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“The fortunate idea came to me to orient my crystals with reference to a plane perpendicular to the
observer and then | noticed that the confused mass of crystals of paratartrate could be divided into two
groups according to the orientation of their facets of symmetry. In one group, the facet of symmetry
nearer my body was inclined to my right with reference to the plane of orientation which | just
mentioned, whereas the facet of asymmetry was inclined to my left in the other. The paratartrate
appeared as a mixture of two kinds of crystals, some asymmetric to the right, some asymmetric to the
left.” "4

(Louis Pasteur, 1982-1895)
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Abstract

Amino alcohols, and especially nor(pseudo)ephedrines, are compounds with various
applications in organic synthesis and in the pharmaceutical industry. The strategies
to these chiral molecules by classical chemical or chemo-enzymatical syntheses are
challenging and therewith draw interest for industrial research efforts. In this thesis,
the potential of enzyme cascades for the synthesis of chiral primary vicinal amino
alcohols was demonstrated. In detail, the 2-step cascades combining thiamine
diphosphate (ThDP)-dependent enzymes and w-transaminases were investigated for
the synthesis of nor(pseudo)ephedrines. This approach represents a completely new
strategy for getting access to chiral amino alcohols. These valuable chemicals are
now accessible in a highly atom- and step-efficient enzymatic process in only two
reaction steps from inexpensive, achiral starting materials.

Development of a novel screening assay for w-transaminases

In the developed synthetic enzyme cascade, amino alcohols are accessible via a
carboligation of aldehydes and a-keto acids, followed by a subsequent reductive
amination of the a-hydroxy ketone intermediate catalysed by w-transaminases. For a
fast and reliable screening of w-transaminase activity in these reductive amination
reactions, a novel screening assay was developed. This assay is meanwhile used by
other working groups and companies to screen enzymatic reductive amination
reactions. Using this assay, we identified valuable biocatalysts for the reductive
amination of acetoin, 2-hydroxyacetophenone and phenylacetylcarbinol (PAC). The
reductive amination of PAC was of special importance, since is the reaction
intermediate in the 2-step cascade for the synthesis of nor(pseudo)ephedrines.

1-Pot 2-step cascade combining ThDP-dependent enzymes and w-transaminases

The 2-step synthesis of (1R,2S)-norephedrine was investigated for the combination
of the (R)-selective ThDP-dependent acetohydroxyacid synthase-l (AHAS-I) from
Eschericia coli and the (S)-selective w-transaminase from Chromobacterium
violaceum. A major challenge was the low thermodynamic equilibrium constant for
the reductive amination reaction. The equilibrium constant for the reductive amination
of PAC with alanine as an amine donor was determined: Ko, = 8.81-10™. As a direct
consequence, even with a 5-fold excess of alanine the conversion did not exceed
5 %. This challenge in the second reaction step was overcome by removal of the co-
product (pyruvate) with the enzyme of the first reaction step (AHAS-I). This enzyme
catalyses the carboligation of two pyruvate molecules to acetolactate. In process
mode optimisations, best results were obtained for the 1-pot sequential cascade
mode. Under optimised reaction conditions 78 % of the benzaldehyde (10 mM) was
converted to (1R,2S)-norephedrine (ee >99 %, de >98 %). This is the first example
where a reaction equilibrium shift was performed in cascade reactions without the
addition for further enzymes, reactants or co-solvents. If this cascade is performed for

v



L2-Steps in 1-pot: enzyme cascades for the synthesis of chiral vicinal amino alcohols®

the combination of AHAS-I and the (R)-selective w-transaminases from Aspergillus
terreus (At-(R)TA) in the 1-pot 2-step sequential mode, product concentrations up to
90 mM (=90 % conversion) could be reached. The gained product (1R,2R)-nor-
pseudoephedrine again exhibits excellent stereoselectivity (ee >99 %, de >98 %).
Moreover, not only a simple co-product removal was tested, but even a recycling of
the pyruvate in the first cascade step was possible. In case of the 2-step recycling
cascade with AHAS-I and At-(R)TA, 86 % (= 17.2 mM) of the benzaldehyde (20 mM)
was converted to (1R,2R)-norpseudoephedrine (ee >99 %, de >98 %) while only
10 mM pyruvate was initially present in the reaction setup. This novel ‘recycling
cascade’ concept increases atom economy of reactions and can theoretically be
applied in any cascade reactions where co-products from a later step can be
recycled for a previous step.

1-Pot 2-step cascade combining w-transaminases and alcohol dehydrogenases

For the synthesis of the pharmaceutical (1S,2S)-norpseudoephedrine, a highly (S)-
selective lyase is required in the first reaction step. However, such a lyase is currently
not available. Therefore, an alternative strategy was investigated. Starting from
1-phenylpropane-1,2-dione, the combination of (S)-selective transaminase from
Chromobacterium violaceum with the alcohol dehydrogenase from Lactobacillus
brevis resulted in the formation of (1S,2S)-norpseudoephedrine with excellent
stereoselectivity (ee >98 %, de >99 %). This novel biocatalytic reaction cascade can
be seen as a valuable alternative synthesis strategy to complement the amino
alcohol platform.
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Zusammenfassung

Aminoalkohole, und insbesondere Nor(pseudo)ephedrine, sind Verbindungen mit
vielseitigen Anwendungen in organischen Synthesen und in der pharmazeutischen
Industrie. Die Herstellung dieser chiralen Molekile ist durch klassische chemische
Synthesewege haufig schwierig und daher Gegenstand aktueller Forschung. In
dieser Arbeit wurde das Potential von Enzymkaskaden zur Synthese von chiralen
primaren vicinalen Aminoalkoholen demonstriert. Eine zweistufige Kaskade,
bestehend aus  Thiamindiphosphat  (ThDP)-abhangigen = Enzymen  und
w-Transaminasen, wurden fur die Synthese von Nor(pseudo)ephedrinen erforscht.
Dieser Ansatz stellt eine neue Strategie zur Synthese von chiralen Aminoalkoholen
dar. Die wertvollen Produkte koénnen in einem Reaktionsgefa® mit zwei
Reaktionsschritten ausgehend von preiswerten, achiralen Ausgangsmaterialien
hergestellt werden.

Entwicklung eines neuartigen Screening-Tests fur w-Transaminasen

In der neu entwickelten synthetischen Enzymkaskade, sind Aminoalkohole Uber eine
Carboligation von Aldehyden und a-Ketosauren zuganglich. AnschlielRend erfolgt
eine reduktive Aminierung des Zwischenprodukts (2-Hydroxyketon) durch
w-Transaminasen. Fur ein schnelles und zuverlassiges Screening von
w-Transaminase-Aktivitat wurde ein neuartiger Screening-Test entwickelt. Dieser
wird mittlerweile von anderen Wissenschaftlern genutzt, um enzymatische reduktive
Aminierungsreaktionen zu untersuchen. In unseren Arbeiten konnten
Biokatalysatoren fir den Umsatz von Acetoin, 2-Hydroxyacetophenon und Phenyl-
acetylcarbinol (PAC) identifiziert werden. Die reduktive Aminierung von PAC war
dabei von besonderer Bedeutung, da PAC das Syntheseintermediat in der 2-Schritt-
Kaskade zur Gewinnung von Nor(pseudo)ephedrinen ist.

2-Schritt-Kaskade: ThDP-abhdngige Enzyme kombiniert mit w-Transaminasen

Die zweistufige Synthese von (1R,2S)-Norephedrin erfolgte durch Kombination des
(R)-selektiven ThDP-abhangigen Enzyms Acetohydroxysauresynthase-l (AHAS-I)
aus Escherichia coli mit der (S)-selektiven w-Transaminase aus Chromobacterium
violaceum. Eine Herausforderung war die geringe thermodynamische Gleich-
gewichtskonstante der reduktiven Aminierung im zweiten Reaktionsschritt. Fur die
Reaktion von PAC mit Alanin als Amindonor (Keq= 8,81+10) ist selbst bei einem
5-fachen Uberschuss von Alanin nur ein maximaler Umsatz von 5 % erreichbar.
Dieses Problem konnte durch Entfernung des Co-Produkts (Pyruvat) mit dem Enzym
des ersten Reaktionsschrittes (AHAS-I) gelést werden. Dabei wird Pyruvat zu
Acetolactat umgesetzt.

Nach Optimierung verschiedener Reaktions- und Prozessparameter konnte
(1R,2S)-Norephedrin mit einem Umsatz von 78 % in der zweistufige Synthese
generiert werden. Das Produkt hatte eine hohe optische Reinheit (ee >99 % und de
>98 %). Diese Enzymkaskade ist das erste Beispiel, bei dem die Verschiebung eines
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Reaktionsgleichgewichts ohne Zugabe weiterer Enzyme, Reaktanten oder Losungs-
mittel durchgefuhrt werden konnte. Bei einer analogen Kaskade zur stereoselektiven
Synthese von (1R,2R)-Norpseudoephedrin konnte durch Kombination der AHAS-I
mit der (R)-selektiven w-Transaminasen Atf-(R)TA aus Aspergillus terreus eine
Produktkonzentration von 90 mM (ee >99 %, de >98 %) erreicht werden.

Pyruvat, das Co-Produkt der w-Transaminase-Reaktion, ist gleichzeitig auch ein
Substrat, das von der AHAS-I bei der Synthese von PAC im ersten Kaskadenschritt
bendtigt wird. FUhrt man die Synthese in einem Reaktionsgefal aus, kann so das
Co-Produkt in den ersten Kaskadenschritt zurickgefihrt werden. Bei dieser
sogenannten Rezyklierungskaskade konnte in der Kombination aus AHAS-I und
At-(R)TA 17,2 mM (1R,2R)-Norpseudoephedrin aus nur 10 mM Pyruvat erzeugt
werden. Dieses Kaskadenkonzept stellt eine neue Art der Prozessfuhrung dar und
kann zur Erhohung der Atomokonomie von Reaktionen beitragen. Theoretisch ware
es in allen Kaskadenreaktionen einsetzbar, bei der Nebenprodukte aus einem
spateren Schritt als Substrate fur vorherige Reaktionsschritte genutzt werden
kdénnen.

2-Schritt-Kaskade: w-Transaminasen kombiniert mit Alkoholdehydrogenasen

Fir die Synthese des pharmazeutisch-aktiven Wirkstoffs (1S,2S)-Norpseudoephedrin
ware in der oben genannten Kaskade ein hoch (S)-selektives Enzym im ersten
Reaktionsschritt erforderlich. Da ein solches Enzym derzeit nicht bekannt ist, wurde
eine alternative Strategie erforscht. Ausgehend von 1-Phenyl-1,2-diketon, kann
(1S,2S)-Norpseudoephedrin durch Kombination der (S)-selektiven o-Transaminase
mit einer (S)-selektiven Alkoholdehydrogenase in hohen optischen Reinheiten
(ee >98 %, de >99 %) erzeugt werden. Diese biokatalytische Reaktionskaskade
erganzt als wertvolle alternative Synthesestrategie die Plattform an zuganglichen
Aminoalkoholen.
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Chapter 1 Introduction

1 Introduction

1.1 The impact of chirality in organic compounds

Chiral organic compounds have found application way before chirality itself was
discovered. The history of herbal remedies with chiral active drugs goes back
approximately five millennia.® Among a large list, examples like februgine (reported
2735 B.C. for the treatment of fever), quinine (used since the 16™ century as an
antimalarial agent) and cathinone or cathine (sympathomimetic action known since
centuries! ®!) were reported.?!

As previously reviewed,™ ® " the basis for the discovery of chirality was the invention
of circularly polarised light by Malus 1809. Only a few years later Arago and Biot
observed left (levorotatory) or right (dextrorotatory) rotation of polarised light in
different crystals and liquids. In 1848 Pasteur demonstrated that two different non-
superimposable mirror images of sodium ammonium tartrate crystals exist, which
rotate polarised light differently after separation (see figure 1-1). Based on these
studies, van't Hoff and Le Bel presented independently the concepts of the
asymmetric carbon atom in 1884. Only a few years later, first examples were
reported demonstrating that one isolated isomer has a different physiological action
in human body than its mirror image — as it is well known from cocaine (1894),

atropine (1903) or epinephrine (1908).5 6]

OH O . . O OH
0N C’:a Ng RL_ o
NH, ][ BT NH,*
@] OH OH O
L-(+)-sodium ammonium tartrate D-(-)-sodium ammonium tartrate

Figure 1-1: Structure and hemihedral crystals of (+) and (-) sodium ammonium tartrate
(figure adapted with permission from reference [8])

Although these examples for biological impact of chirality in drugs were recognised
early, an industrial guidance was released by the “US Food and Drug Administration”
(FDA)®! and the “European Committee for Proprietary Medicinal Products” only

recently in 1992. Since that date, racemates were rated as a composition of single
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isomers, associated with a determination of physiological agent profiles for each
isomer.[ 1% " Today, a large number of examples are known, where a discrepancy
in effects of stereocisomers can be observed: (S)-bupivaccaine for instance has a
vasoconstrictor effect, which is not observed for its enantiomer."? Dextromethorphan
is widely used as a cough suppressant, while levomethorphan has opioid effects.!"®!
Racemic D,L-carnitine was described to cause symptoms like myasthenia or cardiac
arrhythmias. However, the optically pure L-isomer prevents these negative effects
and is used for multifunctional applications."

Plenty more examples for the relevance of chirality also in fields beyond the
pharmaceutical industry (like in biochemicals, flavour or aroma chemicals, dyes,
polymers, chemical catalysts...) are known, demonstrating the immense commercial

potential of optically pure products.!'”

1.2 Production of optically pure compounds

In general, there are three ways to access to single optical isomers: chiral pool,
resolution and asymmetric synthesis.'>""!

Chiral pool methods are based on available chiral resources in nature. Compounds
generated by the complexity of biological metabolism can be extracted from their
native source (plants, microorganisms or animals) and used directly as natural
products or as chiral building blocks in organic synthesis. This strategy provides
advantages for instance when a target with challenging synthetic strategies is
available from inexpensive natural sources. However, the limited number of natural
products on the one hand and the availability of natural resources on the other hand
restricts the applicability of chiral pool methods for industrial processes.!"!

Racemic mixtures are often much easier accessible than the pure enantiomers.
Separation of single enantiomers from enantiomer mixtures is called resolution.
Various techniques like preferential crystallisation, chromatographic methods or
kinetic resolution have been developed to produce optically pure compounds.['® 820
In all of these cases the yield is limited to 50 %, since often only one of both
enantiomers is of interest. A smart solution, if applicable, is the dynamic kinetic
resolution, where the undesired enantiomer is racemised in an additional reaction

step, thus enabling 100 % conversion to the desired enantiomer.
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Limitations of chiral pool methods and the lack of sustainability (caused by the low
atom economy) of resolution techniques®®! can often be overcome by asymmetric
synthesis.I'! Here, achiral substrates are converted via an asymmetric reaction to a
chiral, non-racemic product. Many examples in all fields of organic synthesis indicate
the relevance of asymmetric synthesis for industrial applications.!"”!

The efficiency of an asymmetric synthesis approach is depending on several criteria
like high stereoselectivity, conversion rates, availability and separability of chiral
catalysts or auxiliaries.'"”! Here, biocatalysis offers an immense potential within this

field of organic synthesis as summarised in chapter 1.3.

1.3 Potential of industrial biotechnology

The chemical industry is one of the main economic sectors in the world. Within this
field, industrial biotechnology, synonymously named white biotechnology (in Europe),
has become a valuable and continuously growing market in the last decades.!???"!
Although absolute numbers for global economy benefits differ a lot, general trends
are obvious. In a recent statistic (figure 1-2 a), the market for chemical goods has
been summed up to a volume of $ 1.2 trillion (USD) in 2001 with a growth of 25 % to
$ 1.5 trillion (USD) in 2010. The value of biotechnological processes decupled in the
same time period from $ 30 billion to $ 310 billion (USD). In 2010, this already
corresponded to one-fifth of the total market for chemicals. Moreover, it is estimated
that the impact of biobased chemicals in contrast to the petrochemical industry will

continuously grow the next decades (figure 1-2 b).*>*")

(a) (b)

USD 1,500 bn USD310bn

USD 1,200 bn
[0 | S A I =N = R =N

Sector Total Biobased Total Biobased Total Biobased

u USD 30 bn Commodity 475 0.9 550 511 857 50-86
R . Specialty 375 5 435 87-110 679 300-340
2001 2010 2001 2010

Fine 100 15 125 25-32 195 88-98
Chemical products Biotechnology processes

Polymer 250 03 290 15-30 452 45-90

Key: . Fine and specialty Polymers . Basic chemicals and
chemicals intermediates Total 1,200 21.2 1,400 132-183 2,183 483-614

Figure 1-2: Trends in production of biobased chemicals in relation to petrochemicals

(a) Global growth of biobased chemicals and polymers between 2001 and 2010. (b) US predictions for
growth of the biobased industry until 2025. (adapted with permission from reference [27])
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1.3.1 Enzymes in asymmetric synthesis

Biocatalysis, as part of the biotechnology platform, is nowadays used as a powerful
tool for the synthesis of chemical compounds also in industrial scale
applications.!?® #! Applications of biocatalysts in the field of organic synthesis are
known for all enzyme classes (EC)*": oxidoreductases (EC 1), transferases (EC 2),
hydrolases (EC 3), lyases (EC 4), isomerases (EC 5) and ligases (EC 6). However,
only ligases are still of low relevance in technical-scale syntheses.!?* 23
Advantages of enzymatic catalysis, especially in terms of asymmetric synthesis, are
well known and pointed out in many reviews.?® 333 Commonly, high regio-, chemo-
and stereoselectivities are mentioned. This often enables a selective synthesis of
target molecules, which are otherwise only accessible in multistep chemical reactions
with several protection and deprotection steps. Furthermore, enzymes are often
active under mild reaction conditions, such as ambient temperature, atmospheric
pressure, water as reaction media or physiological pH. These points and the fact that
the catalyst itself is biodegradable are often referred to an environmentally friendly,
“green” chemical process. In addition to that, enzymatic reaction rates can be
108-10" or in some cases even 10" fold faster than the non-catalysed reaction,
which is typically order of magnitudes better than known rates for chemical
catalysts.*¥ In theory, almost each organic reactions can be carried out by
enzymes®® % and the nowadays >4,000 identified different enzymes®®"! enable
already almost all of these reaction types.*%

Although there is a large list of reasons for application of enzymes in organic
syntheses, examples of biocatalytic or chemo-enzymatic processes in industry are
still below expectation.® A major drawback is that the amount of ‘Candida antarctica
lipase B type enzymes’ that is available for the hydrolases, is still limited within other
enzyme classes. Ideally, enzymes and the processes they are used in need to fulfil

the following requisites for industry (adapted from [29]):

- atom economy and sustainability of the process

- availability and costs of the required substrates

- optical purity of the isolated product (ee, de >99 %)

- availability and characterisation data for the catalyst

- activity (>1 U mg™), stability and recyclability of the catalyst

- conversions (>95 %) and substrate concentrations (>100 g L™)
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According to a recently published review which summarises the “use of enzymes in
organic synthesis and life sciences”,”® manufacturing processes with lipases,
proteases and alcohol dehydrogenases are generally feasible for large scale
applications. Although, the number of processes with amidases, nitrilases,
hydroxynitrilases and transaminases has increased in the last years, there is still a
great potential also for oxygenase and C-C bond forming enzymes (decarboxylases,
aldolases, enoate/ene reductases). Here, an agreement between chemists and
biologists as well as between industry and academia is suggested by the authors to
fulfil the achievements for a broader range of biocatalytic large scale applications.

Challenging tasks and requirements are (adapted from reference [23]):

- identification of novel robust biocatalysts especially for large scale
applications

- screening kits of ready to use and stable enzymes for all EC classes
have to be set up and/or need to be enlarged

- increase of functional characterisation data like optimal reaction
conditions and substrate scope

- (R)- and (S)-selective catalysts are required to ensure the enantio-
complementarity of synthesis route

- increase of catalytic activity is required for many enzymes

1.4 ‘Green’ reductive amination — an “aspirational reaction”

The vast majority of medical drugs and drug candidates contain amine groups or
functional groups derived from amines.®> *® These groups often introduce chirality
into a molecule, indicating the increasing interest for the development respective
synthesis strategies. A large number of physiologically active compounds with a
chiral amine motif can be synthesised from primary amines.!*”! Selected examples for
drugs with diverse applications derived from different building blocks are highlighted

in scheme 1-1.
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Scheme 1-1: Selected examples of the large platform of chiral amines used as synthons for the
synthesis of physiological active compounds
(adapted with permission from reference [37])

1.4.1 Chemical synthesis of chiral amines

Various methods for the chemical synthesis of chiral amines are described in
literature and were recently reviewed:*®

Nucleophilic addition of carbanions to imines - radical addition to imines - Brgnsted
acid catalysed - reduction of imines by chiral Lewis bases - vinylogous Mannich
reactions - metal-mediated hydrogenation - asymmetric reductive amination -
hydrogenation of enamines - enamide reduction - reduction of nitrogen-based
heteroaromatic compounds - asymmetric hydroamination - C-H amination -
asymmetric Aza-Morita—Baylis—Hillman reaction.
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For the synthesis of a-chiral primary amines, asymmetric addition of carbanions and
asymmetric hydrogenation are frequently considered methods (scheme 1-2).°"!
Starting from commercially available ketones or aldehydes, the substitution of the
oxygen atom by a nitrogen atom results either in an aldimine or a ketimine. An
additional reduction followed by a deprotection gives access to the desired amine. In
both synthesis strategies, enantioselectivity is introduced either by using chiral

auxiliaries®®®*% or by chiral ligands coordinated to metal complexes.*" %

Asymmetric hydrogenation Asymmetric addition
[H]
R1 R2 \
enamide HN’R3 R,oX R3 N source
- -
R, ROR, /k )L
N source N /
)j\ . )I\ H protected amine aldlmlne aldehyde
R OR, [H]
ketone ketimine l deprotection
NH,
Ri™ Ry

amine

Scheme 1-2: Two frequently used chemical synthesis strategies for a-chiral amines are
asymmetric hydrogenation and asymmetric addition.
(adapted with permission from reference [37])

Although a large number of methods exists, examples with high stereoselectivities
(ee, de >99 %) are still rare. In addition, often expensive starting materials and/or
multi-step reactions are required, so that further innovations in the field of amine
synthesis will be necessary in future to solve future challenges.®®

In 2005, the American Chemical Society (ACS), the Green Chemistry Institute (GCI)
and various global pharmaceutical companies founded the “ACS GCI Pharmaceutical
Roundtable”. The overall aim was to bring “key medicines to the patients with a
minimal impact on the environment’.* This should be achieved by integration of
more sustainable, ‘greener’ chemistry in pharmaceutical production processes.!*”
The 2" highest vote number by the Roundtable on “future priority research areas”
got the chiral amines synthesis were especially the green reductive amination was
highlighted as an “aspirational reaction” for future research activities.®® Here,
biocatalytic approaches offer a great potential to meet the above mentioned

challenges.?”!
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1.4.2 Biocatalytic synthesis of chiral amines

As an alternative to chemical synthesis strategies, several biocatalytic routes based

on hydrolases, oxidoreductases, lyases and transferases have been developed to

overcome the remaining challenges in chi

a) (dynamic) kinetic resolution with hydrolases

0 + broad substrate specificity

0 NH, lipase NH, J-K/O + alread)_r ingust.rially appllied

/U\JO + —— + HN ~ - dynamic kinetic resolution
-0 ~ R'” "R? - EtOH R'""R2 Py remaines challenging

~_ -

(racemisation)

b) deracemisation with monoamine oxidases

monoamine
oxidases

fo% Ho0,

NH,

A

R'” "R?

[H]

non-selective reduction

+ 100 % theoretical yield
+ broad substrate specificity
- only a few (S)-selective enzymes described

d) asymmetric reduction of aryl imines

imine

/@ reductases = |
SR oo ae.
R1// NADH + H" NAD*

S
R1

+ 100 % theoretical yield
- limitted substrate specificity
- cofactor recycling required

f) kinetic resolution with o-transaminases

NH, w-TA (0] in
R1’§\R2 / . R1JLR2 i R!” "R2
o) NH.
R3JJ\R“ RS’!‘R“

+ broad substrate range, high selectivities

+ several (R)- or (S)-selective enzymes avaiable

- only 50 % yield possible

- often product and/or substrate inhibition detected

ral amine production (scheme 1-3)."- %3

c) asymmetric synthesis with amine dehydrogenases

amine

0 dehydrogenases NH,
R!” "R? / ) R ’LR2
NH3 H,O
NADH + H®  NAD*

+ 100 % theoretical yield
+ prochiral substrate, inexpensive nitrogen donor
- cofactor recycling required

e) asymmetric synthesis with ammonia lyases

ammonia

o lyases 0
\ _—
== Y
| OH NH; | OH
P i £ = NH;
R! R!

+ 100 % theoretical yield
- limitted substrate specificity

g) asymmetric synthesis with o-transaminases

0 ®-TA NH5
R’J\RZ / . R1/LR2
NH, o}
RTRY R3J‘LR4

+ prochiral substrate

+ 100 % theoretical yield possible

+ broad substrate range, high selectivities

+ several (R)- or (S)-selective enzymes avaiable

- reaction equilibirum shift might be required

- often product and/or substrate inhibition detected

Scheme 1-3: Biocatalytic routes to optically active a-chiral primary amines
(adapted with permission from reference [37])
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Each route provides advantages and drawbacks for specific parameters like
substrate range, stereoselectivity, starting material, cofactor recycling and theoretical
reaction yield (see scheme 1-3).P7!

Both, kinetic resolution with lipases or other hydrolases!***®! and deracemisation with
monoamine oxidases!®°? offer valuable opportunities for the synthesis of optically
pure amines. Especially the application of hydrolases is a frequently used technique
in industry."” *® However, only 50 % theoretical yield can be achieved, if a dynamic
kinetic resolution cannot be applied. Moreover, achievement of high optical purity
(>98 %) is challenging and often requires additional purification effort.*” **! Amine
dehydrogenases are valuable catalysts, since an inexpensive amine donor can be
used and enzymes with broad substrate ranges are known. Here, the most important
requirement is the improvement of enantioselectivity for future applications. °+°°
Moreover, as for the imine reductases®®” an additional cofactor recycling is
obligatory which increases reaction costs. Imine reductases and ammonia lyases!®"
%3 expand the biocatalytic platform but have limited substrate range and are thereby
restricted to special applications.

w-Transaminases can be used for kinetic resolution as well as for the asymmetric
synthesis of chiral amines. The latter is often preferred, since on the one hand the
theoretical yield is 2-fold higher® and on the other hand achiral precursors are
usually less expensive than racemic mixtures.®® Although challenges like low
reaction equilibria and substrate/product inhibition need to be overcome, the broad
substrate ranges, high enantioselectivities, fast reaction rates and the independency
of cofactor recycling steps demonstrate the high potential of w-transaminases.®* 6%l
The application of these enzymes for the asymmetric synthesis of optically pure

amines is discussed in the following chapter.

