 1267)
(EcoR Ii5709)

Cla I(24
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\

\ Miul(1219)
\".‘ - Bel I(1233)

| |\ ‘EE?E 1400
AN 14238) mg I(1428)
1 pET-16b | | Apa 1(1430)

\ (5711bp) i

BspLU11 I(3823)

Sap 1(3707)
Bst1107 I(3594)
Acc 1(3593)
BsaA [(3575)
Tth111 |(3568) /

Bpui0 Ii2020) |

r—“r‘T

Ip/
/ '/XBSSH 11(1630)
Hpa I(1725)

(8pg1-og) 108

BsaX |(1878)

PshA 1(2064)

Eag I(2287)
Nru [(2322)
BspM l(2402)

| 'Bsm li2707)
IMsc 1(2794)

B/l

TT promoter primer #59348-3

T7 promoter

AGATCTCGATCCCGCGAAATTAATACGACTC.

lac operator
CTATACCGCCAATTCTCAGCCCAT!

Xbal

\TTCCCCTCTAG]

rbs

Neo |

His*Tag

Nde |

ArgLysGluAlaGluLeuAlaAlarlaThralaGluGlnEnd

Xho | BamH |
TATACCATGEECCATCATCAT CATCAT CAT AT CAT CAT CACA GO AGOGECCATAT CEARGET COTCATATECTOGAGEATC CEGCTGCTARCARAGOD
MetGlyHisHisHisHisHisHisHisHisHisHisSerserGlyHisIleGluGl

\TAATTTTGTTTAACTTTAACAACCAGA

Bpuiio2 | Factor Xa |

(ArgHisMetLeuGluAspProAlaAlaAsnlysAla
T7 terminator

CCAARGGAAGCTGACT TGGECTGCTGCCACOECTGAGCARTAACTAGCATAACCCCTTGEEECCTCTARACGECTCTTGAGGEETTTTTTC

«+—
T7 terminator pnmer #69337-3

PET-16b cloning/expression region

Figure 54: Vector map of pET16b obtained from Novogen. Multiple cloning sites used in this study

(Ndel, Bam HI and Xho 1).
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8.3.5 Zero blunt topopCR vector map

M13 Reverse priming site SP6 promoter/priming site J

201 CACHCAGGAA
GTGLGTCCTT

ACAGCTATGA QCATGATTAC GCCAAGCTAT TTAGGTGACA CTATAGRATA
TGTCGATACT JGTACTAATG CGGTTCGATA AATCCACTGT GATATOTTAT

CTCARAGCTAT
GAGTTCGATA
EcoR |

GCTGGAATTC
CGACCTTAAG

TCCATCACAC
AGGTAGTGTG

GTCGTATTAC
CAGCATARNTG

N\

stll HJ'IrdIII AspT18 | Kar:liEd'lBBllSaclB;lamHl Splcl

I I
GCATCAAGCT TGGTACCGAG CTCGGATCCA CTAGTAACGG CCGCCAGTGT
CGTAGTTCGA ACCATGGCTC GAGCCTAGGT GATCATTGCC GGCGGTCACA

ECTRl PSlfl El:llaF'.V
GCCCTT AAGGGCGAATTCT GCAGATA
CGGGRA Blunt PCR Product TTCCCGCTTAAGA CGTCTAT
Not | Xhol Nsi | Xba | Drall Apa | T7 pmmo‘tﬂr}pr‘imir}g site

| | I 1
TGGCGGCCGC TCGAGCATGC ATCTAGAGEG CCCAATTCGCZ CCTATAGTGA

ACCGCCGGCG AGCTCGTACG TAGATCTCCC GGGTTAAGCE GGATATCACT

M13 Forward (-20) priming site
AARTTCACTGG CCGTCGTTTT ACRACGTCGT CACTGGGAAR ACCCTGGCST 476
TTAAGTIGACC GGCAGCAARR TETTGCAGCA CTGACCCTTT TGGGACCGCA

/

pCR"-Blunt II-
TOPO®

3519 bp

=
-
=
3
g
S

Figure 55: pCR-Blunt 1I-TOPO vector map. Multiple cloning sites used in this study (Eco RI, Xhol and