1.4.3 w-Transaminases for the asymmetric synthesis of chiral amines

Transaminases, also known as aminotransferases, are pyridoxal-5’-phosphate (PLP)-
dependent enzymes and catalyse the transfer of amino groups. These enzymes are
ubiquitous in nature and crucial enzymes in the nitrogen metabolism within all kind of

cells.t%
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1.4.3.1 Taxonomy of transaminases

According to the Enzyme Commission (EC) classification transaminases belong to
the main class of transferases (EC 2).% Enzymes transferring an amine group are
summarised in group EC 2.6.1, which is currently further divided in 101 subgroups!™
(EC 2.6.1.X) regarding their substrate specificities (like EC 2.6.1.1: aspartate
transaminases, EC 2.6.1.2: alanine transaminases...). For a detailed classification,
transaminases are sorted concerning fold types, sequence similarities, regio- and
stereospecificities in different groups and classes.l”""!

Transaminases require the cofactor pyridoxal-5’-phosphate (PLP). In general, PLP-
dependent enzymes are grouped by their three-dimensional structure similarities in
seven folding types (I-VII). However, transaminases can only be found in fold type 1

(“aspartate transaminase fold”) and fold type IV (“D-alanine transaminase fold”).[’* 7!

Table 1-1: Selected examples for classification of transaminases (TA) and their main amine
donor/acceptor pairs[71'73]
fold type: classification based on three-dimensional structure
TA class: sorted by structure similarities
fold TA region . .
type class | specificity enzyme EC name main donor main acceptor
a aspartate TA L-aspartate oxaloacetic acid
I o a alanine TA L-alanine pyruvate
a aromatic TA L-aroma‘gc amino a-keto glutarate
acids
a ornithine TA ornithine a-keto glutarate
B-aminocarboxylic B-aminocarboxylic
| . B acid TA acid pyruvate
Y y-aminobutyrate TA y-aminobutyrate a-keto glutarate
w (S)-selective w-TA (S)-a-methyl- ruvate
or amine TA benzylamine Py
a p-amino acid D-amino acid o-keto glutarate
transaminases
branched-chain amino L-valine,
v | v a acid TA L(iso)leucine a-keto glutarate
' w (R)-selective w-TA (S)-a-methyl- ruvate
or amine TA benzylamine Py
I v a (phospho)serine TA L-(phospho)serine pyruvate
1 . VI sugar amino TA amino sugars a-keto glutarate

Beside the three-dimensional structure, transaminases are divided by primary
structure similarities into six classes (I-VI).""! Often, sequence similarities correlate
well with substrate specificities. Enzymes in classes I, II and V catalyse the transfer
of an amino acid to a keto acid and are to a great extend involved in the amino acid

metabolic pathway. In class III, transaminases are listed which accept substrates

-10 -
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with no acid group in a-position to the respective keto- or amino function. To this
class belong non-a-amino acid transaminases such as the ornithine- or the y-
aminobutyrate transaminase and w-transaminases (also called amine transferases).
Class IV contains enzymes which accept substrates in different configurations. While
branched-chain amino acid transaminases only accept L-amino acids like L-leucine,
D-amino acid transaminases (such as D-alanine transaminase) and (R)-selective
amine transferases (like the (R)-amine pyruvate transaminase from Arthrobacter
sp."®)) have also been described. Enzymes transferring amino groups from amino
sugars are summarised in class VL.I'" 7

A more general way for the classification of transaminases is the division in a-, 8-, y-
and w-transaminases concerning their regiospecificity.l’> ”* "1 a-Transaminases only
accept substrates with an amino group in a-position to a carbonyl group, whereas [3-
and y-transaminases prefer substrates with amines in B- or y-position, respectively.
In contrast, w-transaminases catalyse the transfer of amine groups to aldehydes and
ketones. However, often only a- and w-transaminases are distinguished and other
enzymes than a- are referred to as w-transaminases.[°® 7" 72

Moreover, transaminases can be distinguished regarding their stereoselectivity in D-
or L-selective amino acid transaminases and (S)- or (R)-selective w-transaminases,

respectively.l®® 71 72

1.4.3.2 Reaction mechanism and stereoselectivity

The reaction mechanism of all PLP-dependent enzymes can be divided in two half
reactions. In general PLP-dependent oxidoreductases, transferases, hydrolases,
lyases and isomerases share a common initial deprotonation step, followed by
different subsequent reaction steps.’®”

For transaminases, the first half reaction comprises three major steps (see scheme
1-4). First, an internal Schiff base (internal aldimine) between the PLP and the
e-amino group of a lysine is replaced by the reaction of an amine donor and the PLP
(external aldimine). In the second step, the a-proton is abstracted from the aldimine
by the lysine to form a quinoide intermediate, which is then reprotonated to a
ketimine. In the final step of the first half reaction hydrolysis of the ketimine releases

the keto co-product and the aminated pyridoxamine-5’-phosphate (PMP).
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El E En
HoN-Lys " No-Lys - HoN-Lys
Rl : R? Rl__R? Rl__R?
amine donor A )/ )/ keto co-product
H._ZNH H. “NH H.\ NH
J
R! 2 OH OH OH 0O
R P — P — P RZ~/
H,N 2 = "4 R
E
HoN—Lys "~
Lys’Enz external aldimine quinoide ketimine
H._-NH* H.y SNH;
OH OH
e g
N® N
Ei El Enz
H' HoN-Lys N-Lys 2 HoN-Lys H
pyridoxal-5'-phosphate (PLP) pyridoxamine-5'-phosphate
internal aldimine (PMP)
RY R R __R* R __R*
N Y N N
H_ZNH H. INH H.\ INH (o]
3 4 4 At 3 4
YR OH |_on OH TORGR
Pi ~= —_— Pi _— P| ~
NH, | || < 0
amine product Hﬁ ﬁ ”, amine acceptor
external aldimine quinoide ketimine

Scheme 1-4: Reaction mechanism of transaminasesm’ 78-80]

The steps of the second half reaction take place in reverse order relative to the first
half reaction. The amine group of PMP is transferred to an amine acceptor, which
finally results in the release of the corresponding amino product and regenerated
PLP in its internal aldimine form. The mechanistic model of transaminases is called
ping-pong bi-bi mechanism.["*: 7880

w-transaminases are only active as homodimers or higher-ordered oligomers since
the active site is located at the interface of two monomers.®® The stereoselectivity of
transaminases is determined by the relative orientation of the residues attached to
the external aldimine (see R' and R? in scheme 1-4). This orientation is a
consequence of the active site structure, which determines the transition states’
stabilities. Most of the known crystal structures of transaminases show two binding
pockets with different capacities (“large” L and “small” S binding pocket) for the
stabilisation of these residues in the active site (see scheme 1-5). In (R)- and (S)-
selective w-transaminases, the orientation of these binding sides are inverted.
Therewith, the resulting amine is either formed in the (R)- or (S)-configuration,

respectively (see scheme 1-5).1°% 71,72 81
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.Enz Enz.
A / large™, HjN/_LYs L!’S_@ /large ™,
{ pocket . s i pocket !
B Rﬂ_—‘ Hpe )y small small -~ oM LRt B A
e NS packet pocket \ "XAT
R A H.__NH* “#HNa H
S
N~
L\r B ~CH HO._~ P S L
NH | o
‘ N e NH,
(S)-specific m-transaminase (R)-specific m-transaminase

Scheme 1-5: Stereoselectivity of (S)- and (R)-selective w-transaminases

1.4.3.3 Screening for w-transaminase activity

When w-transaminases became a hot-topic in industrial and academic research, the
development of screening assays for a fast identification and characterisation of
enzymes with novel properties was required. Meanwhile, various screening assays,
each specific for different applications, are available.[®® 8

Screening assays specific for a-transaminases, like the glutamate-/malate
dehydrogenase assay (scheme 1-6-a)®¥, are often based on the conversion of one
amino acid or keto acid, respectively. If w-transaminases accept these substrates, a
screening with ketones/amines as co-substrates is feasible. Most of the known
assays are based on this principle. The first screening assay for w-transaminase was
developed by Kim and co-workers. When a a-keto acid (such as pyruvate) is used as
an amine acceptor, the resulting amino acid can be quantified by a coloured
copper/amino acid complex (scheme 1-6-b).2 Bornscheuer and co-workers
published a conductivity screening assay based on the production of amino acids
from a-keto acids (scheme 1-6-¢).®! In another assay, the accumulated amino acid is
oxidised to the corresponding imine by an amino acid oxidase (scheme 1-6-d). The
co-product, H,O,, can be detected colourimetrically when pyrogallol and horseradish
peroxidase are added.®® Moreover, the production of alanine from pyruvate can be
used as a growth selection assay when alanine is used as a single nitrogen source
(scheme 1-6-e).”! This assay was used for a high-throughput screening of 85.000

PCR derived variants of the w-transaminase from Vibrio fluvialis.®®”!
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a) glutamate-/ malate dehydrogenase assay b) CuSQ,4/ MeOH based assay
(0] NH, 0 NH,
(a)-TA @-TA
R1JLCOOH 7\ R/LCOOH R’J\COOH / : R”LCOOH
o-keto acid a-amino acid a-keto acid a-amino acid
NH. o] . .
Asp oxalacetate —MBH » majate 2 Cu?*  copper/amino acid
or ; : RZ7R3 R2”R3 complex
;‘max= , £=0. X !
Glu u-KG NADH  NAD* amine donor  ketone ¢ 595 rm, £=0.1 M o)
H,0, NAD* %E)HL NH3, NADH

amine acceptors:
amine donors:

any keto acid
aspartate (Asp) and glutamate (Glu)

amine acceptors:
amine donors:

any keto acid
any primary amine and f-amino acids

c) conductivity assay
o *NH3
AL o-TA

R'" ~coo R'"" ~coo

a-amino acid
“NH4

0
Rzk R3 R2JL R3

amine donor ketone

a-keto acid

charged substrates
high conductivity

uncharged/zwitterions
low conductivity

amine acceptors:
amine donors:

any keto acid
any primary amine

e) growth selection assay

o ©-TA NH,
’JLCOOH COOH
pyruvate alanine

MH 0 l nitrogen
R'"TR?Z R!7CR2 l source
amine donor  ketone cell growth

amine acceptors:
amine donors:

pyruvate
any non-toxic primary amine

g) methylbenzylamine / acetophenone assay
O ®-TA NH;
R‘JL R? ; \_‘ R'TR?
amine acceptor amino product
NH,

o-methyl- acetophenone
benzylamine (i.;,=245 nm, €212 mM* em'')

amine acceptors:
amine donors:

any ketone
a-methylbenzylamine

Scheme 1-6:

d) amino acid oxidase / horse radish peroxidase assay

0 NH, H
L O-TA 1 J AAO
R COOH ~—~ R COOH T~ COCH
a-keto acid a-amino acid H.O imine
NH, j.l\ 2 22
horse radish
2 3 2 3
R® 'R R® R peroxidase/ color change
amine donor  ketone pyrogallol (Fomay = 540 nm)

different keto acids
any primary amine

amine acceptors:
amine donors:

f) pH indicator assay

0] ®-TA NH,

R 7N

amine acceptor

R'" "R?
amino product

NH 0]
/L ’ /J-l\ L2s lactate
COOH COOQH / :,
alanine pyruvate

NADH NAD*

color change Phenolred oy, onic acid
% L 9 glucose

(max = 560 nm) d-lactone GDH
amine acceptors: any ketone
amine donors: alanine

h) aminotetraline / tetralone assay

O ®-TA NH,

RVLLRZ ; ; R'"" "R?

amine acceptor amino product

amino-
tetraline

tetralone
(hmax=254 nm)

amine acceptors: any ketone
amine donors: aminotetraline

Screening assays for w-transaminases known from literature

a-KG: a-keto glutarate, Asp: aspartic acid, Glu: glutamic acid, MDH: malate dehydrogenase, GIDH:
glutamate dehydrogenase, AAO: amino acid oxidase, TA: transaminase, GDH glucose dehydrogenase,

LDH: lactate dehydrogenase
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Vice versa, when alanine is used as an amine donor, the corresponding pyruvate is
measured in a coupled enzymatic reaction combining a lactate dehydrogenase and a
glucose dehydrogenase (scheme 1-6-f). Gluconic acid, produced in the cofactor
regeneration step, causes a pH shift in the reaction medium which can be detected
by a pH indicator.®®! In addition to these amino acid and keto acid based screening
assays, Bornscheuer and co-workers developed an assay based on activities
towards a-methylbenzylamine (scheme 1-6-g). The corresponding co-product,
acetophenone, is detected photometrically at 245 nm.®® Moreover, a screening
assay based on degradation of amino tetralone (scheme 1-6-h) was used for the
identification of more active and thermostable variants of the w-transaminase from
Arthrobacter citreus.®®

By development of these screening assays the identification and partial
characterisation of different wild type w-transaminases was supported. Thus, high
throughput screening of variant libraries for new enzyme properties was enabled.
However, it is obvious that all assays are limited to specific applications. Besides
their specific advantageous and drawbacks, they are based either on a specific set of
amine donors or amine acceptors. Moreover, only two of the a-methylbenzylamine
based assays and the amino tetralone assay do not presuppose enzymatic activity
towards keto acids or amino acids, respectively. The development of novel screening
assays with properties like high reliability, screening for enantioselectivity,
independent substrate sets and high throughput compatibility is mandatory for future

investigations and improvements of w-transaminases.’®?

1.4.3.4 History, availability and substrate range of w-transaminases

The very first application of w-transaminases in chiral amines synthesis was
published 1990 by the American company Celgene.®" This example prompted
research in academia to focus on the potential of these biocatalysts. Pioneering work
was done by Shin and Kim in the late 1990s.%* 99 They discovered
w-transaminases activity in microorganisms from soil samples, such as Bacillus
thuringiensis and Klebsiella pneumonia.®® In 1999, asymmetric synthesis with the
(S)-selective w-transaminase from Vibrio fluvialis was demonstrated.’*”! This enzyme
was purified and characterised in 2003 and crystallised in 2010.% °! Meanwhile the

potential for biotechnological applications has been broadly demonstrated®” 97-1%!
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and pilot-plant scale applications in a packed-bed reactor!'®" and a membrane

reactor!'%?

were shown. Ward and co-worker performed a BLAST-based sequence
homology search based on the protein sequence of the V. fluvialis w-transaminase.
Among a number of different novel wild type enzymes, the (S)-selective
w-transaminase CV2025 (or Cv-(S)TA) from Chromobacterium violaceum enlarged
the application platform of w-transaminase enormously due to its broad substrate
range.['%?!

More than 30 (S)-selective w-transaminase are nowadays described in literature,’®”!
whereas the number of non-public available enzymes (especially in industry) is
possibly much higher.®® The gap of missing (R)-selective enzymes was initially
closed by the identification of the w-transaminase from Arthrobacter sp. KNK168.!®!
This very potent wild type enzyme was engineered by Saville et al. for the
asymmetric synthesis of the bulky-bulky substrate sitagliptin.''"® Moreover, 17 novel
(R)-selective w-transaminase have been identified by Héhne and Bornscheuer in
2010 via sequence alignment.®"! This discovery represents a significant contribution
to the (R)-selective catalyst toolbox.

Nowadays, a broad substrate spectrum is covered by commercially available and
literature-known w-transaminases. Selected examples from a large list of compounds

[66, 68, 71])

(recently published in several reviews are presented in scheme 1-7.
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small aliphatic amines

NH, NH, NH, NH, NH; NH>
)\/ )\/\ /k/OH /k/o /Jf\v /:I\/O\n/ R/\H*VOH
2-4,8-12, 1-17,19 19 2-4,7, O OH R=H,OH
19 9-12,19 11 19 12
cyclic amines

2

NH; NH;
NH2 MeO NH2 ~ R = H. Boc
HestRel
0—1R
19

1,19

alicyclic-alkyl and aryl-alkyl amines

NH,
R.
Se/\“ Se
5-7,9-13, 1-7,9-14, 19 3,10,12,19 1,3, 5-7, R =Me, Et, Bu
15-17, 19 13, 15-17
20
NH, NH,
O o WLOTR DO
1, 3-7, 11-13, 1, 3-4,9-12, 19 1-4,7,9, 11-12 1
15-17, 19
sterically demanding substrates F
F
NH, O
©/l\/ ~R! N :
F
3,8-10 F3C 2
R' = Me, Et
RZ = Me, halogen,
NO,, OH

Scheme 1-7: Selected examples for the large substrate platform of chiral amines accepted by
w-transaminases (adapted with permission from reference [66, 68, 71])

Numbers 1-21 belong to selected w-transaminases - (R) or (S) represents the
stereoselectivities:

1: Alcaligens denitrificans (S); 2: ArRmut11* (R); 3: Arthrobacter sp. (R); 4:
Arthrobacter citreus (S); 5: Aspergillus fumigatus (R); 6: Aspergillus oryzae (R); 7:
Aspergillus terreus (R); 8: ATA-103** (S); 9: ATA-113** (S); 10: ATA-114** (S); 11:
Bacillus megaterium (S); 12: Chromobacterium violaceum (S); 13: Gibrella zeae (R);
14: Hyphomonas neptunium (R); 15: Mycobacterium vanbaalenii (R); 16: Neosartoya
fischeri (R); 17: Penicilium crysogenum (R); 18: Pseudomonas fluorescens (S); 19:
Vibrio fluvialis (S); 20: other Celene, Codexis ATAs ¢ . 24: ATA-117** (R)

*  ArRmut11: 11-fold mutant of the Codexis transaminase ATA-117* (see ref. '*)
**  ATA-XX: o-transaminase nomenclature by Codexis (ATA: amine transaminases)
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1.4.3.5 Reaction equilibrium — a challenge for w-transaminases reactions

As mentioned above, transaminase catalysed reactions follow a ping-pong bi-bi

(1. 7880 Both half reactions have

mechanism consisting of two half reactions.
independent half reaction equilibrium constants (K4 and K3). The reaction equilibrium
constant of the overall reductive amination step (Keq) is given by the product of both

half reaction constants (equation 1-1).

K, = [keto .co—product] and K, = ;
[amine donor] [amine acceptor]

[amine product]

[keto co-product]-[amine product]

=K, =K,-K,= : _
1 [amine donor]-[amine acceptor]

Equation 1-1: Two independent reaction equilibrium constants of the first and the second half
reaction (K; and K;) contribute to the overall thermodynamic reaction
equilibrium of the transaminase reaction (K.q)
A well-known problem for the application of w-transaminases in processes is the low
equilibrium constant of the overall reaction.®® ¢ 1% Ag 3 first example, Shin and Kim
calculated the reaction thermodynamics for the syntheses of a-methylbenzylamine
and pyruvate from acetophenone and alanine (scheme 1-8). The reaction equilibrium
constant lies towards the substrate side (Keq = 8.81:10™).°4 An easy and reliable
experimental method to determine the equilibrium constant of w-transaminase
catalysed reactions was published by Woodley and co-workers in 2012.1'%! As was
known before, their studies demonstrate that the choice of the amine donor
significantly influences the theoretical maximal conversion of the overall reaction due
to the independent half reaction thermodynamics. E.g. for the same amine acceptor,
a much higher conversion is achieved if a-methylbenzylamine is used instead of
alanine. To shift the reaction equilibrium, an excess of the amine donor can be used
if no substrate inhibition occurs and if the amine donor is inexpensive. This concept is

often applied when isopropylamine can be used.®”!

o Keq =8.81-10™
NH,
)\COOH )LCOOH
acetophenone alanine a-methyl- pyruvate
benzylamine

Scheme 1-8: Example of an equilibrium limitation in chiral amine synthesis.[94]
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Moreover, the reaction can be shifted to completion when the product (either the

amine or the keto co-product) is removed. Since this is a general issue, different

chemical, enzymatic and reaction engineering approaches have been developed.

These techniques have been summarised in several reviews.

[66, 68, 105, 106]

The amine product can be removed e.g. by addition of an ion exchange resin to the

reaction solution, which removed the amine reversibly from the reaction by binding it

to the resin (scheme 1-9).'"%! Moreover, a spontaneous follow-up reaction of the

amine product (e.g. like an intra-molecular cyclisation!'””" %) or another

simultaneous

reactions are

chemical/enzymatical reaction can shift the reaction, if these additional

feasible and/or desired.

amine product removal

o-transaminase NH
j’\ /L 2 resin amine attached
R!” “R2 ﬁ R R2 — 7 reversibly to resin
amine amine Spm spontaneous chemical reaction
acceptor . product Soug (e.g. cyclization of amino acid esters to lactams)
amine keto
donor co-product
keto co-product removal
i NH
by evaporation 2 ji %— ketone selectively evaporated
3 4
R "R* R¥ "R (R3, R* = small aliphatic)
by reduction NH. JoL ADH ?[\H
R® "R* R3 "R* NADH NAD* R3”TR*
o
pyruvate removal - NH, )?\ ALS, AHAS &COOH + CO,
COOH COOH HO
alanine pyruvate o acetolactate
D
\
NAD" + H,0 AADH (0 0]
NADH A ) + CO,
NADH + NH; NAD*
f acetaldehyde
COOH
lactate
Scheme 1-9: Possibilities to shift the reaction equilibrium for w-transaminase catalysed

reductive amination reactions — (adapted with permission from reference [66]).

ADH: alcohol dehydrogenase, ALS: acetolactate synthase, AHAS: acetohydroxyacid
synthases, PDC: pyruvate decarboxylase, LDH: lactate dehydrogenase, AADH: amino
acid dehydrogenase
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Often more generally applicable is a removal of the keto co-product. If small aliphatic
amine donors (like isopropylamine!’® or butylamine!’'®) can be used, it is possible to
remove the corresponding ketones by evaporation under reduced pressure.®® 199 110
Moreover, reduction of the co-product acetophenone by alcohol dehydrogenases
(ADH) shifts the reaction equilibrium e.g. when a-methylbenzylamine is used.[''"!
However, in this setup additional cofactor regeneration is required. A very well
characterised and frequently applied method is enzyme-catalysed pyruvate removal
using alanine as amine donor (see scheme 1-9).1°¢ # The equilibrium can be shifted
by the addition of lactate dehydrogenases (LDH), pyruvate decarboxylases (PDC),
acetolactate synthases (ALS) or acetohydroxyacid synthases (AHAS) and amino acid
dehydrogenases (AADH), respectively. In general, enzyme-catalysed co-product
removal is a suitable alternative to prevent high co-substrate concentrations.
However, in all the described enzyme-based equilibrium shift reactions the addition
of at least one further enzyme (or two, if additional cofactor regeneration is required)

increases system complexity and reaction costs.

1.5 Chiral vicinal amino alcohols — valuable products from

inexpensive starting materials

1.5.1 Synthetic strategies for valuable vicinal alcohols

The motif of vicinal (often also referred to as 1,2-) amino alcohols can be found in a
variety of natural products, biologically active compounds and ligands and auxiliaries
used in organic synthesis.'"">"" Since such compounds can contain two vicinal
stereogenic centres, chirality plays an important role for amino alcohols used in
asymmetric synthesis (such as Evans’ chiral auxiliaries!"'>"""! oxaborolidines!"'® or

[119-122])

ephedrine derivatives as well as for those with pharmaceutical properties.

Selected examples are highlighted in scheme 1-10.
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vicinal amino alcohols

QH H QH
~(R) (R) L (S) HO
©/t§ﬁ/ ® @FS’\/
HN ~ HN ~ HN ~ HO
D/L-Ephedrine Ref- 1.2 D/L-Pseudoephedrine Ref- 1.2
a-,f-adrenergic receptor effector, vasoconstrictor, sympathomimetics, Levonordefrin Ref-1
bronchodilator agents, nasal decongestants nasal decongestant, vascoconstrictor

HO.