Bam HI).
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8.4 DNA sequences
8.4.1 Chromobacterium violaceum Cv TA2

ATGCAGAAGCAACGTACGACCAGCCAATGGCGCGAACTGGATGCCGCCCATCACCTGCATC
CGTTTACCGATACCGCATCGCTGAACCAGGCGGGCGCGCGCGTGATGACGCGCGGAGAAGG
CATCTATCTGTGGGATTCGGACGGCAACAAGATCATCGACGGCATGGCCGGCCTATGGTGTG
TGAACGTCGGCTACGGCCGCAAGGATTTCGCCGAGGTGGCGCGCCGCCAGATGGAAGAGCT
GCCGTTCTACAACACCTTCTTCAAGACCACGCATCCGGCGGTGGTCGAACTGTCCCGCCTGT
TGGCCGAAGTGACGCCAGCCGGCTTCGACCACGTGTTTTACACCAACTCAGGCTCGGAGTCG
GTGGACACCATGATCCGCATGGTGCGCCGCTACTGGGACGTGCAGGGCAAGCCGGAGAAGA
AGACGCTGATCGGCCGTTGGAACGGCTATCACGGCTCCACCATCGGCGGCGCCAGTCTGGGC
GGCATGAAGTACATGCATGAGCAGGGCGATCTGCCGATTCCGGGCATGGCCCATATCGAGC
AGCCGTGGTGGTACAAGCACGGCAAGGACATGACGCCGGACGAATTCGGCGTGGTGGLCCGC
GCGCTGGCTGGACGAGAAGATCCAGGAGATCGGCGCCGACAAGGTGGCGGCTTTTGTCGCC
GAACCCATCCAGGGCGCTGGCGGGGTGATCATACCGCCAGCCACCTACTGGCCGGAAATCG
AGCGCATCTGCCGCAAGCACGATGTGTTGATTGTGGCGGACGAAGTGATCTGCGGTTTCGGC
CGCACCGGCGAATGGTTCGGCCATCAGCATTTCGGCTTCCAGCCTGACCTGTTCACCGCGGC
TAAGGGCTTGTCGTCGGGCTACTTGCCGATCGGCGCGGTGTTCGTCGGCAAGCGCGTGGCGG
AAGGCCTGATCGCCGGCGGCGACTTCAACCACGGCTTCACCTATTCCGGCCATCCGGTCTGC
GCCGCGGTGGCGCACGCCAATGTGGTGGCGCTGCGAGACGAGGGCATCGTCCAGCGCGTCA
AGGACGACATCGGTCCTTACATGCAGAAGCGTTGGCGCGAGACCTTCAGTCAGTTCGAGCAC
GTGGACGACGTGCGCGGCGTCGGCCTGATCCAAGCCTTCACGCTGGTGAAGAACAAGGCGA
AGCGCGAGCTGTTCCCCGATTTCGGCGAGGTCGGCACGCTATGCCGCGACATCTTCTTCCGC
AACAACCTGATCATGCGCGCTTGCGGCGACCATATCGTATGTTCGCCGCCGCTGGTGATGAC
GCGAGCCGAAGTGGATGAAATGCTGGGGGTGGCGGCGCGTTGCCTAGCCGAGTTCGAGCAG
GCGCTGAAGGCGCGCGGGCTGGCTTAG

Figure 56: DNA sequence Chromobacterium violaceum transaminase Cv TA2.

8.4.2 Ochrobactrum antropi Oa TA1

ATGCAGTTTATTGATCTTGGAGCGCAACGCGCGCGTATCGAAGACCGTCTTAATGCCGCCGT
TTCCAAGGTAGTTGCGGAAGGCCGTTATATTCTTGGTCCTGAAGTCGCTGAGTTCGAAAAGA
AACTCGGTGAATATCTGGGCGTGGAACATGTGATCGCCTGCGCCAACGGCACCGACGCTTTG
CAGATGCCTTTGATGGCGCGCGGTATCGGCCCGGGTCATGCGGTGTTCGTTCCTTCGTTCACG
TTCGCTGCAACCGCTGAAGTCGTTGCCCTTGTTGGCGCAGAGCCGGTTTTCGTTGATGTCGAT
GCCGACACCTACAACATGAATATTGAACAGCTTGAAGCCGCTATTGCGGCCATCCGCAAGG
AAGGTCGTCTTGAGCCCAAGGCAATCATTCCTGTCGACCTGTTCGGTCTTGCTGCCGATTACA
ACCGCATCACTGCCGTTGCAGATCGCGAAGGTCTGTTCGTGATTGAAGACGCGGCTCAGTCG
ATTGGTGGCAAGCGCGACAACGTCATGTGCGGCGCTTTCGGCCATGTCGGTGCGACAAGCTT
CTATACCCGGCCAAGCCGCTCGGCTGCTATGGCGACGGCGGTGCAATGTTCACCAATGATGC
TGAACTCGCCGACACGTTGCGCTCTGTGCTTTTCCACGGCAAGGGTGAAACACAGTACGACA
ATGTTCGCATTGGGCTGAACTCGCGCCTCGATACAATTCAGGCTGCTATTCTTCTGGAAAAG
TTAGCGATCCTTGAAGACGAAATGGAAGCGCGCGACCGCATTGCCAAGCGATACAATGAAT
TGCTCAAGGATGTAGTCAAGGTTCCTGGTCTGCCTGCTGGCAACCGTTCGGCCTGGGCACAG
TATTCGATTGAAAGCGAAAACCGCGATGGTCTGAAGGCACATCTTCAGGCAGCCGGCATTCC
ATCGGTTATCTACTATGTGAAGCCGCTGCATCTGCAGACAGCATACAAGCATTATCCGATTG
CACCGGGTGGTCTGCCTGTTTCGGAAGCGCTGCCTGCACGCATTCTCAGCCTGCCGATGCAT
CCTTATCTTTCGGAAGAAGATCAGGACAAGATCATCGGCGCGATCCGTGGTTTTCACGGAAA
GAAGGCCTGA

Figure 57:DNA sequenceOchrobactrum antropi transaminase Oa TA1.
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8.5 Analytical traces

8.5.1 (2S,5R)-2-Methyl-5-phenylpyrrolidine.

Irz

The reaction was set up as described in the general procedure using MAO-N D9 as
biocatalyst. After 24 hours GC analysis showed 98% de.

PA

120
100
s

60—

I -

PA o @;g'\
B @
|4
] o &
80— Y@"
50—
a0
30— N
: &
: Y B
- e . S
Z L 5.3{; A
10-
o
-10-
T T i 1 ; r T ;
2 a 6 8 10 12 14 16

GC conditions: CAM Column. Retention time amines 12.5, 12.7 and imine 14.2 minutes
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8.5.2 (2R,5R)-2-Methyl-5-phenylpyrrolidine.

Iz

The reaction was set up as described in the general procedure using MAO-N D11

as biocatalyst. After 48 hours GC analysis showed 90% de.

PA -

260
200~

150~

- hq "

546
)%813

L

———12.520
12.787

T T e T T ( T r T
2 4 ] 8 10 12 14 16 min

GC conditions: CAM Column. Retention time 12.5 and 12.8 minutes
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8.5.3 (2S,5R)-2-Methyl-5-benzylpyrrolidine.

H
SR

The reaction was set up as described in the general procedure using MAO-N D9 as

biocatalyst. After 6 hours GC analysis showed 80% de.

| _

2 a & s 10 12 14 min

GC conditions: CAM Column. Retention time 13.2 and 13.4 minutes

8.5.4 (2R,5R)-2-Methyl-5-benzylpyrrolidine.

H
///, N
O

The reaction was set up as described in the general procedure using MAO-N D9 as

biocatalyst. After 3 hours GC analysis showed 99% de.

PA -

13.150

o L , | ——

————

T | T T
2 4 & 8 10 12 14 16 min

GC conditions: CAM Column. Retention time 13.2 minutes
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8.5.5 (2S,5R)-2-Ethyl-5-phenylpyrrolidine.