QH H QH
(R) (R) " (8)
©/(S}\1/ Qg}\f W ®
N NH
NH, NH; NH; Ho 2

Norepinephrine (Naorepi, Noradrenalin) Ref- 1. 2
u-,J-adrenergic receptor effector, vascoconstrictor,
treatment of hypotension and allergic shocks

H
" o §
HO o) (R ~
N HO

D/L-Norephedrine Ref-1 D/L-Norpseudoephedrine Ref-1
appetite suppressant, sympathomimetics, cardiovascular agents

™0 O©H
NH,
o]

Ref. 1,2 Phenylephrine R*'* Epinephrine, Adrenalin Ref- 1.2
Methu‘xamlne -t But ine. But  Refd u-adrenergic receptor effector, u-,B-adrenergic receptor effector,
a-adrenergic receptor effector, ulaxamsne, u_oxamme vasoconstrictor, sympathomimetics, mydriatic, vasoconstrictor, sympathomimetics,
vascoconstrictor, nasal decongestant R-adrenergic effector nasal decongestant, cardiotinoc agent mydriatic, bronchodilstor agents
N-ﬁN
cd N
= JJ\‘/'\/ N (S)
HOOC T8)"N © \/\‘/\ /\E N
m
Quinoline derivative Ref-3 (S) Bestatin Ref-5 Saquinavir R¢-5
OH aminopeptidase inhibitor HIV inhibitor

neurokinin-3 receptor effector

(treatment of mental disorder)
Phosphodiesterase inhibitor Ref-4

anti-inflammatory, anti-allergic

Scheme 1-10: Selected examples of pharmaceutically active compounds with vicinal amino
alcohol motifs — (adapted with permission from reference [123])

References: Ref. 1: [124]; Ref. 2: [125]; Ref. 3: [126]; Ref. 4: [127]; Ref. 5:[113]

1.5.2 Synthetic routes towards chiral vicinal amino alcohols - chemical
and enzymatic methods

Numerous chemical methods for the synthesis of chiral vicinal amino alcohols have
been described in literature (see scheme 1-11).1"12 1131281 Frequently used methods
are based on functional group manipulation of molecules with two heteroatoms (such
as addition of nucleophiles to a-hydroxy imines or a-amino aldehydes, reductive
amination of a-hydroxy ketones and reduction of a-amino ketones). Moreover,
oxygen/nitrogen heteroatom addition, Sharpless or Davies aminohydroxylation of

olefins, ring opening of epoxides and acylaziridines or coupling reactions were
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described.['™ 128 Especially in case of primary vicinal amino alcohols, the number of
pure chemical syntheses reported with high yields, high optical purities and high
regioselectivities is still rare or require multistep strategies.!''®

Functional group manipulation

Y (@]
R*ﬁ)\ , R , RH)L ,
R R R Heteroatom

0 X OH addition

Coupling reactions

R% + ERZ \ n / RHZ
X X

1
R\)\ R2 _ R1\(\ R?
OH
O.,-N
T / \ X
Rlo + LFvl2
ﬁ NRQ
X R! R2
X @
RUA~ e R,
Aminohydroxylation Ring opening of

epoxides/acylaziridines

Scheme 1-11: Chemical synthesis of primary vicinal amino alcohols (adapted references !> %))

Various enzymatic or chemo-enzymatic synthesis routes have been published to
access vicinal amino alcohols (scheme 1-12). A well-known example is the two-step
synthesis of L-ephedrine patented by Hildebrandt and Hirsch from 1930,!"*! which is
still utilised to produce 120ta"."® |n the first step (R)-phenylacetylcarbinol is
generated via fermentation with baker's yeast in the presence of benzaldehyde.
Here, a pyruvate decarboxylase catalyses carboligation of pyruvate with
benzaldehyde yielding (R)-phenylacetylcarbinol (scheme 1-12; strategy 1).
Subsequently, L-ephedrine is formed by a chemical diastereoselective reductive
amination with methylamine. Moreover, a chemo-enzymatic three-step synthesis of
enantiomerically pure (1R,2R)-1-amino-2-indanol (ee, de >98 %) via chemical
acetoxylation, lipase catalysed ester hydrolysis and reductive amination by
w-transaminases was published in 2006 (scheme 1-12 - strategy 2).l"*" Another
outstanding example is the combination of transketolases and w-transaminases for
the synthesis of 2-amino-1,3-diols (scheme 1-12 - strategy 3)['** '** such as (2S,3S)-
2-aminopentane-1,3-diol™*" (26 % yield, ee >98 %, de 61 %) or (2S,3S)-2-amino-

1,3,4-butanetriol!®! (26 % vyield, single isomer).
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strategy 1 baker's yeast H MeNHg
)H( R RS
oz o Hg/Pt HN

benzaldehyde pyruvale phenylacetyl-
carbinol (PAC)
NH,
strategy 2 n(OACc)3 Ilpase - transammase
~1QH
benzene
amme co-
donor product
strategy 3 0
¥ )_H‘I/\ O transketolase H w-transaminase \ﬂ/\
Lio oH + R I — Riymon 7T B Pon
0 o] amine  co- NH,
donor product
R =CHj, OH

Scheme 1-12: Selected examples for the enzymatic and chemo-enzymatic synthesis of primary
vicinal amino alcohols!'?

1.5.3 Nor(pseudo)ephedrines — interesting compounds with challenging

synthetic strategies

Valuable chiral vicinal amino alcohols with challenging synthesis strategies are the
four phenylpropanolamine (PPA) isomers: (1S,2S)-norpseudoephedrine, (1R,2R)-
norpseudoephedrine (NPE), (1S,2R)-norephedrine and (1R,2S)-norephedrine (NE).
These compounds belong to the amphetamine family of ephedra alkaloids and are
found in plants like khat (Catha edulis)!'** "*" or in Ephedra species!®®. In the human
body they are known to have sympathomimetic function!® by acting as non-
selective adrenergic receptor agonists!'>® and norepinephrine re-uptake inhibitors!">%,
As pharmaceuticals, PPA were used in the beginning of the 20™ century for induction
of mydriasis (dilation of pupils), to stabilise the blood pressure or as nasal
decongestion."*® ! |n early studies it turned out that PPA exhibits anorectic action
therefore it was sold later on as an appetite suppressant!™?. Moreover it has been
widely used in cold and flu medications.""*®! However in 2000, the “Food and Drug
Administration” (FDA) recommended that PPA should no longer be available for
over-the-counter use!'*¥, since permanent uptake increases the risk of haemorrhagic
stroke!">'*"1 Therefore, PPA was removed as an over-the-counter drug in most
countries, but is still available on prescription.'*® On the German market, Cathine
((1S,2S)-norpseudoephedrine) is currently sold as the main drug in ALVALIN®
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provided by the RIEMSER Pharma GmbH, which is sold as an appetite suppressant
for short-term use.!'**1°"l

Beside the pharmacological interest, the four phenylpropanolamine stereocisomers
are used as valuable synthons, ligands and chiral auxiliaries in various organic
syntheses."” "I A SciFinder® search (with unspecified stereochemistry in both
stereogenic centres) resulted in 5071 different reactions where nor(pseudo)-
ephedrines are used as reactants.!'®? Selected examples from the large list of
applications with optical pure N(P)E are the synthesis of a neurokinin-3 receptor

antagonist (treatment of mental disorder)'?

and a phosphodiesterase inhibitor (anti-
inflammatory, anti-allergic)’® (scheme 1-10). Many more products derived from

N(P)E can be found in literature.

As already specified in chapter 1.5.2, the enantiomerically and diastereomerically
pure synthesis of primary vicinal amino alcohols is often challenging and the
nor(pseudo)ephedrines do not represent an exception. Only optically pure (1S,2S)-
NPE is currently sold as natural product isolated from khat shrub (Arabia,
Ethiopia)!">®.. For all four stereoisomers currently 355 different synthesis strategies
with N(P)E as final products were described in SciFinder®.!"*? However, only few of
these strategies result in N(P)Es with good optical purities (ee, de >98 %). The
number of routes decreases significantly when asymmetric synthesis is the method of
choice. Some prominent methods have recently been reviewed!™ (scheme 1-13):
(1S,2S)-NPE can be synthesised in eight steps from an chloramphenicol synthesis
intermediate with excellent ee and de (>99 %)!"**! in three steps with a de of 82 %!"*°:
(1R,2R)-NPE is accessible in five steps to with 82 % eel’" or as a by-product in the
Sharpless aminohydroxylation with an ee of 74 %% " (1S2R)-NE was
synthesised in two chemical steps with an ee of 86 %!'°”, in a chemo-enzymatic
reaction from benzaldehyde and nitroethane using a hydroxynitrile lyase (from Hevea
brasiliensis) and H, reduction to give an ee ~95 % and a dr of 9:11"®"! or by baker’s
yeast and LiAlH, reduction in ee ~95 % and a of dr of 9:1"%?: or (1R,2S)-NE in one
step with a moderate ee of 76 %%,

The methods reported for asymmetric syntheses of nor(pseudo)ephedrines, require
either multi-step preparative routes, are based on relatively expensive reagents, or in

particular lack high enantio- and diastereomeric puritiy.
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Scheme 1-13: Selected examples for the synthesis of nor(pseudo)ephedrines
Ref. 1 [155], Ref. 2 [156], Ref. 3 [157], Ref. 4 [160], Ref. 5 [163], Ref. 6 [154], Ref. 7
[155], Ref. 8 [161], Ref. 9 [162]

In 2012, a novel and highly stereoselective method was described for the synthesis
of all four phenylpropanolamine isomers in high optical purities (ee, de >99 %).l"*
Norephedrine isomers were accessible in four steps (40 % yield) and norpseudo-
ephedrine in seven steps (35 % overall yield) starting from 2-phenyl-2-trimethyl-
silyloxyacetonitrile (scheme 1-14). However, a multi-step reaction protocol with

several isolation and protection/deprotection steps is required.

‘\. . ( O
- '~ i) CHsMgl i) NH,S0,Cl, DMA 0—8=

ii) HyS0, ii) PTSA, toluene \
m B WN
———

i HCO,H/EtN,

cat., EtOAc
o] O
OBz 1) PhCOzH, CsF, DMF \\ -0 (Boc),, DMAP, -0 .
ii) 1 N HCUCH,Cl, CHsCly o~ 57 LiAIH,, OH
Na . .NH  THF " (R)
- S/RJ Boc _ (s(i? ) - - - (s
NH,

KCN,

MeOH

OH CF4CO3H,
(R) CH,Cl»
©'/”'?’\r — (1R,2R)-norpseudoephedrine
HN.g 6 Hz  (de, ee>99 %, yield: 35 %)

Scheme 1-14: Chemical synthesis strategy for all four nor(pseudo)ephedrine isomers in
excellent optical purities of ee, de >99 % (here, (1R,2R)-NPE is shown)[154]
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1.5.4 Nor(pseudo)ephedrine synthesis — what we can learn from nature

As mentioned in chapter 1.5.3, phenylpropanolamines can be found in plants. In
2011, the biochemical pathway (see scheme 1-15) of these and other phenyl-
propylamino alkaloids was published for khat (Catha edulis)"*® and in 2012 for some
plants of Ephedra species!'*®.

In both types of plants, the suggested synthetic pathway contain benzaldehyde as an
intermediate, which is derived from L-phenylalanine via non-oxidative deamination by
a phenylalanine ammonia lyase and subsequent aldol cleavage by a benzaldehyde
carboxyligase. In khat, a dehydrogenase catalyses the oxidation of benzaldehyde to
benzoic acid and a thiamine diphosphate (ThDP)-dependent enzyme catalyses the
carboligation with pyruvate to 1-phenylpropane-1,2-dione. In Ephedra species a
reverse order of oxidation and carboligation was suggested. Here, hydroxypropio-
phenone and/or phenylacetylcarbinol (PAC) is synthesised from benzaldehyde first
and a dehydrogenase catalyses the oxidation to 1-phenylpropane-1,2-dione. In both
cases, this intermediate is transformed into (S)-cathinone by an (S)-selective
w-transaminase. In the last step of the (1S,2S)-norpseudoephedrine and (1S,2R)-
norephedrine biosynthesis, either an (S)- or (R)-selective dehydrogenase reduces

the keto group to an (S)- or (R)-configured alcohol (see scheme 1-15).

ThDP-
dehydro- dependent w-trans- o

(SL.COCH F’ genase enzyme aminase (5]
E— H
Mz pyruvate NH;
-CO,
L-phenylalanine benzaldehyde benzoic acid 1-phenylpropane- (S)-cathinone
1,2-dione
o
2, . (S)-selective (R)-selective
ThDP- '4,% reductase reductase
dependent C‘o D OH dehydro-
enzyme = hydroxy- genase
propiophenone OH H
H LS )
(so far not postulated) (S)°Y (R
@jﬁ/ NH, NH,
(0]
(18,28)-nor- (18,2R)-nor-
phenylacetyl- pseudoephedrine ephedrine

carbinol

Scheme 1-15: Biochemical synthesis pathway of phenylpropanolamines.
Presented is the biosynthesis pathway of (1S,2S)-norpseudoephedrine and (1S,2R)-
norephedrine in the plant khat'*® (synthesis via benzoic acid - blue arrows) and in
Ephedra species!™*® (synthesis via hydroxypropiophenone and phenylacetylcarbinol -
green arrows). The synthesis of N(P)E from phenylacetylcarbinol in Ephedra species
(dashed arrow) was so far not postulated.!®®

PAL: phenylalanine ammonia lyase, BCL: benzaldehyde carboxyligase, ThDP: thiamine
diphosphate
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The two biosynthetic intermediates 1-phenylpropane-1,2-dione (cheapest catalogue
price: 0.73 € g")"®*! and benzaldehyde (cheapest catalogue price: 0.006 € g™ )"®! are
commercially available and moreover relatively inexpensive. Looking at the “trick”
from nature, two independent asymmetric synthesis strategies for the production of
phenylpropanolamines from these intermediates are conceivable (scheme 1-16).

The first strategy encompasses the reductive amination of 1-phenylpropane-1,2-
dione by an w-transaminase. The subsequent reduction of cathinone by a
dehydrogenase gives access to nor(pseudo)ephedrine (scheme 1-16-A). Starting
from benzaldehyde in the second strategy, a carboligation with (decarboxylated)
pyruvate in the first reaction step generates phenylacetylcarbinol. As suggested by
the biosynthetic pathway hypothesis, in the next step the already introduced
stereochemistry might be removed by oxidation and two subsequent steps would be
required to introduce stereochemistry again (see scheme 1-15). In contrast to this
postulated biosynthetic pathway, a direct reductive amination of phenylacetylcarbinol
could lead in only one step to the final products (scheme 1-16-B). As described in
chapter 1.4.3, w-transaminases are valuable catalysts for a ‘green reductive

amination’ in this step. However, this has never been described in literature.

A: combining an w-transaminase B: combining a ThDP-dependent
and a dehydrogenase enzyme and an o-transaminase
ThDP-
o} -trans- O dehydro- OH w-trans- OH dependent o

aminase * genase * aminase enzyme ,
— E— * - * -
o NH; NH, 0o pyruvate/

acetaldehyde
1-phenylpropane- cathinone nor(pseudo)- phenylacetyl- benzaldehyde
1,2-dione ephedrine carbinol

Scheme 1-16: Two novel strategies for the asymmetric synthesis of phenylpropanolamines

A: reductive amination by an w-transaminase and subsequent reduction by a
dehydrogenase opens access to nor(pseudo)ephedrines. B: the carboligation of
benzaldehyde with (decarboxylated) pyruvate generates phenylacetylcarbinol and in
contrast to the postulated biosynthetic pathway (scheme 1-15) an w-transaminase
could catalyse the reductive amination to the desired amino alcohol. With highly
selective enzymes in all steps, theoretically all four nor(pseudo)ephedrine isomers
should be accessible in high purities.

Both synthesis strategies could theoretically give access to all four nor(pseudo)-
ephedrine isomers. If highly selective enzymes are used in all steps, high optical
purities of all compounds might be achievable. However, these novel synthesis

strategies are described within this thesis for the first time.
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1.5.5 Availability of enzymes for biocatalytic synthesis of nor(pseudo)-

ephedrines

As mentioned above (see chapter 1.5.4), the combination of three different
biocatalysts (w-transaminases, dehydrogenases and ThDP-dependent enzymes) can
open up the biocatalytic access for the production of nor(pseudo)ephedrines through

respective enzyme cascades.

1.5.5.1 ThDP-dependent enzymes

ThDP-dependent enzymes are involved in many biosynthetic pathways and catalyse
the formation and/or breakdown of C-C, C—S, C—N, C—O and C—P bonds.!"®® For the
formation of nor(pseudo)ephedrine (scheme 1-16-B), enzymes catalysing the highly
stereoselective C-C bond formation (also called carboligation) are required. One
focus was the access of all possible stereo- and regioisomers products for the
ligation of an aromatic and an aliphatic aldehyde (or the corresponding a-keto acids,

respectively) with high selectivities (scheme 1-17).

H QH
I N COOH ‘ x COOH
= o} = o}
P F{1/
(R)-5-hydroxy-4-oxo- (S)-5-hydroxy-4-oxo-
-5-arylpentanoates -S-arylpentanoates
o] wt MenD MenD-1474A/F475G Q:H

SN R* mixed products @/'\H/F#
|/ = OH wt BFD o Sz o}
R BFD-L461G J\ ApPDC-E469G R'
(S)-2-HPP R ORS (S}PAC
derivatives derivatives

mixed products mixed products

0 = I R? H
N R wt BAL e wt PDCs R?

| R R23 = H, COOH wt AHAS-| | o
> - OH wt AHAS-II S _ o
1 (Ry2-HPP wt BAL self- Ilgatmn products CDH R! (RLPAC
derivatives kinetic resolution PDHc-E1-EB36A/Q derivatives

SucA
w’( BAL PDC-E477Q
| 2 %{ /Y

(S)-benzoin (R)-benzoin acetom (S)- acetom
derivatives

Scheme 1-17: Examples of the ThDP-dependent enzyme toolbox for the asymmetrlc synthesis
of a-hydroxy ketones. More details can be found in reviews.!'? 167 18l

BAL: benzaldehyde lyase (Pseudomonas fluorescens), PDC: pyruvate decarboxylase (Acetobacter pasteurianus: ApPDC),

BFD: benzoylformate decarboxylase (Pseudomonas putida), SucA (E1 subunit of the a-keto glutarate dehydrogenase complex

in Escherichia coli), CDH: cyclohexane-1,2-dione hydrolase (Azoarcus sp.), AHAS: acetohydroxyacid synthases (Escherichia
coli), MenD: 2-succinyl-5-enolpyruvyl-6-hydroxy-3-cyclohexene-1-carboxylate synthase (Escherichia coli).
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This subclass of ThDP-dependent enzymes was intensively studied within the last
decades. Due to this, various wild type enzymes and variants are available for the
asymmetric synthesis of a-hydroxy ketones (scheme 1-17).'"®""2 The toolbox
created in the working group “Biocatalysis and Biosensors” of Prof. Martina Pohl and
Dr. Dorte Rother (IBG-1, Forschungszentrum Julich GmbH, Germany) currently
contains 20 wild type enzymes and more than 150 active variants. Three of those

ThDP-dependent enzymes have been used in this thesis.

ApPDC-E469G (pyruvate decarboxylase variant from Acetobacter pasteurianus)

As its natural function, the wild type ApPDC (EC 4.1.1.1) catalyses the cleavage of
pyruvate to acetaldehyde and CO, in the oxidative metabolism of Acetobacter
pasteurianus.l'™ In organic syntheses, the enzyme has been used for various
carboligation reactions.!"®® %174 The carboligation can be performed with aldehydes
as well as a-keto acids as donors and benzaldehyde derivatives as acceptors. Since
the enzyme is highly (R)-selective, an (S)-selective variant was generated by a point
mutation in the active site of wild type ApPDC, where a glutamate in position 469 was
replaced by glycine. This mutation opened up a region in the active site, the so called
(S)-pocket, allowing for the synthesis of (S)-phenylacetylcarbinol (PAC) and
derivatives thereof.!" Compared to the wild type enzyme (eeryrac = 97 %), the
variant ApPDC-E469G catalyses the synthesis of (S)-PAC with an ee of 61 % in
buffer in the presence of 20 % (v/v) DMSO!"™ and with an ee of 89 % in the absence

of organic solvents!'"®!,

AHAS-I (acetohydroxyacid synthases from Escherichia coli)

Acetohydroxyacid synthases (AHAS, EC 2.2.1.6) are found in plants, bacteria, algae
and fungi, where they are involved in the biosynthesis of branched-chain amino acids
(valine, leucine, isoleucine) and other biosynthetic precursors (like pantothenate and
coenzyme A).'""® 1771 Besides, the acetohydroxyacid synthase | from Escherichia coli
(AHAS-I) is known to catalyse also the carboligation of benzaldehyde and
(decarboxylated) pyruvate to (R)-PAC with high enantioselectivity (ee >98 %).['"8 179
Mechanistic studies revealed that first pyruvate is bound to the ThDP cofactor in the
active site. After decarboxylation, CO; is released from the active site while the
hydroxyl-ethyl group remains covalently attached to the C2-atom of the thiazolium-

ring in ThDP (hydroxyl-ethyl-ThDP).['""® This acyl group can be ligated with a second
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pyruvate molecule acting as acyl-acceptor yielding acetolactate. In contrast to this,
(R)-PAC is formed if the hydroxyl-ethyl group is transferred to benzaldehyde. The
reaction rates for the carboligation towards acetolactate and PAC, respectively, in
presence of pyruvate and benzaldehyde (at equal concentrations) indicate that
acetolactate is the kinetically favoured product (fast ligation of two pyruvate
molecules), while PAC is the thermodynamically favoured product (concentration of
acetolactate decreases over the time while PAC is the major product under steady-
state conditions).l"” For the carboligation of benzaldehyde and pyruvate the optimal

pH-range was found between pH 6.5-8.0.1'"!

PBAL (benzaldehyde lyase from Pseudomonas fluorescens)

Due to a benzaldehyde lyase (BAL, EC 4.1.2.38), the gram-negative bacteria
Pseudomonas fluorescens is able to grow on carbon sources like anisoin or
benzoin.""! Until now, there is no other enzyme known that catalyses the cleavage
of benzoins into the respective benzaldehyde derivatives. In terms of carboligation,
BAL shows outstanding high activity, a broad substrate range and high (R)-
selectivities for a broad range of products.['®? One example is the synthesis (R)-HPP
with an ee >99 % and >300 U mg'.['® These properties have been used for
(S)-benzoin production in kinetic resolution mode from racemic benzoin.['®! The
concept was further investigated within the PhD thesis of Alvaro Gémez Baraibar,
who developed the so called “chiral polishing” of (S)-PAC. Starting from moderate
optical purity (ees)pac ~70 %), (S)-PAC is enriched to >97 % ee by a PBAL

catalysed kinetic resolution (scheme 1-18).['%!

e}

(T Koo
COOH \‘ OH (_?H

Benzaldehyd Pyruvat &) (5]
Lyase

o)
@/ . j / (R)-PAC (S)-PAC

Benzaldehyd Acetaldehyd

T T Benzaldehydlyase (BAL)

Scheme 1-18: “Chiral polishing” of (S)-PAC.
(S)-PAC with a low optical purity generated by catalysis of a lyase (e.g. by ApPDC-
E469G) is converted to highly pure (S)-PAC with an ee >97 % by PBAL (highly (R)-
selective) catalysed kinetic resolution.

-30 -



Chapter 1 Introduction

1.5.5.2 Alcohol dehydrogenases

For a substrate similar to cathinone, Kihumbu et al. showed that the synthesis of 1-
phenylpropane-1,2-diol by enzymatic reduction of 1-hydroxy-1-phenylpropan-1-one
(HPP) is feasible.'®! This concept was further investigated in the PhD thesis of
Justyna Kulig."®® Beside others, the properties of different wild type alcohol
dehydrogenases and a carbonyl reductase were compared concerning the reduction
of HPP. Highest activity and excellent (S)-stereoselectivity for the reduction of bulky
substrates like PAC was found for the alcohol dehydrogenase from Ralstonia sp.
(RADH). An (R)-selective enzyme with valuable properties is the LbADH from

Lactobacillus brevis.!'86 1]

LbADH (alcohol dehydrogenase from Lactobacillus brevis)

The Lactobacillus brevis alcohol dehydrogenase (LbADH, EC 1.1.1.2) is a versatile
catalyst with a broad substrate scope, including linear and branched aliphatic as well
as aromatic and aromatic-aliphatic aldehydes ketones and diketones.'”®” 88 The
enzyme has a pH-optimum for the reduction at pH 6.5-8.5 and for oxidation at
pH 7-10.1'®*" The (R)-selective enzyme was used as well in industrial processes such
as for the production of (R)-ethyl-3-hydroxybutanoate.!?® '°! Moreover, the production
of (15,2S)- and (1S,2R)-1-phenylpropane-1,2-diol from (R)- or (S)-HPP was already
shown to be feasible in gram-scale with excellent stereoselectivity (ee >99 %, de
>98 %) and good reaction yields (>85 %).l'®! In this example, the cofactor NADPH
was recycled by a commercially available formate dehydrogenase (FDH, EC 1.2.1.2)

in presence of sodium formate in excess.!'®!

RADH (alcohol dehydrogenase from Ralstonia sp.)

The alcohol dehydrogenase from Ralstonia sp. (RADH) is a useful enzyme for the
reduction of bulky-bulky and bulky-small ketones.!"®® 8" 91 RADH has a broad pH-
optimum at pH 6-9.5 for the reduction reaction and a sharp optimum at pH 10-11.5
for the oxidation reactions. Highest stability was found between pH 5.5-8 at 8-15 °C
only in the presence of CaCl,. For the reduction of HPP to 1-phenylpropane-1,2-diol,
the enzyme is highly (S)-selective (ee >99 %) with activities of 362 U mg’ and
17 U mg'1 for the reduction of (R)-HPP and (S)-HPP, respectively.“%]
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1.5.5.3 Toolboxes of (R)- and (S)-selective w-transaminases

As summarised in chapter 1.4.3.4, nowadays various (S)- and (R)-selective
w-transaminases are available for reductive amination of ketones and aldehydes to
the respective amines. One toolbox of (S)-selective w-transaminases was developed
by Ward, Hailes and co-workers."® In the last years, the missing gap of (R)-
selective enzymes was filled by the work of Bornscheuer, Héhne and co-workers.®"!
These (R)-selective w-transaminases are now sold by the company Enzymicals AG.
In a cooperation with the working groups of Prof. John M. Ward and Prof. Helen C.
Hailes from the University College London and later on as well with the Enzymicals
AG, we got access to 20 (S)-selective and seven (R)-selective wild type

w-transaminases.

(S)-selective w-transaminases toolbox

In order to identify enzymes with new properties, Ward and co-worker performed a
BLAST-based sequence homology search using the w-transaminase (TA) from
Vibrio fluvialis as a template. As a result, further (S)-selective w-TA from different

organisms were identified (see appendix II):

Saccharopolyspora erythraea (SeTA), Streptomyces avermilitis (SaTA), Strepto-
myces coelicolor (ScTA), Thermobifida fusca (TfTA), Pseudomonas putida (PpTA),
Pseudomonas aeruginosa (PaTA), Chromobacterium violaceum (CvTA, also referred
to as CV2025), Klebsiella pneumoniae (KpTA), Escherichia coli (ECTA).

Only two of these w-TA have been described in literature. The enzyme from
Pseudomonas aeruginosa was used in a 2-step synthesis together with a
transketolase to produce a single isomer of 2-amino-1,3,4-butanetriol with overall
yields of 21 %.['** The best characterised and widely applied enzyme is the CV2025
(EC 2.6.1.18). Its broad substrate range (chapter 1.4.3.4) and the application for 1,3-
amino alcohol syntheses (chapter 1.5.2) have been discussed previously. The
enzyme has a pH optimum at pH 8-10 and shows a ~10-fold higher activity in HEPES
buffer compared to phosphate buffer at the same pH.'! For a wide range of
substrates (especially for bulky-aliphatic ketones/amines), this w-transaminase is
highly (S)-selective (e.g. synthesis of (S)-a-methylbenzylamine with an ee >99 %).['*®!

Since 2012, crystal structures of the enzyme (two of the apo form, one of the holo
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form, one in an intermediate state (without substrate/inhibitor) and one with an
inhibitor) are available.'* "% Using this structural knowledge, active site variants like
CV2025-F88A/A231F with inverted small and large pockets sizes were generated
(see chapter 1.4.3.2). This variant shows in general decreased (S)-selectivity for
most substrates compared to the wild type enzyme and is moreover (R)-selective for

a limited range of cyclic amines.['*!