N\

N
H

The reaction was set up as described in the general procedure using MAO-N D9 as

biocatalyst. After 24 hours GC analysis showed 94% de.

PA~

35
30—

25

|l e | P—

N
B
@
®
=
R)‘A
&
3
3

T T T T T T T F
2 4 L} 8 10 12 14 min

GC conditions: CAM Column. Retention time 13.7 and 13.9 minutes
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8.5.6 (S)-1-Phenylethylamine

NH,

The reaction was set up as described in the general procedure using Cv TA2 as
biocatalyst. After 24 hours GC analysis showed > 99% ee.

P |

2282

100—-
SD{
GD—-
a0-

- QL/\_/\}L/\A__A,_
a5 A

o-

————  — 13880

T T T T T T T
i 4 L} 8 0 12 min

GC column Chirasil-DEX CB: (S)-1-phenylethylamine 13.7 min, ketone 3.3 min.

8.5.7 (S)-4-Bromo-1-phenylethylamine

NH,

Br

The reaction was set up as described in the general procedure using Cv TA2 as
biocatalyst. After 24 hours GC analysis showed > 99% ee.

pAT
50—

30—

2.471

20—

[m———3208

T T T T T T T T
2] <) 4 & & T 8 a min

GC column Chirasil-DEX CB: (S)-4-bromo-1-phenylethylamine 9.5 min, ketone 3.2 min.
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8.5.8 (R)-1-(pyridin-3-yl)ethanamine

NH;

NTX

|/

The reaction was set up as described in the general procedure using ATA-117 as

biocatalyst. After 24 hours GC analysis showed > 99% ee.

pA
A

£.8a7

T T T T T
2 3 4 5 =] min

GC column Chirasil-DEX CB: (R)-amine 5.9 min, ketone 1.7 min.

8.5.9 (R)-1-(pyridin-4-yl)ethanamine

NH,

| X

N__~

The reaction was set up as described in the general procedure using ATA-117 as
biocatalyst. After 24 hours GC analysis showed > 99% ee.

an-

20-

—
E—— G
Ps 224

T T T T T T T
2 3 4 5 & T g min

GC column Chirasil-DEX CB: (R)-amine 8.2 min, ketone 2.1 min.
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8.5.10 (S)-4-Bromo-1-phenylethylamine

NH,

S

The reaction was set up as described in the general procedure using ATA-117 as

biocatalyst. After 24 hours GC analysis showed > 99% ee.

PA
50

2.152

8.234

20 —|

20—

T T T T T T T
2 3 4 i =) 7 8 min

GC column Chirasil-DEX CB: (R)-4-chloro-1-phenylethylamine 8.2 min, ketone 2.2 min.

8.5.11 (Rac)- 3-Methyl-1,2,3,4-tetrahydroisoquinoline

CL,

DADA E, $ig=265.4 Ref=off (JEN QUIN\THQ STANDARD.D)

7.000

HPLC, Chiralpack IC 6.4 mm x 250 mm x 5 pm, 90:10 (hexane/propan-2-ol) 1 mL/min: racemic amine
6.63 min and 8.0 min.
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8.5.12 (Rac)- 3-Methyl-3,4-dihydroisoquinoline

CC,

[

HPLC, Chiralpack IC 6.4 mm x 250 mm x 5 pum, 90:10 (hexane/propan-2-ol) 1 mL/min: racemic amine
9.4 min and 9.73 min.
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8.6 NMR data

8.6.1 2-Methyl-5-phenyl-3,4-dihydro-2H-pyrrole
-Ha(g:\i/ltj\_-/?:"\‘ 2100
2\2/ \\___/’ 2000

1900
1800
1700
1600
~1500
1400
1300
1200
1100
1000
900
800
700
600
[~500
(400
(300
200

NN ! b ol

r-100

~-200

T T T T T T T T T T T T
8.0 7.5 70 6.5 6.0 5.5 5.0 4.0 3.5 3.0 2.5 2.0 1.5 1.0

45
f1 (ppm)

IH NMR (400 MHz, CDCls): 7.89-7.84 (m, 2H), 7.48-7.39 (m, 3H), 4.48-4.26 (m, 1H),
3.09 (m, 1H), 2.92 (m, 1H), 2.28 (m, 1H), 1.59 (m, 1H), 1.39 (d, J = 7.2 Hz, 3H).

HaE:;\,/I:J\ =1 5000
‘ '\47‘ 10
~/ N/

4500
4000
3500
3000
2500
(2000
1500

1000

+-500

T T T T T T T T T T T T T T
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
f1 (ppm)

13C NMR (100 MHz, CDCls): § 172.0, 134.5, 130.4, 128.4, 127.7, 68.3, 35.2, 29.5,
22.1.
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8.6.2 2,5-Dimethyl-3,4-dihydro-2H-pyrrole

Dec29-2011-NJT 2100
Dimethylpyrolline
HaC_ N 2000
| Ne— CH, F1900
~/ 1800
1700
1600
1500
1400
1300
1200
1100
1000
900
800
700
600
500
400
300

J Bu N . | Y. SR

r-100

T T T T T T T T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 35 3.0 25 2.0 15 1.0 0.5 0.0
f1 (ppm)

IH NMR (400 MHz, CDCls): § 4.06-3.92 (m, CH), 2.58-2.37 (m, CH>), 2.14-2.03 (m,
CH), 2.00 (s, CHs), 1.37 (m, CH), 1.23 (d, J = 6.8 Hz, CHa).
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8.6.3 4-Bromo-1-phenylethanamine

NHp

./"\\CHa

Br

L
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2800
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T
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T
5.0
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4.5

T
.0

4
f1 (ppm)

T
3.5

T
3.0

T
2.5

T
2.0

T
1.5

T
1.0

T
0.5

T
0.0

IH NMR (400 MHz, CDCls): § 7.48 — 7.43 (m, 2H), 7.26 — 7.22 (m, 2H), 4.11 (g, J =

6.6 Hz, 1H), 1.51 (s, 2H), 1.34 (d, J = 6.6 Hz, 3H).
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13C NMR (100 MHz, CDCls): § 146.7, 131.5, 127.6, 120.4, 50.8, 25.8.
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8.6.4 3-Methyl-1,2,3,4-tetrahydroisoquinoline

- 10 f-2200
D
2\3/“\,/5\%3 -2000
(1900
1800
1700
1600
1500
1400
1300
F1200
1100
1000
900
800
(700
F600
500
400

d 300
M 'J“ ‘Iﬂl‘ ‘ 100

| V. - Lo

-100

~-200

T T T T T T T T T T :
7.5 70 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
1 (ppm)

'H NMR (400 MHz, CDCls3): § 7.07 (m, 6H, Ar), 4.09 (g, J = 1.9 Hz, CH_), 3.10 — 2.96
(m, 1H, CH), 2.79 (dd, J = 16.4, 3.6 Hz, CH), 2.53 (dd, J = 16.3, 10.7 Hz, CH), 1.91
(broad s, NH), 1.26 (d, J = 6.3 Hz, CHs).
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Feb22-2012-NJT
Tetrahydroisoquinoline
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Feb22-2012-NJT
Tetrahydroisoquinoline 7000

6500

N 6000
LA
5000
4500
4000
3500
3000
2500
2000
1500
1000

500

-500

r-1000

135 130 125 120 115 110 105 100 95 90 85 8 75 70 65 60 55 50 45 40 35 30 25 20 15 10
f1 (ppm)

13C NMR (100 MHz, CDCI3): § 135.3, 134.9, 129.2, 126.2, 126.2, 125.9, 49.4, 48.6,
37.3, 22.6.
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8.6.5 3-Methyl-3,4-dihydroisoquinoline

/1

/

1 N (2100
i

.

\
{7

P 8. [~2000
N

™ CH,

1

-t
Z N

TRES) S A e ro| R e

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

IH NMR (400MHz, CDCls): & 8.33 (s, 1H, CH), 7.40-7.32 (m, 1H, Ar), 7.29 (m, 1H,
Ar), 7.20-7.12 (m, 2H, Ar), 3.81-3.63 (m, CH), 2.81 (dd, J = 16.3 Hz, CH), 2.62-2.49

(m, CH), 1.41 (d, J = 20 Hz, CH).