(R)-selective w-transaminases toolbox

In 2010, 17 novel (R)-selective w-transaminases from different origins were
discovered by an in silico approach. Based on structural information and protein
sequences of (S)-selective w-transaminase, protein databases were screened for
enzymes with complementary enantiopreference.®” %! Nowadays, seven of these
(R)-selective w-transaminases are commercially available by Enzymicals AG!"®® and
were provided within a cooperation with this company as lyophilised crude cell

extracts:

Aspergillus fumigatus (AfTA), Gibberella zeae (GzTA), Neosartorya fischeri (NfTA),
Aspergillus oryzae (AoTA), Aspergillus terreus (AtTA), Penicillium chrysogenum,
(PcTA), Mycobacterium vanbaalenii (MvTA)

All enzymes are known to catalyse the reductive amination reactions of bulky-
aliphatic substrates with excellent stereoselectivities (e.g. synthesis of (R)-a-methyl-
benzylamine from acetophenone with an ee >99 %).®"! Moreover, these enzymes

have been broadly used for various applications (see chapter 1.4.3.4).

1.6 Enzymatic cascade reactions — advantages and challenges

As described in chapter 1.5 for the specific example of amino alcohols, the synthesis
of compounds with more than one chiral centre usually requires more than one
catalytic step. The combination of two or more catalysed reactions is defined as a
reaction cascade.['?% |n general, these multi-step reactions can be subdivided in

two types of cascades:
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A) “domino” reaction cascade:

An unstable product of a reaction step undergoes a spontaneous reaction to
form a stable product. Examples for spontaneous (chemical) reactions are
Diels-Alder reactions, rearrangement, fragmentation and cyclisation.!'®!

B) “tandem” reaction cascade:

The combination of several catalysed reactions which could in principle be
performed separately (one after another) is called “tandem” cascade. Here,
the reaction intermediates need to be stable.!'¥" 2%

In addition to this, cascades are defined as biocatalytic cascades when at least one
biocatalytic step is involved. This includes multi-enzymatic, chemo-enzymatic and
enzyme-initiated spontaneous (domino) reactions.!"®” For the synthesis of amino
alcohols, such as nor(pseudo)ephedrines two different 2-step enzymatic (tandem)

cascades were investigated in this thesis (see chapters 1.5.4 and 1.5.5).

1.6.1 Enzyme (tandem) cascades: cascade designs and reaction modes

Four different general designs of enzymatic cascade reactions were known (scheme
1-19 A-D)."1 The most simple cascade is the ‘linear cascade’, where a product is
synthesised via one (or more) intermediates (scheme 1-19 A). ‘Orthogonal cascades’
are more complex. Here, the product formation is coupled to a cofactor/co-substrate
regeneration step or co-product removal reactions (scheme 1-19 B). In
‘cyclic cascades’ one substrate of the reaction mixture is enriched by removal of the
other, which is then subsequently converted back into the starting material (scheme
1-19 C). A typical example is the dynamic kinetic resolution of racemic compounds.
Similar to orthogonal cascades, in ‘parallel cascades’ product formation is coupled to
the synthesis of a co-product (scheme 1-19 D). Here, the co-product is not removed
and is optimally a valuable second product.

In addition to different reaction designs, a cascade can be performed in different
reaction modes: The classical reaction mode is a multi-step reaction performed in
several reaction vessels (pots). Here, isolation of reaction intermediates after each
reaction step is required: “X-step X-pot reaction”. Moreover, cascades can be
performed in 1-pot without isolation of the reaction intermediates. If these reactions
are performed one after another, such systems are referred to as “1-pot X-step

sequential cascade” In a “1-pot X-step simultaneous cascade” all catalysts are added
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in one reaction vessel at the same time. For a “1-pot 2-steps linear cascades” these

different reaction modes are itemised in scheme 1-19 (A-1 to A-3).

SHOR I OR IO
A-1) 2-step 2-pot cascade A-2) 1-pot 2-step sequential cascade A-3) 1-pot 2-step simultaneous cascade

©—=0 O—=0—=06 O—0—=0

ﬂ isolation step

reaction time t4 reaction time t, reaction time t4
reaction time t4 reaction time t,
5  Oes=<0® o@®—0 > @Q—‘
LS
g |

®

Scheme 1-19: Different cascade designs and reaction modes for a 2-step enzymatic cascade
(modified from references: [197, 203])

Enzymatic cascade designs: A) linear cascade, B) orthogonal cascade, C) cyclic
cascade, D) parallel cascade!'”! and different reactions modes of a 2-step linear
cascade®: A-1) 2-steps 2-pots, A-2) 1-pot 2-step sequential cascade (the 2" step is
performed after the 1% reaction), A-3)1-pot 2-step simultaneous cascade (both
reactions are performed simultaneously).

A cascade where all reactions can be performed in one pot, reduces not only the
number of intermediate isolation steps, it thereby decreases amount of chemicals
(reagents, solvents and/or absorbents), lowers energy consumption and reduces
waste production. Each point does not only contribute to a more efficient process in
terms of production costs, but simultaneously to a more environmentally friendly
reaction process.[?01-203. 2052081 |5 general, the most time-efficient way to perform such
a cascade is the simultaneous mode, where all catalysts act at the same time.
Moreover, the complexity of the reaction procedure is reduced when all components
of a multi-step reaction can be added at once. In contrast to this, the complexity of
the system is significantly increased. If side reactions occur (e.g. caused by substrate
competition with an enzyme of another reaction step), the benefit of an easier
simultaneous mode needs to be compared with lower purification effort and most

e [197. 200, 201, 208 Egpecially in

likely higher reaction yield in a sequential mod
simultaneous cascades, an optimal interplay of all catalysts is required. Optimal

cascade parameters (such as pH, temperature, substrate concentrations and the
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relative ratio of enzymes) have to be found. Since reaction engineering of multi-
parameter systems can be rather challenging, implementation of mathematical
modelling (see chapter 1.6.2) can help to increase reaction yields by finding optimal

operation windows.!"%" 2%

1.6.2 Easy and efficient multi-parameter optimisation

Multi-parameter optimisation, often required for classical reaction engineering, is time
consuming and due to the number of experiments as well cost intensive. One main
challenge is the intersection between statistical relevance/significance of data and
their interpolations on the one hand and the number of experiments on the other.
Here, design of experiments (DOE) offers a mathematical way to minimise the
number of necessary experiments by building a relationship between independent
variable factors and the outcomes of an experiment.?°?'"] This relationship can for
example be visualised in a 3-D plot (see scheme 1-20) where two variables (x1 and
x2 — e.g. pH, temperature, substrate concentrations and enzyme ratio) are plotted

against one outcome factor (y, e.g. reaction yield or optical purity).

laboratory optimized
experiment process efficiency

b

problem

mathematical
modeling

Scheme 1-20: Basis steps for reaction engineering supported by mathematical modelling®”

e.g. via the Kriging method and 3-D visualisation (see 3-D plot).
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Various methods for mathematically supported reaction engineering are described in
literature.!'¥" 2°°1 One approach is the so called “Kriging method”. In this statistical
method the values of an interpolating function are determined by a weighted sum of
all measurement data. These weights are locally computed, such that the expectation
value of the interpolating function matches the true value with minimised deviation
but highest statistical significance. Thus, the Kriging method allows an optimal
interpretation of experimental datasets. Further mathematical details on the Kriging

method can be found in the literature.?'% 2%
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2 Aim of the work

One focus of the working group “Biocatalysis and Biosensors” (IBG-1, Forschungs-
zentrum Julich GmbH, Germany), headed by Prof. Martina Pohl and Dr. Doérte
Rother, is to offer biocatalytic solutions for challenging synthesis strategies. Amino
alcohols are valuable compounds for the pharmaceutical as well as for the chemical
industry. An example from this large list of valuable molecules are the four
stereoisomers of nor(pseudo)ephedrine. To enable the biocatalytic access to these
compounds was of special interest for this thesis. Known chemical synthesis routes
and chemo-enzymatic reaction cascades towards these products often require

multiple steps or lack high stereo- and regioselectivities.

As summarised in chapter 1.5.4, 2-hydroxy ketones are intermediates in natural
biosynthetic pathways of amino alcohols. Synthetically, 2-hydroxy ketones can be
synthesised from aldehydes or respective 2-keto acids by using ThDP-dependent
enzymes. An enzyme toolbox consisting of 20 wild type enzymes and more than 150
active variants was developed in the working group of Prof. Pohl and Dr. Rother to
generate a platform of various 2-hydroxy ketones with high selectivities. Among this
platform, specifically (R)- and (S)-phenylacetylcarbinol (PAC) represented a perfect
starting point to access all four nor(pseudo)ephedrines by reductive amination of the
prochiral carbonyl group. A goal of this thesis was to identify appropriate biocatalysts
for the reductive amination of these 2-hydroxy ketones. Respective catalytic activity
was assumed for w-transaminases (see chapter 1.5.4). A toolbox for the screening of
18 (S)- and eight (R)-selective w-transaminases was available from cooperation
partners (chapter 1.5.5.3).

Development of an efficient screening assay for w-transaminases

To analyse the potential of these w-transaminases for the reductive amination of
2-hydroxy ketones in general, and for PAC specifically, an efficient screening assay
had to be developed. This assay should allow a rapid analysis of the substrate range

independent of the amine donor (co-substrate) spectrum.
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Strateqies for the biocatalytic synthesis of nor(pseudo)ephedrine

w-Transaminases with promising properties for the reductive amination of PAC
should be tested in combination with ThDP-dependent enzymes for the 2-step

synthesis of nor(pseudo)ephedrines (scheme 2-1).

ThDP-
(I:) dependent OH o-trans- OH
enzyme aminase
—— * ——
o] NH,
pyruvate
benzaldehyde phenylacetyl- nor(pseudo)-

carbinol ephedrine

Scheme 2-1: Synthesis of nor(pseudo)ephedrines combining ThDP-dependent enzymes and
w-transaminases

As an alternative to this synthetic route, a second strategy for the synthesis of
synthesis of nor(pseudo)ephedrines is deduced from the natural biosynthesis
pathways (chapter 1.5.5.3). Starting from 1-phenylpropane-1,2-dione, the
combination of an w-transaminase in the first step with subsequent alcohol

dehydrogenase catalysed reduction could be evaluated according to scheme 2-2.

o-trans- 0 dehydro- OH
aminase genase
—_— —_—
o] NH, NH,
1-phenylpropane- cathinone nor(pseudo)-
1,2-dione ephedrine

Scheme 2-2: Synthesis of nor(pseudo)ephedrines combining w-transaminases and
dehydrogenase

A special challenge of both approaches is to identify reaction conditions, under which

both enzymes are active in a cascade reaction with optimal productivity and for that

high stereoselectivity and low by-products are feasible.
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A rapid TTC-based screening assay for w-transaminases was developed to determine the conversion
of substrates with a 2-hydroxy ketone motif. Oxidation of the compounds in the presence of 2,3,5-
triphenyltetrazolium chloride (TTC) results in a reduction of the colourless TTC to a red-coloured
1,3,5-triphenylformazan. The enzymatic reductive amination of a wide range of various aliphatic,
aliphatic-aromatic and aromatic-aromatic 2-hydroxy ketones can be determined by the decrease of
the red colouration due to substrate consumption. The conversion can be quantified spectrophotomet-
rically at 510 nm based on reactions, e.g. with crude cell extracts in 96-well plates. Since the assay is
independent of the choice of diverse amine donors a panel of w-transaminases was screened to detect
conversion of 2-hydroxy ketones with three different amine donors: L-alanine, (S)-a-methylbenzylamine
and benzylamine. The results could be validated using HPLC and GC analyses, showing a deviation of
only 5-10%. Using this approach enzymes were identified demonstrating high conversions of acetoin
and phenylacetylcarbinol to the corresponding amines, Among these enzymes three novel wild-type
w-transaminases have been identified.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Chiral vicinal amino alcohols are versatile building blocks for
organic synthesis, as ligands and chiral auxiliaries (Ager et al.,
1996; Fehr and Galindo, 1996) or as synthons for pharmaceu-
tically active compounds (Bergmeier, 2000), such as drugs like
ephedrine and norephedrine, the sphingosine derivative sulfobacin
B (Kamiyama et al., 1995), the HIV protease inhibitor saquinavir
(Ohta and Shinkai, 1997) and the aminopeptidase inhibitor bestatin
(Nakamura et al., 1976; Umezawa et al., 1976). Vicinal amino alco-
hols can be synthesised by a reductive amination of 2-hydroxy
ketones. Numerous substituted 2-hydroxy ketones are accessible
biocatalytically in highly enantiopure forms (Hoyos et al., 2009;
Miiller et al., 2009).

Recently, the biocatalytic reductive amination of prochiral
ketones by w-transaminases (w-TAs) has gained considerable

* Corresponding author. Tel.: +49 2461616772; fax: +49 2461613870.
E-mail address: do.rother@fz-juelich.de (D. Rother).
! Present address: Department of Chemistry, Organic and Bioorganic Chemistry,
University of Graz, 8010 Graz, Austria.
2 Present address: Biopharm, Process Research, GlaxoSmithKline Plc., Gunnels
Wood Road, Stevenage, Herts SG1 2NY, UK.

0168-1656/% - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j jbiotec.2011.12.023

interest (Hohne and Bornscheuer, 2009; Hopwood et al., 2011;
Savile et al., 2010; Ward and Wohlgemuth, 2010). Transaminases
with high turnover numbers and excellent selectivities have been
described (Koszelewski et al., 2010; Schatzle et al., 2011; Tufvesson
et al, 2011). In addition, a few w-TAs reactions have already been
successfully implemented into industrial processes at a multi ton
scales, e.g. at Cambrex (Scarlato, 2009) and DSM (DSM, 2011).
Beside reaction engineering strategies, enzymes with improved
affinities towards substrates, reduced substrate and/or product
inhibition, as well as activities against novel compounds need
to be identified for further applications (Hopwood et al., 2011;
Koszelewski et al., 2010; Ward and Wohlgemuth, 2010). Therefore,
efficient and rapid screening assays need to be developed in order
to screen newly discovered enzymes and mutant libraries.
Previously, w-TAs screening assays with various advantages
and disadvantages depending on their respective application have
been reported. Among these the quantification of the reaction from
pyruvate to alanine by the formation of coloured Cu-alanine com-
plexes has been described (Hwang and Kim, 2004). In other assays
the accumulating pyruvate is detected by multienzyme cascades
based on either a pH-shift (Truppo et al., 2009) or a colourimet-
ric oxidase-peroxidase reaction (Hopwood et al., 2011). Further,
a spectrophotometric assay based on the activity towards (S)-a-
methylbenzylamine (MBA) has been published (Schatzle et al.,

ketones. J. Biotechnol. (2012), doi:10.1016/j.jbiotec.2011.12.023
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2009). While these assays are useful and well suited for the screen-
ing of either the amine donors or the amine acceptors, in this work
we have established a rapid screening assay for w-TAs, which can
be used to determine the conversion of various chiral and prochi-
ral compounds with a 2-hydroxy ketone motif, independent of the
choice of the amine donor. This assay can be used not only with
purified enzymes but also with crude cell extracts and moreover
the detection of time-dependent conversion rates is feasible.

2. Materials and methods
2.1. Construction of the expression vectors

Putative w-transaminases had been identified by a BLASTP
search for homologous of the w-TA from Vibrio fluvialis [S17
as described previously (Kaulmann et al, 2007). The coding
region of the transaminases PP5182 (gene bank accession no.
NP_747283) was amplified from genomic DNA of Pseudomonas
putida KT2440 using a 5'-CATATGAGCGTCAACAACCCGCAAA-3' for-
ward and a 5'-CTCGAGTTATTGAATCGCCTCAAGGGTCAG-3' reverse
primer. From the same organism PP2799 (gene bank accession
no. NP.744943) was amplified with a forward primer 5'-
CATATGAGCACCCACTCTTCAACCGTTCAG-3' and a reverse primer
5'-CTCTAGTTACAGCAGGTGCTGTGAGCGCG-3" under exchanging
the native stop-codon from TGA to TAA. The gene coding for
the enzyme PA0221 (gene bank accession no. NP-248912) was
amplified from genomic DNA of Pseudomonas aeruginosa PAO2
using a 5'-CATATGACCGCTCAGCTCAACCCGCAGC-3' forward and a
5'-CTCGAGTCAGAGCACGCCGATCTCGCGC-3' reverse primer. Using
these primers Ndel restriction sites at the N-terminus and Xhol
sites at the C-terminus were included, respectively. Conditions for
PCR and the cloning of the amplified genes into a pET29a vector
(Novagen) were performed like described for the construction of
the expression vector for the enzyme CV2025 from Chromobac-
terium violaceum previously (Kaulmann et al., 2007).

2.2. Expression and preparation of w-TAs

E. coli BL21(DE3) was transformed with the w-TAs coding plas-
mids and grown in lysogeny broth medium containing 50 mg/L
kanamycin at 37=C until an ODggonm ©of 0.6-0.8 was reached.
Enzyme expression was induced by addition of 1 mM isopropyl-
B-D-thiogalactopyranoside. During expression (4h) temperature
was lowered to 30°C. Afterwards, cells were harvested and stored
at —20°C. For cell disruption the cells were suspended in 10x
(v/w) lysis buffer containing 100mM HEPES (pH 7.5), 200 pM
pyridoxal-5'-phosphate (PLP), 0.1% (w/v) lysozyme and 0.5 mM
phenylmethylsufonyl fluoride and incubated for 20 min at 4 °C. The
cells were disrupted by ultra sonification. The crude cell extract was
centrifuged at 4 °C with 16,000 x g for 40 min and subsequently fil-
tered through a 0.2 pm filter, diluted in assay buffer to a protein
concentration of 5mg/mL and used directly or stored as 500 pL
aliquots at —20°C.

2.3. TIC-based screening—assay setup

A stock solution containing 12.5mM amine donor and 12.5 mM
2-hydroxy ketone was prepared in assay buffer (100 mM HEPES pH
7.5,200 .M PLP). 80 pL of this solution was pipetted into each well
of a 96-well microtiter plate (Medisorp, NUNC). The reaction was
started by the addition of 20 wL crude cell extract to give a final pro-
tein concentration of 1 mg/mL and a donor/acceptor concentration
of 10 mM. The reactions were carried out 4-fold. Two controls were
performed each containing crude cell extract of E. coli BL21(DE3)
transformed with an empty pET-29a vector: one lacking the

respective 2-hydroxy ketone (“background”) and the other one
containing 10 mM of the 2-hydroxy ketone (“negative control”).

To allow a more precise quantification of the conversion, each
96-well plate contained an internal calibration with 0-10 mM of the
respective 2-hydroxy ketone. Therefore, the stock solution men-
tioned above was diluted in assay buffer before adding the enzyme
solution. The plate was closed tightly with sealing sheets (Roth
GmbH) to avoid evaporation and incubated for 16 h at 27°C on an
Infors-HT Multitron shaker (100 rpm).

2.4. TTC-based screening—colouration

A TTC-solution of 1 mg/mL 2,3,5-triphenyltetrazolium chloride
(TTC) in a mixture of 1 volume 75% (v/v) EtOH and 3 volumes 1M
NaOH was prepared. Rapid addition of 40 pL TTC-solution with an
Eppendorf Multipette to each well immediately stopped the reac-
tion and colour formation commenced due to the reaction with
non-transformed 2-hydroxy ketone. Depending on the 2-hydroxy
ketone used the plate was incubated for a certain time (see Table 1)
before the absorption was measured at 510nm using a Multiskan
Spectrum Microplate photometer (Thermo Fischer Scientific Inc.).
The conversion was calculated after subtracting the background
relative to the calibration curve.

The 2-hydroxyacetophenone (2-HAP) 3 and PAC 5 were diluted
with assay buffer 1:10 according to the detection limits (see Fig. 2)
before adding the TTC-solution.

2.5. TTC-based screening—time-dependent conversion

The time-dependent conversion of 10 mM PAC 5 by w-TAs with
equimolar amount of (§)-a-MBA A was performed as described
before (Sections 2.2 and 2.3). To reduce the amount of samples the
reactions were set up three times for each endpoint determination
and a two-point calibration with 0 mM and 10 mM PAC was used
to quantify the conversion. At different time points the conversion
was measured according tothe procedure described before (Section
2.4).

2.6. Preparation of 2-hydroxy ketones

Acetoin 1, propioin 2 and 2-HAP 3 were purchased from
Sigma-Aldrich and used without any further purification. The
aromatic 2-hydroxy ketones 7-9 were synthesised and supplied
by a cooperation partner accordingly to the published procedure
(O'Toole et al., 2010).

2.6.1. Synthesis of rac-HPP 4

The synthesis of racemic 2-hydroxy-1-phenylpropan-1-one
(HPP) 4 was performed as described in the literature (Chen
et al, 2008). Deviating from it the crude product was purified
by filter flash chromatography (silica gel 200-300 mesh, eluent:
PE/EtOAc=90:10) yielding the 2-hydroxy ketone as a yellowish oil
in 31% yield (0.46 g, 3.07 mmol).

Ry (PE[EtOAc 90:10)=0.27; HPLC (Chiralcel OD-H:
250 mm x 4.6 mm x 5 wm, n-hexane/2-propanol =90:10,
0.7mL/min, 25°C): R; [(S)-4]=18.7min, R; [(R)-4]=20.6min;
TH NMR (600 MHz; CDCl3): §=1.46 (d, 3)3,=7.1Hz, 3 H, 3-H),
3.80 (brs, 1 H, OH), 5.17 (q, 3J23=7.1Hz, 1 H, 2-H), 7.51 (mc, 2 H,
arom.-H), 7.62 (m¢, 1 H, arom.-H), 7.93 (m¢, 2 H, arom.-H) ppm; 13C
NMR (151 MHz; CDCl3): 22.3 (C-3), 69.3 (C-2), 128.7 (arom.-CH),
128.9 (arom.-CH), 134.0 (arom.-Cjps,), 202.4 ppm (C-1); GC-MS
(70eV, ED): mjz (%): 150 (15) [M*], 105 [M-CsHs0*] (100), 77
[M-CgHs*] (37).
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Table 1

Amine acceptors 1-9 and amine donors A-C for w-transaminases activity screening. For the amine acceptors 1-9 the compound specific colouration rates in [mAU/mM per
minute incubation] are given. All reactions were started with 10 mM of the respective 2-hydroxy ketone and 10 mM of the respective amine donor (A-C). Compounds with
a strong colouration rate require dilution prior to assay read-out.

Amine acceptors

Structure Name Colouration rate [mAU/(mM min)] Recommended steps
Dilution Incubation
0
1 )IY Acetoin 0,034 - 2min
OH
o]
2 \)J\(\ Propioin 0.004 z 10min
OH
o)
3 2-HAP 1.096 1:10 1min
OH
0
4 HPP 0.022 R 4min
OH
OH
5 PAC 0.329 1:10 2min
o
OH
6 PPC 0.090 - 1min
[¢]
Br OH
7 0.012 - 10min
o
OH
8 m\ 0.013 - 10min
o)
Br
OH
9 W 0.005 - 30min
o]

@

Amine donors

NH, NH.
2 2 NH,
© H
~BrcooH
(S)--MBA A benzylamine B L-alanine C

2.6.2. Preparation of (R)-PAC5

(R)-Phenylacetylcarbinol (PAC) 5 was provided by BASF AG. The
yellow oil had a purity of >98% (NMR, GC). The sample did not
contain any impurity of the regioisomer HPP 4.

Ry (PEJEtOAc  90:10)=0.27; HPLC (Chiralcel OD-H:
250mm x 4.6 mm x 5 um, n-hexane/2-propanol =90:10,
0.7mL/min, 25°C): Ry [(S)-5]=16.2min, Ry [(R)-5]=17.4min,
ee=84%; "H NMR (600 MHz; CDCl3): §=2.08 (s, 3 H, 3-H), 4.30 (brs,
1H,0H),5.09 (brs, 1 H, 1-H), 7.31-7.40 ppm (m, 5 H, arom.-H); 13C
NMR (151 MHz; CDCl3): 25.3 (C-3), 80.2 (C-2), 127.4 (arom.-CH),
128.8 (arom.-CH), 129.1 (arom.-CH), 138.1 ppm (arom.-Cipg),
207.2 (C-1); GC-MS (70eV, EI): m/z (%): 150 [M*] (15), 107
[M-C7H50%] (100), 75 [M-CgH3*] (33).

2.6.3. Synthesis of (R)-PPC 6

Purification of the wild-type enzyme ApPDC (pyruvate decar-
boxylases from Acetobacter pasteurianus) as well as synthesis of
(R)-phenlypropionylcarbinol (PPC) was carried out as previously
described (Rother et al., 2011). 18 mM benzaldehyde and 18 mM
propanal were dissolved in 500 mL potassium phosphate buffer

(50mM, pH 7.0) containing 2.5mM MgS0O,4, 0.1 mM thiamine-
diphosphate, and 20% (v/v) DMSO. After adding ApPDC (0.3 U/mL)
the reaction was run for 72 h at 30 °C under slow stirring. The reac-
tion mixture was extracted with ethyl acetate (3x 200 mL) and the
combined organic layers were dried with MgS0O4 and evaporated.
The crude product was purified by filter flash chromatography (elu-
ent:PE/EtOAc=90:10) to afford (R)-PPC 6 as a slightly yellow oil in
5% yield (74 mg, 0.45 mmol).

Ry (PE/EtOAc  90:10)=0.33; HPLC (Chiralcel OD-H:
250mm x 4.6 mm x 5 pum, n-hexane/2-propanol =90:10,
0.7mL/min, 25°C): Rr [(5)-6]=14.3min, R; [(R)-6]=17.0min,
ee=92%; 'H NMR (600MHz; CDCl3): §=1.01 (t, 3J43=7.3Hz,
3 H, 3-H), 233 (dq, 3j334=7.3Hz, ?J3,3,=17.8Hz, 1 H, 3-
Ha), 2.40 (dq, 3j3b'4:7.3 Hz, Zhb'ga =17.8Hz, 1 H, 3-Hp), 4.35
(d, *Jou1=4.2Hz, 1 H, OH), 5.1 (d, *Jjon=42Hz, 1 H, 1-H),
7.31-740ppm (m, 5 H, arom.-H); 3C NMR (151 MHz; CDCl3):
7.6 (C-4), 31.2 (C-3), 79.5 (C-1), 127.3 (arom.-CH), 128.6 (arom.-
CH), 1289 (arom.-CH), 1383 (arom.-Cips;). 210.1ppm (C-2);
GC-MS (70eV, EI): mjz (%): 164 [M*] (2), 107 [M-C;H;0"] (100),
75 [M-CgHs3*](80).

ketones. J. Biotechnol. (2012), doi:10.1016/j.jbiotec.2011.12.023
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Fig. 1. TTC-based screening assay for w-transaminases.