\

J

\A

Vi

9

1

9

8

8

7

7
77.80
77.16
5287
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—2208
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50 20 2 20 210 200 190 10 170 160 1% 14D 130 10 10 d0 S0 B0 D &0 S0 40 W W W 0 0 W D A
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13C NMR (100 MHz, CDCls): 6 160.0, 136.7, 131.8, 129.5, 128.7, 128.1, 127.8, 127.6,
52.9,32.9, 22.1.
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8.6.6 2-Methylindene oxide

e F3s00
F3400
Fa200
F-3000
k2800
F2600
F2400
r2200
F-2000
F1s00
F1600
F1400
F1200
F1000
Fa00

600

i IR

=200

T T T T T T T T T T T T T T T
8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 30 25 2.0 15 1.0
f1 (ppm)

IH NMR (400 MHz, CDCl3): § 7.54 (d, J = 7.2, 1H, Ar), 7.32-7.19 (m, 3H, Ar), 4.09 (s,
1H, CH), 3.21 (d, J = 17.7 Hz, CH), 2.95 (d, J = 17.7 Hz, CH), 1.75 (s, CHa).
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8.6.7 2-(2-Oxo-propyl)benzaldehyde
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IH NMR (400 MHz, CDCls): § 10.01 (s, CH), 7.82 (dd, J = 7.4, 1.6 Hz, 1H, Ar), 7.60-
7.47 (m, 2H, Ar), 7.22 (m, br, 1H, Ar), 4.13 (s, CH2), 2.33 (s, CHa).
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8.6.8 2-Methyl-5-phenyl-3,4-dihydro-2H-pyrrole

HaC L
BN N 2=
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%“;M A wh b Al
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IH NMR (400 MHz, CDCls): & 7.89-7.84 (m, 2H, Ar), 7.48-7.39 (m, 3H, Ar), 4.48-4.26
(m, CH), 3.09 (m, CH), 2.92 (m, CH), 2.28 (m, CH), 1.59 (m, CH), 1.39 (d, J = 7.2 Hz,

CHa).
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13C NMR (100 MHz, CDCls): § 172.0, 134.5, 130.4, 128.4, 127.7, 68.3, 35.2, 29.5,

22.1.
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8.6.9 5-Phenyl-2-ethyl-3,4-dihydro-2H-pyrrole.

= e g - 1800
CHy
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I AR ¥ 1600
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f (;}Eﬂ 4:0 3:5 3:0 2:5 I 2:0 I 1:5 I 1:0 I 05
IH NMR (400 MHz, CDCls): 5 7.87-7.83 (m, 2H, Ar), 7.43-7.37 (m, 3H, Ar), 4.18-4.09
(m, CH), 3.07-2.97 (m, CH), 2.94-2.84 (m, CH), 2.24-2.15 (m, CH), 1.93-1.83 (m, CH),

1.67-1.50 (M, CH,), 1.04-1.00 (t, J = 8 Hz, CHa).
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13C NMR (100 MHz, CDCls): § 1712.0, 134.4, 130.9, 129.0, 128.1, 74.51, 35.0, 29.9,
28.3, 11.4.
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8.7 Publications

A fast and sensitive assay for measuring the activity and enantioselectivity of
transaminases, Hopwood et al., Chem. Commun., 2011, 47, 773-775.

A Fast, Sensitive Assay and Scale-Up of w-Transaminase Catalysed Reactions,
Practical Methods for Biocatalysis and Biotransformations 2, Hopwood et al., Whiley,
Page 74.

Structures of a gamma-aminobutyrate (GABA) transaminase from the s-triazine-
degrading organism Arthrobacteraurescens sp. TC1 in complex both with PLP, and its

external aldimine PLP-GABA adduct, Bruce et al, Acta Crystallographica. Submitted.

160


http://www.linkedin.com/redir/redirect?url=http%3A%2F%2Feu%2Ewiley%2Ecom%2FWileyCDA%2FWileyTitle%2FproductCd-1119991390%2CdescCd-tableOfContents%2Ehtml&urlhash=7CoY