2.7. Instrumental analysis of 2-hydroxy ketone conversion

The reactions were set up analogously to the TTC-assay at a
500 p.Lscale. Instead of 96-well plates the reactions were incubated
in Eppendorf tubes for 16 h at 27°C and 100 rpm. The conversion
was determined as a decrease of the substrates relative to a sam-
ple with crude cell extract of E. coli BL21(DE3) transformed with an
empty vector. The data for each 2-hydroxy ketone in combination
with the amine donors A, B, and C (see Table 1) were obtained from
measurements of two independent samples.

Acetoin 1, propioin 2 and 2-HAP 3 were quantified as a decrease
of the substrate detected by gas chromatography. 200 pL reaction
mixture was extracted with 200 pL EtOAc. For acetoin and propi-
oin the chiral column FS-Cyclodex-B IfP (50 m x 320 pm x 25 pm)
at a constant pressure of 0.25bar and a temperature gradient of
15°C/min from 120 to 190°C was used. Typical retention times
were: acetoin Ry [(R)-1]=5.11 min, R; [(S)-1]=5.37 min, propioin R;
[(R)-2]=8.81 min, R, [(5)-2] =9.08 min. 2-HAP (R; = 12.95 min) was
detected with a Chirasil-Dex CB column (20 m x 250 pm x 25 pum),
aconstant flow of 0.4 mL/min and a constant temperature of 140°C.

The quantification of HPP 4, PAC 5 and PPC 6 was performed by
HPLC-analytics with the same LiChrospher RP-8 reverse phase col-
umn (250mm x 4mm, 5 pum). 20 uL of the reaction solution was
added to 180 plL acetonitrile (ACN). A gradient was run from 25%
(v/v) ACN to 100% (v/v) ACN with a re-equilibrium step for 5min
(oven temperature 27°C, flow: 1 mL{min). Typically, the reten-
tion times and the UV detection wavelength were: HPP 10.16 min
(250 nm), PAC 8.72 min (200 nm), PPC 12.39 min (200 nm).

3. Results and discussion

As outlined above, the aim of our work was to develop a
rapid screening assay for w-TAs indicating the conversion of amine

1.0
+ acetoin 1

c 08
c propoin 2
=
b 06 o 2-HAP3
c
% 04 HPP 4
? PAC 5
® 02

: PPC6

0.0 ¥

0 2 4 6 8 10

concentration (mM)

Fig. 2. Colouration (absorption at 510nm) relative to the concentration of 2-
hydroxy ketones 1-6 1 min after addition of the TTC-reagent; propioin 2 is shown
10min after TTC addition.

acceptors with a 2-hydroxy ketone motif. 2,3,5-Tripheny-
Itetrazolium chloride (TTC) can be used to detect a wide range
of different aliphatic, aliphatic-aromatic and aromatic-aromatic
2-hydroxy ketones (Breuer et al., 2002). In the presence of
the TTC-reagent these compounds are oxidised to the cor-
responding di-ketones by simultaneous reduction of TTC to
1,3,5-triphenylformazan (TFP). The intense red colouration of TFP
can be detected and quantified photometrically at 510 nm. This
principle was successfully applied for screening assays to detect
activities of ThDP-dependent lyases (Breuer et al., 2002) as well as
transketolase (Smith et al., 2006).

Fig. 1 shows the principle of the novel TTC-based screening
assay for w-transaminases. 2-Hydroxy ketones acting as amine
acceptors in w-TAs-catalysed reactions are converted to the respec-
tive 1,2-amino alcohols. By adding the TTC-reagent the amount
of 2-hydroxy ketone, which was not converted to the 1,2-amino
alcohol by the w-TAs, is oxidised to the corresponding di-ketone
and contributes to the red-colouration caused by the TFP. A posi-
tive screening hit is visible from de-colouration of the sample. An
internal calibration with the respective 2-hydroxy ketone allows
quantification of the conversion.

3.1. Determination of assay parameters

The colour intensity of 2-hydroxy ketones with the TTC-reagent
is strongly dependent on the substrate concentration, the redox
potential of the 2-hydroxy ketone and the incubation time before
the photometrical readout is started. Therefore, the linear range
of the colouration rate has to be determined for each 2-hydroxy
ketone.2-HAP 3 and PAC 5 show arapid colouration within the min-
imal viable measuring time of 1 min after addition of the reagent
(Fig. 2 and Table 1). To allow reliable measurements of such sen-
sitively responding substrates dilution of the 2-hydroxy ketone
solution prior to addition of the TTC-assay was required (Table 1).
On the other hand, the incubation time needed to be extended for
compounds with a slow colouration rate such as propioin 2, or sub-
strates 7-9 (Table 1). However, an incubation time of 30 min should
not be exceeded due to precipitation of the formazane TFP.

The assay is not influenced by the amine donors A-C, the buffer,
crude cell lysate, or the corresponding amino alcohols. Conse-
quently, the colouration rates did not change significantly with
different amine donors (data not shown).

3.2, Screening for 2-hydroxy ketone conversion by w-TAs

The screening assay was developed for the use at a 100 pL
scale in 96-well plates with crude cell lysate, To demonstrate
its applicability, reactions with 10mM of the amine acceptors
1-6 in combination with 10mM of the amine donors (S)-a-
methylbenzylamine A, benzylamine B and t-alanine € were
screened for w-transaminase conversion. Because of solubility
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problems, reactions with 2-hydroxy ketones 7-9 and (S)-ua- . ¥
methylbenzylamine were performed with 2mM of amine donor b IR
and acceptor, respectively. ; ¥
Putative w-TAs from different organisms have been identified © . g7
by a sequence-based search for homologous proteins of the (S)- L o @ BB o
selective w-TA JS17 from V. fluvialis as described earlier (Kaulmann o= o e3 )
etal., 2007). Among these only the potential of the enzyme CV2025 x g &
from Chromobacterium violaceum to accept the amine donors A-C Bl Ld Ll "i = &
with the 2-hydroxy ketone acetoin 1 has already been described g% g
before (Kaulmann et al., 2007). Table 2 shows the results for all . %’;: =
tested combinations of amine donors and amine acceptors of w-TAs g5 & ’Tg E é
with positive screening hits. Beside CV2025 three novel transam- . ceax g E =
inases could be identified which reduce 2-hydroxy ketones to the By e S 3
corresponding amino alcohols. PP5182 and PP2799, both from P. 5 E E
putida, show high conversion of PAC 5 and a slightly lower conver- s e | E &
sion of acetoin 1. The enzyme PA0221 from P. aeruginosa is able 85 g |52 E
to convert these substrates as well, but seems to be less active = s E_-E k]
than the other enzymes. Further, PP2799 is, besides CV2025, the IR E E %
only enzyme in our screening showing significant conversion of Eé g
2-HAP 3. ] ] . & 3 sae |3 > g
For all enzymes, except for the conversion of acetoin 1 by Ome b4 s i
PA0221, the highest conversion rates were achieved with (S)-a- & Yi¥d|2ge &
MBA A. This amine donor is known to be a substrate with a product SEINE S S £8 <
favouring equilibrium constant. We could identify enzymes accept- E K E
ing L-alanine C as an amine donor, although the conversion rates s g
were much lower, presumably due to the unfavoured equilib- ol |2 2 o
rium constant. Ways to overcome this problem have already been 21 § ;
described (Koszelewski et al,, 2010). Acombination of our screening S ]
assay with in situ removal of the co-product pyruvate by decar- Bl |G a g
boxylases (Hohne et al., 2008) is conceivable. E 8 é
Although acetoin 1 and PAC 5 were converted by the enzymes 5 e £ E B
described above, we remarkably did not get any significant posi- o g % & EE § g
tive screening result for propioin 2, (R)-PPC 6 and the 2-hydroxy B 8 T [Pf & =
ketones 7-9. From literature it is known, that the enzyme CV2025 N FTaE 5 ﬂ&;
is able to convert aliphatic substrates with the ketone vicinal to = g E E
a methanol-group like 1,3-dihydroxypentan-2-one, L-erythrulose E 2 éwﬁ,
and p-xylulose (Kaulmann et al., 2007; Smith et al., 2009). Fur- Ol 1 g o B §
thermore, the regioselectivity of this enzyme was described. While 2 & % gf}
the aromatic-aliphatic compound 1,3-dihydroxy-1-phenylpropan- "gf 2 E = E
2-one, which is similar to PAC 5, is converted, the regioisomer S Al fge £ E
2,3-dihydroxy-1-phenylpropan-1-one (similar to HPP 4) is not o o o 2 :MA
(Smithies et al, 2009). Additionally to the previously published é 55 5 ] B ﬁ::‘:
results, our investigations clearly underline that small structural |0 2 53¢ LE 3
changes of the substrates influence quite significantly the reac- E S x| |G 2 52
tivities of this enzyme. For the w-TA JS17 from V. fluvialis a two 2 <% 5-¢
binding site model, consisting of a large and a small pocket for sub- g % ; EX-R
strate binding, was proposed (Hirotsu et al., 2005; Shin and Kim, é‘ & _[eEva%
2002). The small pocket was found to accommodate substituents 5 8 EE 8 E8EBE
not larger than ethyl groups. The steric hindrance could be a pos- z LI TEYY|SS ‘g B
sible explanation also for the observation with other w-TAs, if a é’ CE>-§ e
similar fold is assumed (Hirotsu et al., 2005; Shin and Kim, 2002). 3 =5 E = §
Mutant libraries generated by either random or site-directed muta- = wi E E E E E
genesis could be screened with our new assay in order to identify g zc g 8 = £
enzymes for the conversion of substrates with larger chains. E Al E i—, § ; o %
& =S NBE
3.3. Validation of screening resuits = _é Erod
o _ o g o g [f3x%s
To evaluate the reliability of our screening results, colourimetric g :%0 S “:"J 2 E g OB 4
data were compared to GCand HPLC analyses (Table 2 and Fig. 3) for o 8 3 . I E rd ES % E g
reactions run under identical conditions. In all cases the results of “E e | KU S 9 g 2o
the TTC-screening assay fit well to the instrumental analyses show- < g § g o ; o
inga deviation of 5-10% in most cases, indicating that the TTC-assay 3 = £5 TE ® 2
is generally highly reliable. Furthermore, the chiral GC-analyses of :T; % = - § & o § T
rac-acetoin indicate, that there is no substrate selectivity regarding ~ £ E |S5E3] 5o % L % g
the (§)- or the (R}-enantiomer of the remaining substrate, since the 28 E %"% e 218 & Y 52T
ee of the substrate stays constant after enzymatic reduction. Ea3 griza’
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Fig. 3. Validation of the TTC-assay results (black) by GC and HPLC analysis (grey).
Reactions with 10mM acetoin 1 (a), 2-HAP 3 (b), PAC 5 (c¢), HPP 4 (d) and equal
amounts of the amine donor (S)-a-MBA were performed in HEPES buffer (100 mM,
pH 7.5) containing 200 M PLP and 1 mg/mL crude cell extract. The reactions were
incubated at 27 °C, 100 tpm for 16 h before the conversion was determined.

HPLC-analyses demonstrated that the conversion suggested for
HPP 4 by the TTC-assay was misleading (Fig. 3d). In the presence of
the crude cell extract the substrate HPP 4 is partially isomerised to
PACS. As was analysed by HPLC, around 5% of the regioisomer PAC5
is formed, which is detectable in the empty-vector control, whereas
no regioisomer was found in the presents of PAC-converting w-
TAs such as CV2025, PP5182 and PP2799. This suggests a direct
consumption of the PAC 5 by those enzymes. Since PAC 5 has a 15-
fold higher colouration rate in the TTC-assay compared to HPP 4

plotted as a function of the reaction time.

(Fig. 2), these results can be explained. Interestingly, this problem
does not occur with purified enzymes instead of crude cell lysate.
Thus, one way to overcome this limitation could be working with
purified enzyme.

3.4. Time-dependent conversion via TTC-assay

The TTC-assay is a rapid method to measure substrate conver-
sion by an endpoint determination. By simply stopping the reaction
after different time intervals we could demonstrate that it is also
possible to analyse conversion rates of w-TAs-catalysed reactions.
Therefore reactions of 10 mM PAC 5 with equal amounts of (5)-a-
MBA A were set up for each w-TA as replicates in different wells
of a 96-well plate. As the absorption behaviour of PAC 5 in the
TTC-assay is known (Fig. 2 and Table 1), the internal calibration
was reduced to only 2-points (O0mM and 10mM PAC 5), which
slightly decreased the accuracy of the assay, but lowered the sam-
ple amount. Conversions were determined after 30 min, 4 h, 8 hand
18h.

Using this experiment procedure we could demonstrate that the
conversion of PAC 5in presence of CV2025, PP5182, PP2799 is com-
pleted after 4-10h (conversion 80-90%) while the reactions with
PA0221 were considerably slower and only reached 40% conversion
after 18 h (Fig. 4).

4. Conclusion

Arapid TTC-based screening assay for w-transaminase reductive
activity was developed, which allows measuring the conversion of
various 2-hydroxy ketones. Since the assay is independent of the
choice of the desired amine donor, we have screened a panel of
different wild-type w-TAs for the conversion of various 2-hydroxy
ketones with three different amine donors. This allowed us toiden-
tify three novel w-transaminases showing high conversion rates for
acetoin 1, 2-hydroxyacetophenone 3, and phenylacetylcarbinol 5.

The assay is with a deviation of 5-10% to HPLC/GC-analytics
highly reliable in comparison, and sensitive enough to show back-
ground isomerisation which was catalysed by the crude cell extract
in one case. Furthermore, we could demonstrate that the assay
can also be used to determine time-dependent conversion rates.
In addition, it is conceivable to use this assay with different amine
donor-acceptor ratios or with additional enzymes and additives in
order to shift the equilibrium constant for desired reactions.
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Two Steps in One Pot: Enzyme Cascade for the Synthesis of
Nor(pseudo)ephedrine from Inexpensive Starting Materials**

Torsten Sehl, Helen C. Hailes, John M. Ward, Rainer Wardenga, Eric von Lieres,
Heike Offermann, Robert Westphal, Martina Pohl, and Dorte Rother*

A challenging task for chemical researchers in the next
decade is the development of cleaner and more environ-
mentally friendly reactions.") The traditional chemical syn-
theses of enantiomerically pure compounds often require
multistep protocols with protection—deprotection steps as
well as the isolation of potentially unstable intermediates,
lowering the yields and sustainability of the overall process.”’)
Phenylpropanolamines, members of the amphetamine
family of ephedra alkaloids, are compounds with multifunc-
tional applications but challenging syntheses routes. The
stereoisomers norpseudoephedrine (NPE) and norephedrine
(NE) are used as building blocks for the preparation of
ligands and chiral auxiliaries in organic syntheses®) and also
have direct applications as pharmaceutically active mole-
cules.) Reported synthetic approaches to these compounds
have disadvantages such as relatively expensive reagents,
multistep preparative routes, and only moderate enantio- and
diastereoselectivity.) Recently, a novel highly stereoselective
method was described for the synthesis of all phenylpropanol-
amine isomers with ee and de values exceeding 99%.
Norephedrine isomers were accessible in four steps (40%
yield) and norpseudoephedrine in seven steps (35% yield)
starting from 2-phenyl-2-trimethylsilyloxyacetonitrile.
Synthetic enzyme cascades are valuable alternative routes
for the stereoselective production of fine chemicals. Since the
chemo- and stercoselectivities are typically high, the isolation
of by-products and reaction intermediates can be circum-
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vented” and thus the eco-efficiency increased.” Here we
present an enzymatic one-pot two-step reaction for the
synthesis of stereomerically pure (1R,25)-NE and (1R 2R)-
NPE from benzaldehyde and pyruvate (Scheme 1). A number
of different ways to perform enzyme cascade reactions have
already been described (for more details see Chapter 1 in the

o OH OH
| [o]
lyase S R
i OH s RYT o Gl
— NH, NH,
o transaminase
)

(1R 2R)-norpseudoephedrine (NPE

benzaldehyde pyruvate or (1R.28)-norephedrine (NE)

Scheme 1. One-pot two-step reaction for the synthesis of norpseudo-
ephedrine (NPE) and norephedrine (NE).

Supporting Information)."*#-<1 Our one-pot two-step

reaction combines many advantages of known synthesis
strategies like high stereoselectivities, inexpensive starting
materials, high step economy (only two steps), and an
equilibrium shift without addition of further enzymes or
cosubstrates.

In the first step pyruvate is decarboxylated and subse-
quently ligated to benzaldehyde yielding (R)-phenylacetyl-
carbinol ((R)-PAC). The reaction is catalyzed by the thiamine
diphosphate (ThDP)-dependent acetohydroxyacid synthase I
(AHAS-I) from E. coli which performs the decarboxylation
of pyruvate and the subsequent carboligation without releas-
ing the hydroxyethyl-ThDP (see Scheme 2)!"" (R)-PAC is
obtained with high stereoselectivity (ee >98%) and can be
converted directly to the desired (1R,25)-NE and to (1R.2R)-
NPE in the second step of the cascade (reductive amination)
by selectively using (§)- and (R)-selective w-transaminases
(TAs), respectively. In our previous work a set of 18 different
(8)-selective wild-type (S)TAs had been screened for the
conversion of 2-hydroxy ketones."! For the reductive amina-
tion of (R)-PAC, the Cv-(S)TA from Chromobacterium
violaceum gave the most promising results. To gain access to
(1R.2R)-NPE, seven different (R)-selective (R)TAs from
Enzymicals AG (see Chapter 2 in the Supporting Informa-
tion) were tested.

The enzymatic reductive amination requires an amine
donor as a cosubstrate. Through the clever combination of
cosubstrates (here: alanine) and enzymes, the resulting by-
product (here: pyruvate) of the second reaction step can serve
as the substrate for the first step. This novel type of cascade
design is referred to as a “recycling cascade” (Scheme 2 and
Chapter 1 in the Supporting Information). We determined the
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product concentration (related to a total benzaldehyde
concentration of 20 mm, Figure 3A).

In the case of Az-(R)TA the cascade reaction is even more
efficient (Figure 3B): (1R,2R)-NPE is accessible in the one-
pot two-step sequential cascade with conversions greater than
96 % and very high stereomeric purity (de > 98 %, ee > 99 % ).
After addition of another 10 mm benzaldehyde and fresh
AHAS-I, the Ar-(R)TA was still active. Thus, without addition
of further transaminase, 16.6 mm (1R2R)-NPE (83% con-
version) was obtained in 5 h by the complete one-pot two-step
recycling cascade. Further addition of At-(R)TA did not
considerably increase the final product concentration.

In summary, we have developed a strategy for the
synthesis of (1R,25)-NE and (1R2R)-NPE. Both compounds
are accessible in a biocatalytic one-pot two-step reaction in
high stereoisomeric purity (de >98%, ee >99%) from inex-
pensive starting materials without isolation of the intermedi-
ate product. Additionally, these cascade reactions can be
performed in a novel “recycling mode” in which the
coproduct of the second step is removed without addition of
further catalysts or cosubstrates and recycled as a substrate
for the first cascade step.

By combining reaction and process optimization, the
sequential cascade consisting of AHAS-I and Cv-(S)TA
provided (1R.2S)-NE with a conversion of 80% (8.0 mm).
For the production of (1R2R)-NPE we could identify (R)-
selective w-TAs catalyzing the one-pot two-step cascade in
a simultaneous mode with conversions up to 85% (8.5 mm).
Moreover, in the sequential mode, formation of the side
product (benzylamine) is reduced and (1R,2R)-NPE was
obtained with a conversion exceeding 96 % within 13 h. In the
recycling step (addition of another 10 mm benzaldehyde, but
no pyruvate) a total concentration of 16.6 mm (1R2R)-NPE
(83% conversion) was observed after further 5h reaction
time.

The recycling mode can be applied to any set of reactions
for which a clever combination of cosubstrates and copro-
ducts is possible, such that the coproducts of one reaction can
be reused as substrates for the other. This approach optimizes
the atom economy of the reaction by reducing the waste
production.

Experimental Section

r-alanine (Merck), p-alanine (Sigma Aldrich), and pyruvate (Sigma—
Aldrich) were of >>99% purity. Benzaldehyde (Sigma-Aldrich) was
freshly distilled before use. The preparation of the catalysts Cv-(S)TA
and AHAS-11s described in the supporting information. (R)-selective
TAs are commercially available from Enzymicals AG (Germany) as
Iyophilized crude cell extracts. Descriptions of the reaction details,
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reaction analysis, cascade optimizations, and equilibrium determina-
tion can be found in the Supporting Information.

Received: January 27, 2013
Published online: May 9, 2013

Keywords: asymmetric synthesis - biocatalysis -
enzyme cascades - phenylpropanolamine - o-transaminase

[1] a) F. Cavani,J. Chem. Technol. Biotechnol. 2010, 85, 1175-1183;
b) E. Ricca, B. Brucher, J. H. Schrittwieser. Adv. Synth. Catal.
2011, 353, 2239-2262.

[2] a) S. Shanmuganathan, D. Natalia, L. Greiner, P. Dominguez de
Maria, Green Chem. 2012, 14, 94-97; b) M.J. Climent, A.
Corma, S. Iborra, M. Mifsud, A. Velty, Green Chem. 2010, 12,
99-107.

[3] a) M. Sherman, Spatial Statistics and Spatio-Temporal Data:
Covariance Functions and Directional Properties, Wiley, Hobo-
ken, 2010, ISBN: 9780470699584; b) G. Blay, I. Fernandez, B.
Monje, J.R. Pedro, Tetrahedron Lert. 2004, 45, 8039-8042;
c) F. K. Cheung, A. M. Hayes, J. Hannedouche, A. S. Y. Yim, M.
Wills, . Org. Chem. 2008, 70, 3188-3197; d) D. A. Evans, M. D.
Ennis, T. Le, N. Mandel, G. Mandel, J. Am. Chem. Soc. 1984, 100,
11541156 e) J. L. Garefa Ruano, C. Alemparte, M. T. Aranda,
M. M. Zarzuelo, Org. Lett. 2003, 5, 75-78; f) R. Guo, A. L
Lough, R. H. Morris, D. Song, Organometallics 2004, 23, 5524 -
5529: g) 8. R. Hitchcock, D.M. Casper, J.F. Vaughn, J. M.
Finefield, G. M. Ferrence, J. M. Esken, J. Org. Chen. 2004, 69,
714-718: h) C. Unaleroglu, A. E. Aydin, A. S. Demir, Tetrahe-
dron: Asymmetry 2006, 17, 742 -749.

[4] a) N. A. Flavahan, J. Pharmacol. Exp. Ther. 2005, 313, 432-439;
b) R. B. Rothman, N. Vu, J. S. Partilla, B. L. Roth, 8. J. Hufeisen,
B. A. Compton-Toth, J. Birkes, R. Young, R. A. Glennon, J.
Pharmacol. Exp. Ther. 2003, 307, 138-145; ¢) R. Krizevski, N.
Dudai, E. Bar, E. Lewinsohn, J. Ethnopharmacol. 2007, 114,
432 -438.

[5] 1. A. Groeper, S.R. Hitchcock, G. M. Ferrence, Tetrahedron:
Asymmetry 2006, 17, 2884 -2889.

[6] H. K. Lee, S. Kang, E.B. Choi, J Org Chem. 2012, 77, 5454 -
5460.

[7] E Lopez-Gallego, C. Schmidt-Dannert, Curr. Opin. Chem. Biol.
2010, 74, 174-183.

[8] a) A. Bruggink, R. Schoevaart, T. Kieboom, Org. Process Res.
Dev. 2003, 7, 622-640; b) S. F. Mayer, W. Kroutil, K. Faber,
Chem. Soc. Rev. 2001, 30, 332-339: c) J. H. Schrittwieser, J.
Sattler, V. Resch, F. G. Mutti, W. Kroutil, Curr. Opin. Chem.
Biol. 2011, 15,249-256; d) R. A. Sheldon, Green Chem. 2007, 9,
1273-1283; e) R. A. Sheldon, Chem. Commun. 2008, 3352-
3365.

[9] C. V. Voss, C. C. Gruber, W. Kroutil, Angew. Chem. 2008, 120,

753 -757; Angew. Chem. Int. Ed. 2008, 47, 741 -745.

S. Engel, M. Vyazmensky, S. Geresh, Z. Barak, D. M. Chipman,

Biotechnol. Bioeng. 2003, 83, 833 -840.

T. Sehl, R. C. Simon, H. C. Hailes, J. M. Ward, U. Schell, M. Pohl,

D. Rother, J. Biotechnol. 2012, 159, 188—194,

(10

(11

www.angewandte.org

- 49 -

6775



Chapter 3

Publications

Angewandte

iemsionaietion CHEMiE

step 1: carboligation with intrinsic pyruvate decarboxylation
(hydroxyethyl-ThPD remains bound in AHAS-I active site)

| step 2: reductive amination |
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Scheme 2. One-pot two-step reaction for the synthesis of nor(pseudo)ephedrine performed as a recycling cascade combining acetohydroxyacid
synthase | (AHAS-l) and a (S)- or (R)-selective m-transaminases ((R)TA, (S)TA).

thermodynamic equilibrium constant for the reductive ami-
nation of PAC with alanine as the amine donor to be 2.31 x
107* (Chapter4 in the Supporting Information). Conse-
quently, when equimolar concentrations of alanine and PAC
are used and the by-product pyruvate is not removed,
a theoretical conversion of less than 5% is obtained (see
Chapter 4.4 in the Supporting Information). In our reaction
setup, pyruvate can be removed by two different carboliga-
tion reactions mediated by AHAS-I: 1) the carboligation with
benzaldehyde yielding PAC or 2) a carboligation with another
pyruvate molecule yielding acetolactate. The reversible
reaction giving acetolactate is kinetically favored, whereas
the reaction equilibrium lies on the side of PAC formation.!'"]
Thus, acetolacetate is a suitable substrate for the carboliga-
tion of (R)-PAC by the cleavage reaction to pyruvate and
hydroxyethyl-ThDP.

A challenge in this one-pot two-step cascade is the fact
that the starting material benzaldehyde might serve as
a substrate for AHAS-T as well as for the w-transaminases.
As a consequence of the higher chemical reactivity of
aldehydes relative to ketones and steric constraints in the
active site of w-TAs, it was not possible to find an enzyme
among the 25 screened w-TAs for which the reductive
amination of PAC was kinetically favored over the reductive
amination of benzaldehyde. The most promising (5)-selective
transaminase Cv-(S)TA has a roughly 17-fold higher initial
rate in the reaction with benzaldehyde than with PAC
(Figure 1 A). As a consequence, in a one-pot (wo-step cascade
reaction where AHAS-I and Cv-(S)TA were added simulta-
neously, 98 % of the benzaldehyde was converted to benzyl-
amine (Figure 2 A). However, in the case of the (R)-selective
w-TAs we could surprisingly identify enzymes for which the
simultaneous one-pot two-step reaction provided (1R.2R)-
NPE with conversions of up to 85% (Figure 2 A). The initial
rate activities of the w-TA from Aspergillus terreus (At-
(R)TA) for reactions with PAC and benzaldehyde were on the
same order of magnitude (Figure 1B), but roughly ten times
lower than the initial rates for the (R)-PAC formation
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Figure 1. Conversion curves for the reductive amination of benzalde-
hyde (10 mm) and PAC (10 mm) by A) o-TA Cv-(S)TA (1 mgmL ™)
and by B) At-(R)TA (1 mgmL™"), respectively. The reaction was carried
out in 100 mm HEPES (pH 7.5 with 200 um pyridoxal-5'-phosphate
(PLP), 50 pum flavine adenine dinucleotide (FAD), 100 um ThDP, 5 mm
MgCl,) containing (5)- or (R)-u-methylbenzylamine (10 mm) as amine
donor.

catalyzed by AHAS-I. These differences suffice to reduce
the amount of formed by-product (benzylamine) to merely
10%.

In line with these experimental data, the NE/benzylamine
ratio is low when the one-pot two-step reaction is performed
as a simultaneous cascade including a recycling step. Here,
both enzymes were added simultaneously to a mixture of
20 mm benzaldehyde, 10 mm pyruvate, and 50 mm alanine.
Since no further pyruvate was added, product concentrations
higher than 10 mm (NE or NPE) are only possible by the
successful recycling of pyruvate that is generated by deam-
ination of alanine. Remarkably, with A¢-(R)TA about 14 mm
(1R2R)-NPE and only 5.5 mM benzylamine were formed in
this simultaneous recycling mode, while in case of the Cv-
(S)TA the major product is benzylamine.

Although benzylamine can be separated from NPE and
NE by column chromatography (mobile phase EtOAc/
MeOH/NH, = 85:10:5), it is more advantageous to reduce
www.angewandte.org
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Figure 2. A) One-pot two-step simultanecus cascade and B) one-pot
two-step simultaneously recycling cascade with Cv-(S)TA and seven
(R)-selective TAs. For the one-pot two-step reaction 10 mm benzalde-
hyde, 10 mm pyruvate, and 50 mm p- or L-alanine were dissolved in
100 mm HEPES (pH 7.5 with 200 pm PLP, 50 um FAD, 100 pum ThDP,
5 mm MgCl,) and the two enzymes (AHAS-I and w-TA) were added
simultaneously. The recycling cascade reactions (B) were performed
analogously with 20 mm benzaldehyde instead of 10 mm.

the formation of byproducts by appropriate process engineer-
ing in order to increase process efficiency. There are two
general ways to perform a cascade reaction: one is the already
described simultaneous mode, the other one the so-called
sequential mode, where the catalysts are added consecu-
tively.” In our sequential synthetic enzyme cascade, the
limiting step is the reductive amination. In order to circum-
vent this bottleneck, we optimized the reaction parameters of
the reductive amination step regarding pH, temperature, the
concentrations of transaminase and AHAS-I, and the amine
donor/PAC ratio (see Chapter 5 in the Supporting Informa-
tion). For the enzyme combination Cv-(S)TA/AHAS-I con-
versions exceeding 80% could be achieved under optimized
cascade conditions (pH 7.5, 25°C, 1mgmL~' Cv-(S)TA,
0.5 mg.;mL'1 AHAS-I, alanine/PAC =5:1).

These optimized conditions were applied in the one-pot
two-step sequential mode. Here, the transaminase was added
after the benzaldehyde had been completely consumed in the
AHAS-T-catalyzed carboligation step (after 1h 100% con-
version was achieved, Figure 3 A). This increased the con-
version of (1R,25)-NE from 2% (Figure 2A: one-pot two-
step simultaneous cascade) to 78% (7.8 mm, Figure 3 A) with
the combination AHAS-I/Cv-(S)TA. Under these conditions

www.angewandte.org
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Figure 3. Synthesis of A) (1R,25)-NE and B) (1R,2R)-NPE performed as
a sequential one-pot two-step reaction with an additional recycling
step (time-dependent reaction curve can be found in Chapter 6 in the
Supporting Information). Reaction conditions: 100 mm HEPES (pH 7.5
with 200 um PLP, 50 pm FAD, 100 um ThDP, 5 mm MgCly), 25°C,

100 rpm. One-pot two-step reaction: Carboligation (1 h): 10 mm ben-
zaldehyde, 10 mm pyruvate, 0.5 mgmL~" AHAS; reductive amination
(12 h): +50 mm alanine, +1 mgmL™" TA, Recycling step:step a:

+10 mm benzaldehyde, +0.5 mgmL~' AHAS-l (A: 1.5 h, B: 5 h);

step b: +1 mgmL~" TA (A: C-(S)TA, 12 h, B: At-(R)TA, 5 h).

one-pot two-step reaction

the undesired by-product benzylamine amounted to less than
0.5mm (Figure 3A). Upon subsequent addition of further
10 mm of benzaldehyde and fresh AHAS-I, PAC was formed
in a second carboligation step. Since no further pyruvate was
added, this result demonstrates that the recycling of pyruvate,
generated by deamination of alanine, was successful in this
sequential enzyme recycling cascade mode. However, the
reaction resulted in the formation of only 4.7 mm PAC (47 %
conversion), which is most likely due to the instability of
acetolactate. If the latter is chemically decarboxylated to
acetoin, it is no longer available for PAC formation. More-
over, acetoin (and probably also acetolactate) can act as
substrates for Cv-(S)TA as described previously."!! Further,
neither the NE nor the benzylamine concentration increased
significantly, which suggests almost complete inactivation of
Cv-(S)TA (Figure 3A). Addition of fresh Cv-(S)TA started
the reaction again yielding 12.9 mm (1R.25)-NE (de > 98 %,
ee >99% ). This corresponds to roughly 65 % of the possible

Angew. Chem. Int. Ed. 2013, 52, 67726775
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2-Steps in 1-pot: synthetic enzyme cascade for the synthesis of
nor(pseudo)ephedrine from inexpensive starting material
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1.) Definition and explanation of different cascade reactions types

A number of different multi-enzyme cascads reactions have already been described. [ In general, they can be
subdivided into four types of cascade designs (Scheme 1, A-D}.m In the ‘linear cascade’ a single product is
synthesized via one or more intermediates from a single substrate (Scheme 1A). In more complex enzyme
cascades like the ‘orthogonal cascade’, product formation is coupled with a cofactor/co-substrate regeneration step
or by-products removal reactions {Scheme 1B). Whereas in ‘cyclic cascades’ a mixture of substrates is transformed
into an intermediate, which is subsequently converted back into starting material, so that one substrate is
subsequently enriched {Scheme 1C). A typical example is the dynamic kinetic resolulion of racemic compounds. in
‘paratiel cascade’ reactions formation of two products by two biocatalytic reactions is coupled via their cofactorsico-
substrates (Scheme 1D). Except for the linear cascade, all cascade modes require the introduction of further
enzymes and/or co-subsirates in order to allow cofactor regeneration or by-products removal to shift the reaction
equitibrium. These additional components have to be separated from the desired products, which can lower the

economy of the process.
H (D=0 =—=0 o & 0O®
S T

0 D ® 0 OO
OO L OP
b

£) novel recycling cascade’ @ " @ LI @ .. @
] & &=

recyciing of by-product with E1_ |

Scheme 1: Four previously described enzymatic cascade designs:™'™ A) linear cascade, B) orthogonal cascade,
C) cychic cascade, D) parallel cascade and E) the novel recycling cascade {adapted from ref. [1a]}

Here, we present a novel fype of cascade reaction, the ‘recyeling cascade’ (Scheme 1E), which was developed for
a two-step synthesis of chiral 2-amino alcohols. In this synthefic enzyme cascade acetaldehyde (upcn
decarboxylation of pyruvate) is ligated to an aromatic aldehyde by a thiamine diphosphate (ThDP)-dependent
enzyme (E1) vielding a 2-hydroxy ketone which is subsequently reduced to a 2-amino alcohol by an
w-transaminase (E2). The enzymatic raductive amination reguires an amine donor as co-substrate. By g smart
combination of this co-substrate and enzyme E1 the reaction runs because E1 has two functions in this 1-pot
cascade: beside formation of the 2-hydroxy ketone {schemse 1, intermediate 1) it is further used to shift the
equitibrivm of the transaminase reaction, which is hampered by a low equilibrium constant. This equilibrium shift is
possible because the co-preduct, formed upon deamination of the co-substrate, can be recycled as a subsirate for
the carbeligation step. This removal shifts the equilibrium towards the desired product.
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2.) Catalyst preparation

2.1) Cloning, expression and purification of o-transaminase Cv-(S)TA

Preparation of w-TA: Cloningm, expression'a], and preparation of the cell-free extract™ of the N-terminal His-tagged
o-TA Cv-(S)TA were performed as previously described. Protein purification (column material: Ni-NTA superflow,
Qiagen, equipment: AKTApurifier, GE Healthcare) was performed in 100 mM HEPES buffer (pH 7.5) containing
200 pM pyridoxal-5'-phosphate (PLP). After one washing step (buffer + 25 mM imidazole) the w-TA was eluted
(buffer + 250 mM imidazole) and the buffer exchanged to 10 mM HEPES (pH 7.5) and 200 uM PLP using a
Sephadex G-25 column (GE-Healthcare) before lyophilization. The transaminase was obtained in a purity >90 % as
a lyophilized powder with a protein content of 70 % (w/w).

2.2) Cloning, expression and purification of acetohydroxyacid synthase | (AHAS-I)

Preparation of AHAS-I: The His-tagged AHAS-l was cloned® and expressed® as described in literature. Cell
disruption was performed analogously to the process for the w-TA (see 2.1), except the buffer (‘AHAS-buffer’),
which contained 100 mM potassium phosphate (KPi, pH 7.6), 500 mM KCI and 10 uM flavine adenine dinucleotide
(FAD). Enzyme purification was also performed as described for o-TA (see chapter 1.1), but with AHAS-buffer:
after an equilibration step (AHAS-buffer + 20 mM imidazole) and one washing step (AHAS-buffer + 50 mM
imidazole), the elution of AHAS was performed with AHAS-buffer + 250 mM imidazole. Before lyophilization the
buffer was exchanged to 25 mM KPi (pH 7.5) and 10 uM FAD by using a Sephadex G-25 column (GE-Healthcare).
The purity of AHAS-I lyophilized powder was >90 % and had a protein content of 15 % (w/w).

2.3) (R)-selective o-transaminases

A commercially available toolbox of seven different (R)-selective w-transaminases was provided by Enzymicals AG

as lyophilized crude cell extract.”

Table 1. (R)-selective o-transaminases provided by Enzymicals AG

(R)-selective TA Catalog no. organism origin
Af-(R)TA: ECS-ATAO1 Aspergillus fumigatus
Gz-(R)TA: ECS-ATA02  Gibberella zeae
NH(R)TA: ECS-ATA03  Neosartorya fischeri
Ao-(R)TA: ECS-ATAO4  Aspergillus oryzae
AL(R)TA: ECS-ATA05  Aspergillus terreus
Pe-(R)TA: ECS-ATA06  Penicillium chrysogenum
Mv-(R)TA: ECS-ATAO7  Mycobacterium vanbaalenii
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3.) Reaction analytics

3.1) Quantification of benzaldehyde and phenylacetylcarbinol (PAC)

The extraction and quantification of PAC (R, = 8.7 min) and benzaldehyde (R; = 17.1 min) were performed by
achiral HPLC-analysis as described before."! A typical chromatogram is presented in diagram 1.

E
%,
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400~
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200 ] \
. ‘ | |
: ‘Lﬂt Jl\M \
ol 5 et
;7 o 25 o i 5 o 75 : i 10 : 125 : 15 o . 175 ’ . 20 ’ i 25 o min
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;:I-:enzl_—l ! benzaldehyde
OH ?
oY »
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Diagram 1:  Chromatogram of 10 mM benzaldehyde and 10 mM PAC on achiral HPLC analytics."“

3.2) Synthesis of reference compound: (1S,2S)-norpseudoephedrine

The enzymatic reductive amination of phenylacetylcarbinol (PAC) can theoretically result in four different
stereoisomers of the product nor(pseudo)ephedrine: (1S,2S)-norpseudoephedrine, (1R,2R)-norpseudoephedrine,
(18,2R)-norephedrine, (1R,2S)-norephedrine. All isomers, except (1S,2S)-norpseudoephedrine were bought from
Sigma Aldrich in a purity >99.5 %.

(15,2S)-Norpseudoephedrine was synthesized starting from the (S)-PAC of a PAC mixture (with (R)-PAC having
an ee = 84 %), which was provided by BASF AG as a yellow oil with a purity of >98 % (NMR, GC).M 10 mM (R)-
PAC (141.1 mg, 0.939 mmol) and 10 mM (S)-a-methylbenzylamine were incubated with 1 mg/m| o-TA (Cv-(S)TA)
in 100 mM HEPES (pH 7.5), 200 uM PLP at room temperature under moderate stirring in 200 ml glass vials. After
16 h the conversion, based on the consumption of PAC, was >98 %. The solution was adjusted to pH 10 with
triethylamine and extracted with ethyl acetate (5x100 ml). The combined organic layers were dried with MgSO,4 and
evaporated. The crude product was purified by flash chromatography (eluent: CHCly/MeOH = 50:50) to afford a
mixture of two nor(pseudo)ephedrine diastereomers (de = 84 %, according to 'H-NMR and chiral GC) as a pale
yellow oil in 85 % yield (121 mg, 0.801 mmol). The absolute configuration was determined by chiral GC comparison
and co-injection of the available (1R,2R)-, (15,2R)-, and (1R,2S)- isomers (see diagram 4 and 5).
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Diagram 2. "H-NMR (800 MHz; COCly) of the diastereomer mixiure obtained, {15,28)-norpseudoephedrine and
(1R, 28)-norephedrine
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Diagram 3: BC-NMR {800 MHz; CDCl;) of the diastereomer mixture obtained, (18,28)-norpseudoephedrine and
(1R,28)-ncrephedrine

- 56 -



Chapter 3

(R)-phenylacetylcarbinol (starting material, provided by BASF[‘”)
R (PE/EtOAc 90:10) = 0.27;, HPLC (Chiralcel OD-H: 250 mm * 4.6 mm x 5 um, n-hexane/2-propanol = 90:10, 0.7

ml/min, 25 °C): R; [(S)-5] = 16.2 min, R, [(R)-5] = 17.4 min, ee = 84%; 'H-NMR (600 MHz; CDCls): 5 = 2.08 (s, 3 H,
3-H), 4.30 (brs, 1 H, OH), 5.09 (brs, 1 H, 1-H), 7.31-7.40 ppm (m, 5 H, arom.-H); "*C-NMR (151 MHz; CDCl,): 25.3
(C-1), 80.2 (C-2), 127.4 (arom.-CH), 128.8 (arom.-CH), 129.1 (arom.-CH), 138.1 ppm (arom.-Cjpso), 207.2 (C-3).

(18,28)- and (1R,2S)-nor(pseudo)ephedrine diastereomer mixture (obtained from the synthesis described above)

R¢ (CHCIls/MeOH = 50:50) = 0.25; chiral GC (Chirasil-DEX CB, 25 m x 0.25 mm x 0.25 ym; constant temperature of
150 °C): (18,28)-norpseudoephedrine = 25.4 min, (1R,2S)-norephedrine = 30.5 min; de =84%; 'H-NMR
(1R,28)-norephedrine (600 MHz; CDCls): & = 0.97. (d, J;2=6.4, 3 H, 1-H), 1.7 (brs, 3 H, OH, NH3), 3.20 (qgd,
J21=6.4, J,3=4.9, 1 H, 2-H), 4.42 (d, J5,=4.9, 1 H, 3-H), 7.25-7.38 ppm (m, 5 H, arom.-H); *C-NMR (1R,23)-
norephedrine (600 MHz; CDClz): 18.2 (C-1), 51.9 (C-2), 77.0 (C-3), 126.5 (arom. C-5), 127.5 (arom. C-7), 128.2
(arom. C-6), 141.3 (arom. C-4) ppm. 'H-NMR (18,2S)-norpseudoephedrine (600 MHz; CDCls): & = 1.03 (d, J1,=6.4,
3 H, 1-H), 1.7 (brs, 3 H, OH, NH,), 3.02 (m, 1 H, 2’-H), 4.24 (d, J5,=6.8, 1 H, 3'-H), 7.25-7.38 ppm (m, 5 H, arom.-
H); *C-NMR (1R,2S)-norephedrine (600 MHz; CDCls): 20.6 (C-1'), 53.0 (C-2'), 78.7 (C-3'), 126.5 (arom. C-5'),
127.5 (arom. C-7'), 128.2 (arom. C-6"), 142.7 (arom. C-4’) ppm.

3.3 Determination of absolute configuration of all norephedrine stereoisomers

The absolute configuraton of all nor(pseudo)ephedrine isomers: (1S,2S)-norpseudpephedrine,
(1R,2R)-norpseudoephedrine, (1R,2S)-norephedrine and (1S,2R)-norephedrine was determined with chiral GC
analysis by comparison of the synthesized reference compound (see chapter 3.2 - diagram 4) and co-injection of
the authentic compounds (diagram 5).

H £ 5 2 EE E] 5 = -

(18,28)- (1R.2R)- (15,2R)- (1R,28)-
phedri phedrine || norephedrine
OH OH OH OH
(8 (R ~ (R} (s)
TSy @) C} R
@Aﬂ:z NH, NHz NH;
‘ Lee>99%J |—ee>99%J ‘
de = 84%

Diagram 4. Chromatogram of nor(pseudo)ephedrine isomers generated from reference compound synthesis
(see chapter 3.2): (1S,25)-norpseudoephedrine, (1R,2S)-norephedrine analyzed on a chiral GC
Chirasil-DEX CB column (25 m x 0.25 mm x 0.25 ym) with a constant column temperature of 150 °C.
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0 = @ ] E] = By

[ (15,25)- M (1R.2R)- M (15.2R)-

OH OH OH OH

) (R 5 (R) (s)
G G ©) R
NH NH, NH NH

Diagram 5: Chromatogram of all nor(pseudo)ephedrine isomers: (1R,2R)-norpseudoephedrine and

(1R2S)- ]

(1S,2R)-norephedrine as authentic samples (Sigma Aldrich) co-injected with
(1S,25)-norpseudoephedrine and (1R,2S5)-norephedrine isomers synthesized reference compound
(see chapter 3.2).

3.4) Quantification of benzylamine and nor(pseudo)ephedrine isomers

Nor(pseudo)ephedrine was extracted from reaction solutions upon addition of 100 yL NaOH (1 M) to a 200 pL
sample obtained from the reaction. After centrifugation, 200 uL of the supernatant were extracted with 200 pL ethyl
acetate containing an internal standard (0.1 pyL/ml decane) for chiral gas chromatography analysis. For
determination of the ee and de a Chirasil-DEX CB column (25 m x 0.25 mm x 0.25 ym) with a constant column
temperature of 130°C was used. Typical retention times of the four possible product isomers were:
(18,2S)-norpseudoephedrine = 25.4 min, (1R,2R)-norpseudoephedrine = 26.5 min, (1S,2R)-norephedrine =
28.9 min, (1R,2S8)-norpseudoephedrine = 30.5 min (see diagram 5, chapter 3.3). For determination of conversion
values a shorter method (linear gradient 100-150 °C with 20 °C/min, hold 150 °C for 6 min, then 180 °C for 3 min)
on the same column was used. Typical retention times of the phenylpropanolamine signals were 6.9 min,
benzylamine 2.4 min and the injection standard decane 1.8 min.
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4.) Determination of the equilibrium constant for the reductive amination of PAC + alanine

The reaction equilibrium constant of the reaction with PAC and alanine to norephedrine and pyruvate (see
scheme 2) was determined according to the method described by Tufvesson et al. 2012

OH OH
ik, (s o
) = oM R )LH,OH
+ s = +
-alani (1R.28)
(R»-PAC L-alanine norephedrine pyruvate

Scheme 2. Reaction equitibrium determined for the reaction of PAC+alanine to norephedrine and pyruvate

4.1} Reaction analytics

For determination of all reactant concentrations 20 ul. reaction solution was added to 180 ul acetonitrile. From this
sample 5 pL or 50 pL, respectively, were injected and analyzed on a LiChrospher RP-8 reverse phase column
(250 mm x 4 mm, 5 ym} with a constant column temperature of 20 °C and mixture of H;O (containing 0.3 % (v/v)
HiPO,4) and acetonitrile {2 min 100 % (v/v) H:;O (containing 0.3 % (viv) H;PO,), foliowed by a linear gradient to
100 % {v/v) acetonitrile over 8 min and a regeneration step to 100 % (viv) H,O (containing 0.3 % (v/v) H;PO,).
Typical retention times of the reactants were: alanine: 2.43 min, pyruvate 3.74 min, norephedrine = 7.89 min, PAC
= 9.37 min. The injection volume and the corresponding linear concentration range at 200 nm for all compounds
diuted as described above were: alaning (5 pL) 50-250 mM, pyruvate (5 pb) 1-50 mM, pyruvate (50 pb) 0.1-5 mM,
norephedrine (8 pb) 0.1-5 mM, norephedrine (50 pb) 0.01-0.5 mM, PAC (5 plL} 0.1-10 mM.

4.2} Reaction procedure

Al! reactions were performed in 100 mM HEPES with 200 uM PLP and 0.5 mg/ml Cw-(8)TA purified enzyme (see
chapter 1.1). In order to determine the eguilibrium constant (Kg,), reactions with different substrates and product
concentrations were set up in a way that the reaction quotient (Q) is initially higher, or respectively lower than the
equitibrium constant. To estimate the equilibrium constant roughly a reaction with 10 mM PAC and 10 mM alanine
was set up. After 12 h reaction time a product concentration of ~0.5 mM norephedrine was observed. Kg could be
estimated to be ~ 0.0025 {see equation {#1]).

[#1] K = [rorephedrine] [ prwvate]  [0.5 mM]-[0.5 mM]

i - - 0.0025
[PACY- [alanine [9.5 mM]-{9.5 mM]

4.3} Determination of the equilibrium constant

With the roughly estimated equilibrium constant in hand {see chapier 4.2} initial substrate and product
concentration for 10 reactions with different reaction quotients were chosen (see table 2). After addition of
0.5 mg/ml transaminase Cv-(S)TA, the reactant concentrations and with it the reaction quotients were determined
at different time points (diagram 6-A).
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Table 2. Substrate and product concentration at the initial start point of the reaction and after 24 h

reaction time: 0.033 h reaction time: 24 h
_ Q(oh) PAC alanine  norephedrine pyruvate Q(zah) PAC alanine  norephedrine pyruvate
reaction [mM] [mm] [mM] [mM] [mM] [mM] [mM] [mM]
#1 0.94765 0.11 100.78 1.00 10.15 0.00230 114 100.93 0.03 9.41
#2 0.03%46 178 89.57 0.90 6.98 0.00230 2.63 91.81 0.09 6.46
#3 0.01991 176 89.58 0.69 4.58 0.00227 2.37 92.47 0.11 4.35
#4 0.01056 178 88.82 0.46 3.64 0.00230 2.14 91.70 0.12 3.65
#5 0.00531 179 89.68 0.47 183 0.00224 2.04 91.09 0.22 193
#6 0.00329 1.80 90.02 0.29 1.82 0.00235 1.90 91.72 0.19 2.11
#7 0.00145 179 89.74 0.25 0.93 0.00231 1.75 91.23 0.28 132
#3 0.00049 2.75 133.63 0.19 0.93 0.00236 2.46 136.21 0.48 1.65
#9 0.00025 2.77 135.59 0.10 0.96 0.00237 2.38 135.74 0.45 171
#10 0.00005 2.76 177.98 0.05 0.52 0.00225 2.15 182.48 0.60 147
—=—# 1
A 1.07a —o—#2 B y=
\ —a—#3 | (a+bx)
054 —v—#4 | _
| - ——#5 2 L with a =-0,006 +0,00165
e TN 0 H
2 o001004{™ \\ - #7 g _ | and b=43593+3]19
5 \ . .48 5 |
3 \ NN e #9 S5 |
3 3 =N}
g 000754 SN v—#10 = \
8 i SR HE \
= s 24 |
g «\ L ‘
2
o °
3
o
T~

reaction time [h]

Diagram 6:

T T T
0,005 0,010 0,015

reaction quotient Q(0h)

Reaction quotients plotted against the reaction time (A) and quotient of the reaction quotients
Q(0 h)/Q (24 h plotted against Q(0 h) (B)

After 24 h the reaction quotient converges in all reactions to the reaction equilibrium. Mathematically more precise

the reaction equilibrium can be calculated from a plot where of the reaction quotients Q(0 h)/Q(24 h) were plotted

against Q(0 h) (see Diagram 6-B). A reaction where no change in the reaction quotient over the time is observed,

meaning Q(0 h)/Q(24 h)=1, the reaction was initially already in the thermodynamic equilibrium (Q(0 h) = K).

Thereby, the thermodynamic equilibrium constant can be calculated by solving the equation of the fit (diagram 6-B)

with y = 1 (see equation [#2]). The thermodynamic equilibrium constant has a value of 2.31+107%,

024 h) 1
K =220 o =]
#2] "= 00 h y

< x=231-10" =K

eq

T (20,006 +435.93-x)
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4.4) Calculation of the theoretical conversion from the reaction equilibrium constant

With the given reaction equilibrium constant (see chapter 4.3) the theoretical maximal conversion for reductive
amination of PAC with different alanine concentrations (see scheme 2) can be calculated (see equation #3 and

diagram 7).
K = [ pyruvate]-[norephedrie] _ [x]-[x]
[#3] ! |alanine]-[ PAC] |alanine— x]-| PAC — x]
alanine] +[PAC alanine][ PAC
o 0o o, Laknine] +[PAC] [alanine][ PAC]
I/K -1 I/K -1
eq ey
2
- 1 [alanine] +[PAC] N 1 [alanine] +[PAC] [alanine][ PAC]
2 1/K,_ -1 2 1/K -1 1/K -1
” oq e
100 - A - initial concentrations | _concentration at reaction equilibrium
A - L alanine PAC alanine PAC |pyruvate  NE conversion
& T e T O B 0 A O
A \ 10 10 9,542 9,542 0,458 0,458 0,00231 4,58
E;? 80 i 30 10 29,21 9,212 0,788 0,788 0,00231 7.88
= i 50000 mM L-alanine + 10 mM PAC < 90 % conversion 50 10 48,99 8,992 1,008 1,008 | 0,00231 10,08
g 100 10 98,60 8,602 1,398 1,398 0,00231 13,98
'@ 60 A 250 10 247,88 7,878 2,122 2,122 | 0,00231 21,22
g 500 10 497,14 7,139 2,861 2,861 0,00231 28,61
c A 1000 10 996,22 6,220 3,780 3,780 | 0,00231 37,80
8 2500 10 2454,8 4,765 5,235 5,235 0,00231 52,35
E 40 5000 10 4993,6 3,580 6,420 6,420 0,00231 W
% [* 500 mM L-alanine + 10 mM PAC 2 90 % conversion 2200 X 75 AP0 | GO0 T80 L Do) i
= N / 10000 10 9992,5 2,464 7,536 7,536 | 0,00231 75,36
8 15000 10 14392 1,399 8,101 8,101 | ©,00231 81,01
£ 204 25000 10 24991 1,310 8,690 8,690 | 0,00231 86,90
la 50000 10 49991 0,743 9,257 9,257 | 0,00231 92,57
" — 10 mM L-alanine + 10 mM PAC = 90 % conversion 75000 10 74991 0520 | 9,480 9,480 | 0,00231 | 94,80
" 100000 10 99990 0,400 9,600 9,600 0,00231 96,00
o . r r . - . T ' , 150000 10 149990 0,274 | 9726 9726 | 0,00231 | 97,26
0 2500 5000 7500 10000 12500 15000 17600 80000 100000 250000 10 29950 0163 | 9832 083 | 000031 | 0832
molar excess of L-alanine 500000 10 499950 0,085 9,915 9,915 0,00231 99,15
1000000 10 999930 0,043 9,957 9,957 0,00231 99,57

Diagram 7.  Theoretical maximal conversion for the reaction of PAC with different alanine concentrations

5.) Optimization of the reductive aminiation of PAC with alanine and AHAS-I coupled equilibrium shift

Several parameters like pH, temperature, substrate and co-substrate concentrations as well as enzyme amount
can offer potential for the optimization of an enzymatic reaction. These parameters were optimized for the reductive
amination of PAC with alanine as an amine donor and AHAS coupled equilibrium shift (scheme 3). Furthermore, for
an optimal process the minimal amount of enzymes (here w-transaminase and AHAS-I) and co-substrates (here
alanine) yielding the highest conversion values were identified.
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OK oH
-TA
Ry TR] [
l o (o] ; i NH,

{RYPAC nor({pseudolephedring
Ny fa) o o
oH OH AHAS-
N =< CH
o] [s] HQ
-CO,
alanine pyruvate acefnlactate

Scheme 31  Reductive aminiation of PAC with alanine and AHAS-| coupled equilibrium shift

5.1} Reaction procedure and analylics

All reactions for optimizing conversion of the reductive aminiation of PAC with alanine and AHAS-I coupled
equilibrium shift were set up in 100 mM HEPES containing 200 pM PLP, 50 yM FAD, 100 pM ThDP and 5 mM
MgCl, and incubated for 20h in glass vials. The varied parameters pH, incubation temperature, enzyme
concentration (Cv-(8)TA and AHAS-I) and L-alanine concentration were adjusted as declared for the corresponding

experiment. The conversion is determined by the product concentration {see chapter 3.4).

5.2) Statistical data analysis and interpolation with the Kriging method

The conversion is studied as a function of varicus process parameters, and double measurements were performed
at several parameter combinations. The Kriging method was used for estimating the frue conversion at these
double measurements and for interpolating between the measured parameter combinations. Kriging is a statistica!
method in which the values of the interpolating function are determined by a weighied sum of all measurements. in
a rather complicated mathematical procedure, these weights are locally computed, such that the expectation value
of the interpoiating function matches the true conversion, and that the variance of the difference between the
interpolating function and the true conversion is minimal. Also at the measured parameter combinations, the
applied variant of the Kriging method approximates the true conversion by a weighted sum of all measurements,
which is generafly different from the mean of the two measurement vaiues at that specific parameter combination.
Moreover, the Kriging method allows improving the interpolation quality by incorporating frend functions that
describe basic characieristics but cannot accurately describe all details of the conversion as a function of the
process parameters. Further details on the Kriging method can be found in the literature ® The following trend
function [#4] was chosen for the present study:

X +k, Xy

[#4] conversion =k
XyHkyy kX, X+ ks,

TR

The parameters kq; and ky; determine the height at the axes x;,=0 and x;=0, respectively. The parameters kq; and
ko2 determine the initial slope in the direction of x; and x;, respectively. The parameter k,; determines a decrease of
the initial slope in the direction of x4 when x, increases. The parameler ks determines the height of the plateau.
The axis x, denotes either alanine / PAC or Cv-(8)TA, whereas the axis x; always denotes AHAS-. The parameter

kmex 1S €stimated in one procedure with the weights of the Kriging method. All other parameters of the trend function
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are manuaily determined before the Kriging method is applied, such as fo maich the observed data as good as

possible. The following parameters have been used in the presented figures:

K1y Kip K13 K1z k2o
Figure 3 0 0.128% 0 -0.100 0.150
Diagram 8a Q 0.050 ¢ ] 0.100
[iagram 8b 0 0.125 g ¢ 0.250
Diagram 8¢ 0 0.125 0 G 0.250
Diagram 8d 0.125 1.375 0 o 0.150
Diagram 9 0 0.024 0.026 -0.040 2.360

Diagram 10 has been computed without using a trend function.

5.3) Parameter optimization: enzyme concenfrations, alanine / PAC ratio, pH, reaction temperature

In independent reaction setups, the enzyme (Cv-{S)TA and AHAS-]) concentrations and the alanine/PAC ratic was
varied while the pH (7.5) and the temperature (30 °C) of the reaction was constant {diagram 8 A-D}. Reaction
optima with 2 plateau shape were observed in all cases, where with an increase of the enzyme concentration ne

further increase of the product concentration was accessible (diagram 8 A-D). Here, optimal parameters in terms of
reaction costs and efficiency are the minimal enzyme concentrations vielding the maximal conversion at the lowest
amine donotr/PAC ratio. in all cases the optimal Cv-(S)TA concentrations has a value of 1 mg/ml {diagram 8 A-D).
In a plot of all values with different alanine/PAC ratio and AHAS- concentrations at a constant Cv-(S)TA
concentration of 1 mg/ml {(diagram 9), the optimal parameter can be read out more easily: 0.5 mg/mi AHAS. and a
§-fold excess of L-alanine/PAC. Moreover, with 250 mM L-alanine the significant lower conversion values indicate
& putative substrate surplus inhibition.

For these oplimized parameters the maximal conversion values in terms of pH and temperatures were determined
te be at range pH of 7.5 - 8.0 and temperature of 25 - 30 °C (diagram 10). In a combination of all optimized
parameters, the reductive aminiation of PAC to norephedrine with alanine and AHAS- coupled equilibrium shift can
be performed with a conversion of >80 %.
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constant parameter: 10 mM L-alanine + 10 mM PAC

constant parameter: 50 mM L-alanine + 10 mM PAC

A) pH 7.5,30°C B) pH 7.5, 30 °C
varied parameter: AHAS-I, Cv+(S)TA varied parameter:  AHAS-|, Cv-(S)TA
100 100
100
a0 90
’ 70 A [ 870
= 60 IS &
£ NBH N
o 50 o 50
H H |
§ 30 'n" 30
20 20
10 10
0
constant parameter: 100 mM L-alanine + 10 mM PAC constant parameter: 250 mM L-alanine + 10 mM PAC
C) pH7.5,30°C D) pH7.5,30°C

varied parameter:

AHASH, Cv-(S)TA

varied parameter:

100

80

AHAS-I, Cv-(S)TA

£ e {60 = -
g 5
= 150 - 450
® E :
i 'S g 9 &:““kﬁiﬁ 40
H 8 SRR -
i R -
R Al
20 - - S L
0 10 10
25 6.0 ]
my o o 0
Diagram 8. Determination of optimal reaction parameters (here Cv-(S)TA, AHAS-I and L-alanine concentration)

for the reductive amination of PAC with AHAS-I coupled equilibrium shift. The reactions were set up
in 100 mM HEPES (pH 7.5) containing 200 uM PLP, 50 uM FAD, 100 yM ThDP and 5 mM MgCl;
and incubated for 20 h at 30 °C in glass vials. For the statistical data analysis and for interpolating

the data (pink dots) the ‘kringing algorithm’ (see chapter 5.2) was used.
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constant parameter: 1 mg/ml Cv-(S)TA, pH 7.5, 30 °C
varied parameter: AHAS-I, L-alanine/PAC ratio

100 - 1.0 mg/ml Cv2025 20
0.5 mg/ml AHAS-|
50/10 L-alanine/PAC 80
80 70
1.0 mg/ml CV2025
0.5 mg/m| AHAS-|
250/10 L-alanine/PAC -l

- 8
S / : =
£ 6 WL e - Lo
g \{; A
‘2 40
£ w |
g e
20
20
»
1.0 mg/ml CV2025
0 0.5 mg/ml AHAS-I o
10/10 L-alanine/PAC L, o
25 = - 250
2.0
15 = )
’43.’ b 1.0 :
m 0.5 o A\ .
Sy 0 o0 50! . ot

Diagram 9: Plot of all values with different L-alanine/PAC ratio and AHAS-lI concentrations at constant
transaminase concentrations of 1 mg/ml (see diagram 9).

constant parameter: 1 mg/ml Cv-(S)TA, 0.5 mg/ml AHAS-I,
50 mM L-alanine + 10 mM PAC
varied parameter:  pH, reaction temperature
100
90
100 80
k70
80
e --60
=
c 60 optimal parameter: ~-50
L2 pH: ~7.5-8
8 temp: ~25 - 30 C ..
)
E 40
2 30
20
‘a0 20
35
30 o 10
0 - e
7 o
65 70 75 go o5 20 Qe‘g 0
~ 9.0
K 9.5 15 &

Diagram 10. Determination of optimal reaction parameters (here pH and reaction temperature) for the reductive
amination of PAC with AHAS-| (0.5 mg/ml) coupled equilibrium shift and 1 mg/ml Cv-(S)TA. The
reactions were set up in 100 mM HEPES containing 200 pM PLP, 50 yM FAD, 100 uM ThDP and
5 mM MgCl, and incubated for 20 h at different temperatures in glass vials. For the statistical data
analysis and for interpolating the data (pink dots) the ‘kringing algorithm’ (see chapter 5.2) was used.
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6.) 1-pot 2-step cascade reactions

step 1: carboligation with intrinsic pyruvate decarboxylation
(hydroxy-ethyl-ThPD remains bound in AHAS-I active side)

o OH
! (R, ee >99 %
(R) de>98 %
oH R‘P‘ NHz

step 2: reductive amination |

@ AHAS-| OH aast - benzaldehyde / (1R 2Rynarpseudoephedrine (NPE)
)H(OH .f /L é ® cu. OH
i A ThDP o ‘&‘ © 2039 %
2
F 98 9
pyruvate hydroxy-ethyl-ThDP (R}-PAC /\ ® N, de>98%
e >98 % _ )
- . " alanine  pyruvate (1R,28)-norephedrine (NE)
% via reversible ] o o o
E acetolactate formation AHAS-| oH
5 OH % 2
3 HO
EL tolactat co, ru?ale
g pyruvate recycled directely acelolactate Py

Scheme 4. 1-Pot 2-step cascade for the synthesis of nor(pseudo)ephedrine performed as a recycling cascade.

6.1) Reaction procedure and analytics
A general reaction procedure for the 1-pot 2-step sequential cascade reaction contained 10 mM benzaldehyde,

10 mM pyruvate and 50 mM alanine. D-alanine was used in case of (R)-selective TA, and respectively L-alanine for
(S)-selective TA. The reaction with 1 mg/ml TA with 0.5 mg/ml AHAS-I was performed in 100 mM HEPES (pH 7.5),
200 uM pyridoxal-5'-phosphate (PLP), 50 uM flavin adenine dinucleotide (FAD), 100 uM thiamine diphosphate
(ThDP), 5 mM MgCl, and incubated at 25 °C in glass vials with moderate shaking (100 rpm). For the additional
recycling step 10 mM benzaldehyde, 0.5 mg/ml AHAS-| and if indicated 1 mg/ml TA was added. In case of the
1-pot 2-step simultaneous cascade 1 mg/ml TA and 0.5 mg/ml AHAS-I were added simultaneously to a solution
containing 10 mM benzaldehyde (respectively 20 mM benzaldehyde in case of the recycling cascade), 10 mM
pyruvate and 50 mM alanine. The time-dependent reductive amination of 10 mM benzaldehyde or 10 mM PAC was
carried out with 1 mg/ml TA (Cv-(S)TA or At-(R)TA, respectively) in 100 mM HEPES (pH 7.5 with 200 pM PLP,
50 uM FAD, 100 yM ThDP, 5 mM MgCl,) containing either (S)- or (R)-a-methylbenzylamine (10 mM) as amine
donor. The concentrations of PAC and benzaldehyde were determined as described in chapter 3.1, for
quantification of benzylamine and nor(pseudo)ephedrine see chapter 3.4. The enantiomeric excess of PAC and the

de and ee of nor(pseudo)ephedrine were determined as described in chapter 3.2 and 3.3.

6.2) 1-pot 2-step syntheses of nor(pseudo)ephedrine performed as a sequential cascade with additional ‘recycling

step’ (time-dependent reaction curves)
The 1-pot 2-step syntheses of nor(pseudo)ephedrine performed as a sequential recycling cascade was described
in the main text (see description of table 1 — main text). Here, the time-dependent reaction curve for the syntheses
of (1R,2S)-NE (diagram 11) and (1R,2R)-NPE (diagram 12) are shown.
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substrate, product concentration [mM]

1-pot 2-step sequential cascade additional recycling step |
carboligati red. aminati +10 mM BA +CV2025
#1 #1 +AHAS
20 ~A-benzylamine
-E-benzaldehyde
——PAC

16
—m-norephedrine

12

0 5 10 15 20 25 30

Diagram 11. Time-dependent reaction curve for the 1-pot 2-step syntheses of (1R,2S)-NE performed as a
sequential cascade with additional ‘recycling step’ combining AHAS-I and Cv-(S)TA.
(interpolation between dots do not refer to actual concentrations)

100 mM HEPES (pH 7.5 with 200 uM PLP, 50 uM FAD, 100 uM ThDP, 5 mM MgClz), 25 °C, 100 rpm

carboligation #1: 10 mM benzaldehyde, 10 mM pyruvate, 0.5 mg/ml AHAS

red. amination #1: + 50 mM L-alanine, + 1mg/ml &-TA

A: +10 mM benzaldehyde, + 0.5 mg/ml AHAS-I
B: + 1 mg/ml Cv-(S)TA

Reaction conditions:
1-pot 2-step

recycling step

| 1-pot 2-step sequential cascade additional recycling step I
b red. +10 mM BA + AL-RTA
#1 #1 +AHAS

substrate, product concentration [mM]

20

16

12 =i~benzylamine

-l-benzaldehyde
8 —-PAC
~l-norephedrine

0 5 10 15 20 25

Diagram 11: Time dependent reaction curve for the 1-pot 2-step syntheses of (1R,2R)-NPE performed as a
sequential cascade with additional ‘recycling step’ combining AHAS-I and At-(R)TA.

(interpolation between dots do not refer to actual concentrations)

Reaction conditions:
1-pot 2-step

recycling step

100 mM HEPES (pH 7.5 with 200 uM PLP, 50 uM FAD, 100 uM ThDP, 5 mM MgClz), 25 °C, 100 rpm
carboligation #1; 10 mM benzaldehyde, 10 mM pyruvate, 0.5 mg/ml AHAS
red. amination #1: + 50 mM D-alanine, + Tmg/ml w-TA

A: +10 mM benzaldehyde, + 0.5 mg/ml AHAS-I
B: + 1 mg/ml At-(R)TA
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Zwei Schritte in einem ReaktionsgefaB: Enzymkaskaden zur selektiven
Synthese von Nor(pseudo)ephedrin aus kostengiinstigen Ausgangs-

materialien**

Torsten Sehl, Helen C. Hailes, John M. Ward, Rainer Wardenga, Eric von Lieres,
Heike Offermann, Robert Westphal, Martina Pohl und Dorte Rother*

Die Entwicklung sauberer und umweltschonender Reaktio-
nen wird eine anspruchsvolle Aufgabe fiir Chemiker in den
niichsten zehn Jahren sein.) Klassische chemische Synthesen
enantiomerenreiner Verbindungen erfordern oft mehrstufige
Reaktionen, das Einfiihren und Entfernen von Schutzgrup-
pen sowie gegebenenfalls die Isolierung instabiler Zwi-
schenprodukte, was sowohl die Ausbeuten als auch die
Nachhaltigkeit eines Prozesses reduzieren kann.?
Verbindungen mit vielseitigen Einsatzméglichkeiten, aber
anspruchsvollen Synthesestrategien, sind Phenylpropanol-
amine, die zur Amphetamin-Familie der Ephedra-Alkaloide
gehoren. Die Stereoisomere Norpseudoephedrin (NPE) und
Norephedrin (NE) werden als Bausteine zur Herstellung von
Liganden und chiralen Auxiliaren bei organischen Synthe-
sen’! oder direkt als pharmazeutisch aktive Molekiile!! an-
gewendet. Bekannte Methoden zur Herstellung dieser Stoffe
haben allerdings Nachteile wie beispielsweise den Einsatz
relativ teurer Reagentien, mehrstufige Synthesewege oder
nur moderate Enantiomeren- und Diastereomerenreinhei-
ten.¥) Vor Kurzem wurde eine neue, hoch selektive Methode
zur Synthese aller Phenylpropanolamin-Isomere mit ee- und
de-Werten >99% publiziert.”) Ausgehend von 2-Phenyl-2-
trimethylsilyloxyacetonitril sind die Norephedrin-Isomere in
vier Stufen (40% Ausbeute) und die Norpseudoephedrin-
Isomere in sieben Stufen (35% Ausbeute) zugiinglich.

[*] M. Sc. T. Sehl, Dr. E. von Lieres, H. Offermann,

Dipl.-Biotechnol. R. Westphal, Prof. Dr. M. Pohl, Dr. D. Rother
Institut fiir Bio- und Geowissenschaften, IBG-1: Biotechnologie
Forschungszentrum Jilich GmbH
Leo-Brandt-Strafie 1, 52425 Julich (Deutschland)
E-Mail: do.rother@fz-juelich.de
Prof. H. C. Hailes
Department of Chemistry, University College London
20 Gordon Street, London WC1H OA] (Grofibritannien)
Prof. ). M. Ward
The Advanced Centre for Biochemical Engineering, Department of
Biochemical Engineering, University College London
Torrington Place, London, WC1E 7JE (GrofSbritannien)
Dr. R. Wardenga
Enzymicals AG
Walther-Rathenau-Strafle 49a, 17489 Creifswald (Deutschland)

[**] Die Arbeiten wurden vom CLIB Graduierten-Cluster der Heinrich-
Heine-Universitat Disseldorf und von der DFG im Rahmen der
Forschergruppe FOR 1296 unterstiitzt.

M) Hintergrundinformationen zu diesem Beitrag sind im WWW unter
http://dx.doi.org/10.1002/ange.201300718 zu finden.
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Insbesondere fiir die stereoselektive Synthese von Fein-
chemikalien und Pharmazeutika sind synthetische Enzym-
kaskaden eine wertvolle Alternative. Aufgrund der meist
hohen Chemo- und Stereoselektivititen und der daraus re-
sultierenden Vermeidung von Isolierungsschritten und Ne-
benprodukten” kann so besonders die Okoeffizienz einer
Reaktion gesteigert werden.” Wir priisentieren eine enzy-
matische Eintopf-Zweistufen-Reaktion zur Synthese von
optisch reinem (1R,25)-NE und (1R,2R)-NPE ausgehend von
den kostengiinstigen Ausgangsstoffen Benzaldehyd und
Pyruvat (Schema 1). Verschiedene Maéglichkeiten —zur
Durchfiihrung von Enzymkaskaden wurden bereits be-
schrieben (Details in Kapitel 1 der Hintergrundinformatio-
HCH)AIHLZH'XH ¢, 9]

o A -
Transamlnase
(1R.2R)-Norpseudoephedrin (NPE)
Benzaldehyd Pyruvat oder (1R,25)-Norephedrin (NE)

Schema 1. Eintopf-Zweistufen-Reaktion zur Synthese von Norpseudo-
ephedrin und Norephedrin.

Unsere Eintopf-Zweistufen-Reaktion kombiniert Vortei-
le bekannter Synthesestrategien wie hohe Stereoselektivitit,
glinstige Ausgangsmaterialien, hohe Schrittokonomie (nur
zwei Stufen) und eine Gleichgewichtsverschiebung ohne
Zusatz weiterer Enzyme oder Cosubstrate.

Im ersten Schritt wird Pyruvat decarboxyliert und an-
schlieBend mit Benzaldehyd zum Zwischenprodukt (R)-
Phenylacetylcarbinol ((R)-PAC) ligiert. Die Reaktion wird
durch die Thiamindiphosphat(ThDP)-abhiingige Acetohy-
droxysduresynthase I (AHAS-I) aus FE.coli katalysiert.
Dieses Enzym katalysiert die Decarboxylierung von Pyruvat
und die anschlieBende Carboligation ohne das im aktiven
Zentrum  gebundene  Hydroxyethyl-ThDP  freizusetzen
(Schema 2).'" (R)-PAC wird mit hoher Enantiomerenrein-
heit (ee > 98 %) gebildet und kann ohne weitere Isolierung im
zweiten Reaktionsschritt mit (S)- oder (R)-selektiven w-
Transaminasen ((S)- bzw. (R)TA) zum gewiinschten (1R.2S5)-
NE bzw. (1R 2R)-NPE reduktiv aminiert werden. In unseren
bisherigen Arbeiten wurden 18 (S)-selektive Wildtyp-
Enzyme in Bezug auf die Umsetzung verschiedener 2-Hy-
droxyketone getestet.') Die vielversprechendsten Ergebnisse
zur reduktiven Aminierung von (R)-PAC lieferte das Enzym
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Schritt 1: Carboligation mit intrinsischer Decarboxylierung
(Acetaldehyd bleibt im aktiven Zentrum gebunden)

| Schritt 2: Reduktive Aminierung |

o}
I

ee >99 %
de >98 %

OH
"
R
NH,

OH &
o Avns1 Benzaldehyd / (1R.2R)-Norpseudoephedrin (NPE)
/'H_( AHAS-| OH } " Ps P
OH =? R
Sy OH
ThDP o A4 s &0 >99 %
[} CO, Ry de >98 %
Pyruvat Hydroxyethyl-ThDP (RI-PAC /_\ NH,
@ e >98 % , )
5 Alanin Pyruvat (1R,28)-Norephedrin (NE)
K Rezyklierung (iber die ° ° °
%‘; reversible Acetolactat-Bildung AHAS-| oH
o OH ‘%‘ 2
£ HO oh o
2 " i Acetolactat ? Pyruvat
g direkte Rezyklierung des Pyruvats |
(5}

Schema 2. Eintopf-Zweistufen-Reaktion zur Synthese von Nor(pseudo)ephedrin als Rezyklierungskaskade durch Kombination der Acetohydroxy-
siuresynthase | (AHAS-1) und einer (S)- oder (R)-selektiven w-Transaminase ((S)TA, (R)TA).

Cv-(S)TA aus dem Organismus Chromobacterium violaceum.
Fiir den Zugang zu (1R,2R)-NPE wurden sieben weitere (R)-
selektive Transaminasen der Firma Enzymicals AG (Kapitel 2
der Hintergrundinformationen) untersucht.

Fiir die enzymatische reduktive Aminierung wird ein
Amindonor als Cosubstrat bendtigt. Durch eine geschickte
Kombination von Cosubstraten (hier: Alanin) und Enzymen
kann das Nebenprodukt des zweiten Reaktionsschritts (hier:
Pyruvat) als Substrat der ersten Reaktion fungieren. Diese
neuartige Kaskadenreaktion wird als ,,Rezyklierungskaska-
de* bezeichnet (Schema 2 und Kapitel 1 der Hintergrundin-
formationen). Die thermodynamische Gleichgewichtskon-
stante fiir die reduktive Aminierung von PAC mit Alanin als
Amindonor wurde hier mit 2.31 x 107 bestimmt (Kapitel 4
der Hintergrundinformationen). Folglich liegt der maximale
theoretische Umsatz ohne Gleichgewichtsverschiebung bei
weniger als 5%, wenn #dquimolare Konzentrationen von
Alanin und PAC eingesetzt werden (Kapitel 4.4 der Hinter-
grundinformationen). In unserer Enzymkaskade kann Pyru-
vat ohne den Zusatz weiterer Enzyme iiber zwei verschiedene
von der AHAS-I katalysierte Carboligationswege aus dem
Gleichgewicht der Transaminasereaktion entfernt werden
(Schema 2): 1) Carboligation mit Benzaldehyd zu (R)-PAC
oder 2) Selbstligation zweier Pyruvat-Molekiile zu Acetolac-
tat. Die reversible Reaktion zu Acetolactat ist zwar kinetisch
bevorzugt, das thermodynamische Reaktionsgleichgewicht
liegt aber auf Seiten der PAC-Bildung.!"” Somit ist auch in-
termediir gebildetes Acetolactat durch die reversible Spal-
tung zu Pyruvat und Hydroxyethyl-ThDP als Substrat fiir die
Carboligation von (R)-PAC zuginglich.

Eine Herausforderung bei dieser Eintopf-Zweistufen-
Kaskade ist die Tatsache, dass Benzaldehyd nicht nur als
Substrat der Lyasercaktion fungieren, sondern auch in einer
Nebenreaktion von Transaminasen reduktiv zu Benzylamin
aminiert werden kann. Als Folge der hoheren chemischen
Reaktivitit von Aldehyden gegeniiber Ketonen und der ste-
rischen Einschrinkungen im aktiven Zentrum der TA war es
nicht moglich, unter den 25 zur Verfiigung stehenden TAs ein
Enzym zu finden, bei dem die reduktive Aminierung von PAC
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im Vergleich zur Reaktion von Benzaldehyd kinetisch be-
glinstigt ist. Die vielversprechendste (§)-selektive Transami-
nase Cv-(S)TA hat eine etwa 17-fach héhere Anfangsreakti-
onsgeschwindigkeit fiir Benzaldehyd als fiir PAC (Abbil-
dung 1 A). Daher wurde in der simultanen Zweistufen-Kas-

A)10 @ B)10
.o @ Benzaldehyd @ Benzaldehyd
<
,g 8 o PAC E. 8 g o PAC
£ 6 ? B 6 <
E e © 5 °
g a4 84 o°
£ o 2 oo
B =
;;: 2 e < g 2 e ©
I
7, %0 o 0. ©
0 2 4 0 2 4
Zeit [h] Zeit [h]

Abbildung 1. Umsatzkurven der reduktiven Aminierung von Benzalde-
hyd (10 mm) und PAC mit A) der w-TA Cv-(S)TA (1 mgmL~") und

B) At-(R)TA {1 mgmL™"). Die Reaktion wurde in HEPES-Puffer

(100 mm, pH 7.5 mit 200 pm Pyridoxal-5'-phosphat (PLP), 50 um Fla-
vinadenindinucleotid (FAD), 100 um ThDP, 5 mm MgCly) und mit (S)-
oder (R)-u-Methylbenzylamin (10 mm) als Amindonor durchgefiihrt.

kadenreaktion mit AHAS-T und Cv-(S)TA 98% des Benz-
aldehyds zu Benzylamin umgesetzt (Abbildung 2 A). Im Falle
der (R)-selektiven TAs konnten hingegen Enzyme identifi-
ziert werden, mit denen auch im simultanen Modus Umsiitze
von bis zu 85% (1R.2R)-NPE erzielt wurden (Abbil-
dung 2 A). Hier liegen im Falle der A-(R)TA aus dem Or-
ganismus Aspergillus terreus die Anfangsreaktionsgeschwin-
digkeiten fiir PAC und Benzaldehyd etwa in der gleichen
GroBenordnung (Abbildung 1B). Im Vergleich zur An-
fangsreaktionsgeschwindigkeit der von AHAS-I katalysierten
(R)-PAC-Bildung sind diese aber ca. 10-fach erniedrigt. Diese
Unterschiede geniigen, um die Benzylamin-Nebenprodukt-
bildung auf etwa 10% zu reduzieren (Abbildung 2 A).
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§ Benzaldehyd
# Benzylamin
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® Norephedrin

Substrat-, Produktkonzentrationen [mm]

N
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Abbildung 2. A) Simultane Eintopf-Zweistufen Kaskade und B) simulta-
ne Eintopf-Zweistufen Rezyklierungskaskade mit der Cv-(S)TA und
sieben (R)-selektiven TAs. Fiir die Eintopf-Zweistufen-Reaktion wurden
Benzaldehyd (10 mm), Pyruvat (10 mm) und p- oder L-Alanin (50 mwm)
in HEPES (100 mm, pH 7.5 mit 200 um PLP, 50 um FAD, 100 um
ThDP, 5 mm MgCl,) gelsst und beide Enzyme (AHAS-1 und w-TA) si-
multan hinzugegeben. Die Rezyklierungskaskade (B) wurde analog mit
20 mm Benzaldehyd anstelle von 10 mm durchgefihrt.

Im Einklang mit diesen experimentellen Daten ist das
Verhiltnis NE/Benzylamin niedrig, wenn die Eintopf-Zwei-
stufen-Reaktion als simultane Kaskade mit einem Rezyklie-
rungsschritt durchgefiihrt wird. Hierbei wurden beide
Enzyme gleichzeitig zu einem Reaktionsgemisch aus Benz-
aldehyd (20 mm), Pyruvat (10 mm) und Alanin (50 mm) ge-
geben. Da anfinglich nur 10 mm Pyruvat vorhanden waren,
konnten Produktkonzentrationen von mehr als 10 mm (NE
bzw. NPE) nur bei erfolgreicher Rezyklierung des aus Alanin
gebildeten Pyruvats erreicht werden. In Falle der Ar-(R)TA
wurden so 14 mm (1R,2R)-NPE und bemerkenswerterweise
nur 5.5 mm Benzylamin gebildet (Abbildung 2B). Bei der
analogen Reaktion mit der TA Cv-(S)TA ist hingegen Ben-
zylamin mit mehr als 98% das Hauptprodukt (Abbil-
dung 2B).

Benzylamin kann zwar von NPE bzw. NE durch Séulen-
chromatographie getrennt werden (mobile Phase EtOAc/
MeOH/NH; = 85:10:5), um die Prozesseffizienz zu erhhen,
ist jedoch die Reduzierung der Nebenproduktbildung durch
geeignete Verfahrenstechnik vorzuziehen. Im Allgemeinen
gibt es zwei Wege, eine Kaskadenreaktion auszufiihren. Der
eine ist der bereits beschriebene simultane Reaktionsmodus,
der andere der sequenzielle Modus, bei dem die Katalysato-
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Abbildung 3. Synthese von A) (1R,25)-NE und B) (1R,2R)-NPE als se-
quenzielle Eintopf-Zweistufen-Reaktion, durchfihrbar mit optionalem
Rezyklierungsschritt (die zeitabhangigen Reaktionsverldufe sind in Ka-
pitel 6 der Hintergrundinformationen zu finden). Reaktionsbedingun-
gen: HEPES-Puffer (100 mm, pH 7.5 mit 200 um PLP, 50 um FAD,

100 pm ThDP, 5 mm MgCly), 25°C, 100 rpm. Eintopf-Zweistufen-Reak-
tion: Carboligation (1 h): 10 mm Benzaldehyd, 10 mm Pyruvat,

0.5 mgmL ™' AHAS-I; reduktive Aminierung (12 h): + 50 mm Alanin,
+1 mgmL™" TA. Rezyklierungsschritt: Schritt a: +10 mm Benzaldehyd,
+0.5 mgmL~" AHAS-| (A:1.5h, B: 5 h); Schritt b: +1 mgmL™" TA (A:
C-(S)TA, 12 h, B: At-(R)TA, 5 h).

ren nacheinander zugegeben werden.” In der hier unter-
suchten sequenziellen Enzymkaskade ist der limitierende
Schritt die reduktive Aminierung. Um diese Limitierung zu
umgehen, wurden die Reaktionsparameter des reduktiven
Aminierungsschritts beziiglich pH-Wert, Temperatur, Kon-
zentrationen von Transaminasen und AHAS-I sowie Amin-
donor/PAC-Verhiltnis  optimiert (Kapitel 5 der Hinter-
grundinformationen). Fiir die Enzymkombination Cv-(S)TA/
AHAS-I konnte der Umsatz unter optimierten Kaskaden-
bedingungen (pH7.5, 25°C, 1mgmL™' Cv(S)TA,
0.5mgmL "' AHAS-I, Alanin/PAC=5:1) auf iiber 80% ge-
steigert werden.

Diese optimierten Bedingungen wurden fiir die sequen-
zielle Eintopf-Zweistufen-Kaskade angewendet. Die Transa-
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minase wurde dabei erst im Anschluss an die zu 100% voll-
zogene AHAS-I-Reaktion hinzugegeben (Abbildung 3A).
Dadurch konnte der Umsatz von (1R,25)-NE bei der Kom-
bination AHAS-I/Cv-(S)TA von urspriinglich 2% (Abbil-
dung 2 A: simultane Kaskade) auf 78% (7.8 mm) gesteigert
werden (Abbildung 3A). Zusitzlich wurde die Bildung des
Benzylamin-Nebenprodukts auf weniger als 0.5 mu reduziert
(Abbildung 3 A). Bei anschlieBender Zugabe von weiteren
10 mm Benzaldehyd und frischer AHAS-T wurde in einem
zweiten Carboligationsschritt erneut PAC gebildet. Da kein
weiteres Pyruvat zugesetzt wurde, zeigt dieses Ergebnis, dass
die Rezyklierung von Pyruvat (durch Deaminierung von
Alanin) auch in der sequenziellen Rezyklierungskaskade er-
folgreich durchgefiihrt wird. Allerdings konnten hier anstelle
der theoretisch moglichen 10 mM PAC nur 4.7 mMm (47%
Umsatz) zusitzlich durch die Rezyklierung generiert werden.
Vermutlich ist dies auf die Instabilitit des Acetolactats zu-
riickzufiihren, welches chemisch zu Acetoin decarboxylieren
kann und somit fiir die PAC-Bildung nicht mehr zuginglich
ist. Dariiber hinaus kann Acetoin (und gegebenenfalls auch
Acetolactat) als Substrat der Cv-(S)TA fungieren.!" In
diesem Schritt wurde keine deutliche Erhohung der NE- oder
Benzylamin-Konzentration beobachtet, was eine nahezu
vollstindige Inaktivierung von Cv-(S)TA impliziert (Abbil-
dung 3A). Nach Zugabe von frischer Cv-(S)TA stieg die
Konzentration des Zielprodukts (1R .25)-NE (de >98 %, ee >
99% ) auf 12.9 mm. Dies entspricht etwa 65% der moglichen
Produktkonzentration (bezogen auf insgesamt 20 mm einge-
setztem Benzaldehyd; Abbildung 3 A).

Im Falle der Kombination AHAS-I/At-(R)TA ist der se-
quenzielle Kaskadenmodus noch deutlich effizienter.
(1R.2R)-NPE ist iiber die sequenzielle Eintopf-Zweistufen-
Reaktionsfithrung mit einem Umsatz von >96% in hoher
optischer Reinheit (de >98%, ee>99%) zuginglich. Nach
Zugabe von weiteren 10 mm Benzaldehyd und frischer
AHAS-T war die Ar-(R)TA noch aktiv, sodass ohne Zusatz
weiterer Transaminase in S h bereits 16.6 mm (1R2R)-NPE
(83% Umsatz) durch den zusitzlichen Rezyklierungsschritt
generiert wurden. Eine weitere Zugabe der Ar-(R)TA er-
hohte die Endproduktkonzentration nicht nennenswert.

Zusammenfassend haben wir eine neue Strategie zur
Synthese von (1R2S5)-NE und (1R2R)-NPE entwickelt.
Beide Verbindungen sind iiber biokatalytische Eintopf-
Zweistufen-Reaktionen in hohen optischen Reinheiten (de >
98 %, ee >99 %) aus preiswerten Ausgangsstoffen ohne Iso-
lierung des Zwischenprodukts zuginglich. Dariiber hinaus
konnen diese Kaskadenreaktionen im neuartigen ,.Rezyklie-
rungsmodus® durchgefiihrt werden, wobei ein Coprodukt der
zweiten Reaktion ohne Zugabe weiterer Katalysatoren oder
Cosubstrate entfernt und als Substrat des ersten Reaktions-
schritts rezykliert werden kann.

Die Kombination aus Reaktions- und Prozessoptimierung
fiihrte im sequenzicllen Kaskadenmodus mit den Enzymen
AHAS-I und Cv-(S)TA zu einem auf 80% (8.0 mm) gestei-
gerten Umsatz des Zielprodukts (1R.,25)-NE. Zur Herstel-
lung von (1R,2R)-NPE konnten wir (R)-selektive w-TAs
identifizieren, die die Zweistufen-Reaktion in einem Gefif
auch im simultanen Modus mit Umsétzen von bis zu 85%
(8.5 mm) ausfiihren. Durch Einsatz des sequenziellen Modus
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konnte die Nebenproduktbildung (Benzylamin) signifikant
reduziert werden. Hierbei lag der Umsatz von (1R ,2R)-NPE
nach 13 h iiber beide Reaktionsschritte bei mehr als 96 %
(9.6 mm). Im optionalen Rezyklierungsschritt konnte allein
durch erneute Zugabe von 10 mM Benzaldehyd die Gesamt-
konzentration des Zielprodukts auf 16.6 mm (83 % Umsatz)
gesteigert werden.

Der Rezyklierungsmodus kann fiir jede Kaskadenreakti-
on angewendet werden, bei der die Nebenprodukte einer
Reaktion als Substrate fiir einen anderen Reaktionsschritt
wiederverwendet werden konnen. Dies optimiert nicht nur
die Atombilanz der Reaktion, sondern reduziert auch die
Menge gebildeter Nebenprodukte.

Experimentelles

L-Alanin (Merck), p-Alanin (Sigma Aldrich) und Pyruvat (Sigma-
Aldrich) hatten eine Reinheit > 99 %. Benzaldehyd (Sigma-Aldrich)
wurde vor der Verwendung frisch destilliert. Die Herstellung der
Katalysatoren Cv-(S)TA und AHAS-I ist in den Hintergrundinfor-
mationen beschricben. Die (R)-selektiven w-Transaminasen sind von
der Enzymicals AG (Deutschland) als lyophilisierte Rohzellextrakte
erhiltlich. Reaktionsdetails, Reaktionsanalytik, Kaskadenoptimie-
rungen und die Bestimmung der Gleichgewichtskonstante sind
ebenfalls in den Hintergrundinformationen zu finden.
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3.3 Efficient 2-step biocatalytic strategies for the synthesis of all
nor(pseudo)ephedrine isomers
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DOl 10.1039/%0%X00000x developed two different biocatalytic 2-step cascades for the synthesis of all four

nor(pseudo)ephedrine (N(P)E) stercoisomers. In the first one, the combination of an (R)-selective
www.rsc.org/ thiamine diphosphate (ThDP)-dependent carboligase with an (S)- or (R)-selective o-transaminase
resulted in the formation of (1R,25)-NE or (1R,2R)-NPE in excellent optical puritics (ee =99 %
and de >98 %). For the synthesis of (1R,2R)-NPE space-time yields up to ~26 g I'' d”' have been
achieved. Since a highly (S)-selective carboligase is currently not available for this reaction,
another strategy was followed to complement the nor(pseudo)ephedrine platform. Here, the
combination of an (S)-selective transaminase with an (S)-selective alcohol dehydrogenase yielded
(15.25)-NPE with an ee >98 % and a de =99 %. Although lyophilized whole cells are cheap to
prepare and were shown to be appropriate as biocatalysts, higher optical purities were observed
with purified enzymes. These synthetic enzyme cascade reactions make the N(P)E-products
accessible from inexpensive, achiral starting materials in only two reaction steps and without
isolation of the reaction intermediates.

1. Introduction reagents or lack high enantio- and diastereomeric selectivities.'®
Single enzymatic steps'’™" and enzyme cascades®' ™ have
significant potential in chiral asymmetric synthesis. If a suitable
multi-step cascade is performed in one pot, it can be a highly
selective, step- and atom efficient strategy, which circumvents
time consuming and expensive isolation of intermediates.”® *’
For the synthesis of (1R.2R)-norpseudoephedrine and (15.2R)-
norephedrine we recently described a 1-pot 2-step enzyme
cascade with overall conversions of up to >95%. The
combination of a highly (R)-selective carboligase with either an
(8)- or (R)-selective w-transaminase (TA) gave access to these
products in high optical purities of ee >99 % and de >98 %.*
However, synthesis of the two remaining stereoisomers
(15,28)-NPE and (1S.2R)-NE requires a highly (S)-selective
thiamine diphosphate (ThDP)-dependent carboligase in the first
reaction step (Scheme 1-A), which is currently not available
among known wild-type enzymes. Due to our knowledge of the
reaction mechanism and factors influencing chemo- and
stercoselectivities of ThDP-dependent enzymes, a variant has
been designed of the pyruvate decarboxylase from Acetobacter
pasteurianiis, producing  phenylacetylcarbinol (PAC)
(S)-selectively for the first time. >

Norpseudoephedrine (NPE) and norephedrine (NE) belong to the
amphetamine family of ephedra alkaloids and can be found in plants
like Khat (Catha edulis)" * and in some Ephedra species’. In the
human body they are known to have sympathomimetic function* and
act as non-selective adrenergic receptor agonists and norepinephrine
re-uptake inhibitors®. As pharmaceuticals, they have been used to
induce mydriasis (dilation of pupils). to stabilize blood pressure, as
nasal decongestants, appetite suppressants, and in cold/flu
medication.? In most countries N(P)Es are available only on
prescription.'” On the German market cathine ((15.25)-NPE) is
currently sold for its appetite suppressant function as an active
ingredient in ALVALIN®'" 2 In addition to the pharmacological
interest, the four N(P)Es sterecoisomers are valuable synthons,
ligands, and chiral auxiliaries in organic syntheses.'™ ' Indeed. a
SciFinder® search revealed that N(P)Es have been used as reactants
in >5000 different reactions.'

Currently =350 different synthetic strategies towards N(P)E
stereoisomers have been described in SciFinder™.'® Still, ethods
for the asymmetric synthesis of nor(pseudo)ephedrines from
inexpensive starting materials are rare and require either multi-
step preparative routes, are based on relatively expensive
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Scheme 1 Two 1-pot 2-step strategies for the synthesis of’
nor(pseudo)ephedrines combining (A) carboligases and transaminases
(TAs) and (B) TAs and alcohol dehydrogenases (ADHs)

Here, we describe the evaluation of this enzyme for the
analogous 1-pot 2-step synthesis of (15.2R)-NE and (15,25)-
NPE. To avoid a chiral purification step of the resulting
nor(pseudo)ephedrine diasterecomers, an alternative synthetic
strategy (‘TA-ADH’, scheme 1-B) was investigated. Starting
from I-phenylpropane-1,2-dione (1.2-PPDQ), in principle all
four N(P)E isomers should be accessible in two steps by
combining respective stereoselective m-TAs in the first with
alcohol dehydrogenases (ADHs) in the second cascade step.
We here discuss advantages and bottlenecks of both strategies.

Synthesis strategy A: carboligase-TA

A-1: (1R,2R)-NPE - high space-time-yields using benzaldehyde
emulsions

To date, the biocatalytic 2-step synthesis of (1R.2R)NPE
(Scheme 2) was only performed in aqueous buffer with low
substrate concentrations (maximum of 20 mM benzaldehyde)
with space-time-yields (STY) of ~2 g 1"' d"'.*® To increase the
productivity of this cascade, the enzyme concentration was
optimized and its performance in the presence of higher
benzaldehyde concentrations was investigated (up to 100 mM
benzaldehyde).

2 | J. Name., 2012, 00, 1-3
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Scheme 2 Strategy A-1: Combination of the (R)-selective AHAS-I
from E. coli and (R)-selective transaminase from A. terreus (A1-(R)TA)
for the synthesis of (1R,2R)-NPE.

The 2-step cascade, a combination of the AHAS-I from E.
coli and the (R)-selective TA from Aspergillus terreus
(Ar-(R)TA) for the synthesis of (1R,2R)-NPE,
performed in one pot.*® Starting from equimolar concentrations
of pyruvate and benzaldechyde (10 mM each) in the
carboligation step, the reductive amination could be performed
in an optimized manner with a 5-fold excess of D-alanine as co-
substrate. This one pot approach is feasible without addition of
further compounds or enzymes, despite the low equilibrium
constant of the reductive amination (K¢, = 2.31 107, because
AHAS-I removes the co-product pyruvate by converting it to
acetolactate and thus shifts the equilibrium to the product
side.®® Although the cascade could be performed in a
simultaneous mode (both enzymes added simultaneously), the
sequential mode (TA added after the AHAS-I reaction was
completed) proved to be advantageous due to a lower by-
product (benzylamine,
amination of benzaldchyde).”® In order to further optimize the
biocatalytic approach, the minimum amount of enzymes
required for a reaction containing 20 mM benzaldehyde,
20 mM pyruvate, and 100 mM D-alanine (see Fig. 1) was
determined.

could be

formation formed by reductive

40

conversion [%]

o8 ¢
a‘“‘"‘nﬂ\

Figure 1 Reaction optimization for the 1-pot 2-step sequential cascade
of (1R2R)-NPE with different concentrations of AHAS-I and As-
(R)TA.

Reaction parameters: 20 mM benzaldehyde., 20 mM pyruvate and
100 mM D-alanine in 100 mM HEPES (pH 7.5 with 200 pM PLP.
50 uM FAD, 100 pM ThDP, 5§ mM MgClL). Without isolation of the
reaction intermediate (R)-PAC. lyophilized A#-(R)TA was added 90 min
after addition of AHAS-I (in the given concentrations (pink dots)). The
complete reaction was analyzed afier another 12 h.
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It was found that 0.5 mgmL' AHAS-I and 0.4 mgmL’
At-(R)TA were sufficient to achieve 95 % conversion of 20 mM
benzaldehyde within 13.5 h (Fig. 1). This corresponds to a
space-time yield of ~5 g I d”' over both reaction steps.
efficiency further, the
benzaldehyde (BA) and pyruvate concentration was increased
to 25, 50, 75 and 100 mM but using a constant 5-fold excess of
alanine. In line with the optimized reaction parameters, per
mmol benzaldehyde 0.025 mgmL™' AHAS-I (90 min reaction
time) and 0.02 mgmL™"' 4¢-(R)TA (12 h reaction time) were
added.

Although benzaldehyde is not soluble in agueous buffer
=50 mM, in all cases conversions of up to 90 % were observed
with less than 5 % benzylamine by-product formation (Fig. 2).
Interestingly, this emulsion system did not significantly
influence the reaction performance. In line with this data,
finally space-time-yields up t026 g 1" d”' (1R.2R)-NPE were
100 mM benzaldehyde and 90 %
conversion could be observed within 13.5 h,

To enhance the reaction initial

achieved starting from

100

.5. = bemzaldehyde
3 B benzylamine
§ s W PAc
E B (1R,2R)-NPE
=
3
£
8 so
T
=
-3
o
2
Q.
2 2
=
G
o
F

[

30mM BA 50 mM BA 7SmMBA 100mM BA
+30 mM Pyr +50 mM Pyr +75 mM Pyr +100 mM Pyr

Figure 2 1-pot 2-step sequential cascade for the synthesis of (1R.2R)-
NPE with 25, 50, 75 or 100 mM benzaldehyde (BA) and equimolar
concentrations of pyruvate (Pyr). 0.025 mgmL™" AHAS-I were used
per mM benzaldehyde. After 90 min reaction time 0.02 mg mL™
A-(R)TA  and 2.5 mM D-alanine was added per mM initial
benzaldehyde concentration. The solution was extracted after further
12 h reaction time. Reaction parameter: 100 mM HEPES pH 7.5,
200 pM PLP, 50 pM FAD, 100 pM ThDP, 5 mM MgCl., 25 °C.

A-2: (1R,25)-NE — application of lyophilized whole cells

The use of whole cells can reduce catalyst costs by a factor of
10 and is particularly advantageous if side reactions do not
oceur.®® For an economically feasible large scale application,
access to (1R,25)-NE has been demonstrated by a combination
of AHAS-I and Cv-(5)TA (Scheme 3).** Here, the use of
enzymes as lyophilized whole enzyme
purification was investigated, which features the benefit of
easy handling compared to wet cells (e.g. in terms of weighing
out small quantities).

cells  without

This journal is © The Royal Society of Chemistry 2012
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(R-PAC (s‘e)ﬁ r‘m!lhyl D:Bh} (1R28) HAD‘fE
oy e
Scheme 3 Synthetic strategy A-2: combination of the (R)-selective
AHAS-I and the (S)-selective transaminase Cv-(S)TA gives access to
(1R.2S)-NE.

synthesis strategy A-2

oA

benzaldenyde :vyluv:le

Concerning the first step, purified AHAS-I shows a high
initial rate activity of &1.8Umg"p,mcin for the catalyzed
carboligation of benzaldehyde and (decarboxylated) pyruvate,
which is within the range of industrially suitable catalysts'’
(Fig. 3-A). The use of 5 mgmL™" of lyophilized recombinant
E. coli whole cells (LWC) yielded a similar reaction velocity
under equivalent reaction conditions (Fig. 3-B), which is a
consequence of the lower protein amount per mgquiys.(S€€
SDS-PAGE ESI-Figure 1) In both cases a complete conversion
of 10 mM benzaldehyde was achieved within ~0.5 h. This
corresponds to a STY of ~72g1" d”! and a specific STY
(STY Zeaarys ') for LWC of ~14 gl "d' g we! and for purified
enzyme of ~144 g 17" d™' gime”

A: AHAS | catalyzed carboligation: 0.5 mg mL' purified enzyme
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Figure 3 Carboligation of 10 mM benzaldehyde and 10 mM pyruvate
catalyzed either by 0.5 mg mL" purified AHAS-I (A) or 5mg mL"'
Iyophilized whole cells (B). Each reaction was performed in 100 mM
HEPES (pH 7.5, 50 pM FAD, 100 pM ThDP, 5 mM MgCl,) at 25 °C.
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Additionally, a comparison of LWC and purified enzymes
for the second reductive amination step of (R)-PAC using the
Cv-(S)TA was investigated. In a first trial with L-alanine as
amine donor no NPE product formation was observed (data not
shown). However, exchange of (S)-o-
methylbenzylamine ((S)-a-MBA) in a reaction containing
10 mM (R)-PAC and 5 mg mL™' LWC, resulted in a conversion
of 85 % (see Fig. 4). Notably, we observed a lag phase of
60 min before product formation started when the reductive
amination step was catalyzed with lyophilized whole cells
(Figure 4). We assumed that this lag phase is caused by
required rehydration time of the E cofli cells when dry,
Iyophilized whole cells were added to the aqueous buffer.
Further investigations demonstrated that pre-incubated LWC in
reaction buffer reduced the lag phase. ((see Supp. Information
chapter 3.1.4). Still, the reaction rate with 5 mg mL" LWC was
almost as fast as with 1 mg mL"' purified enzyme. In both cases
reached within 3 h, which
corresponds to a STY of ~10 g1 d”'. According to this, the
calculated specific STY for LWC is ~2 g 1" d”' g we ' and for
purified enzyme ~10 g 17" d”' gcmmn"

L-alanine by

a conversion of ~85% was

10
8 o] purified enzyme (1 mg/ml)
<
° @ lyophilized whole cells (5 mg/ml)
g 8
= g
E
s
E 6 oo
H o
c 4
3 8
2
a 2 o B
0 - . . - x ,
0 2 4 6 8 10 12 time [h]

Figure 4 Cv-(5)TA catalyzed reductive amination of 10 mM (R)-PAC
in the presence of 10 mM (S)-a-MBA catalyzed by either purified
enzyme (1 mg mL™") or lyophilized cells (5 mg mL™").

The application of lyophilized whole cells in general was
found to be suitable for the “carboligase-TA™ cascade. This is
of special interest for a reaction process, since overall process
costs are reduced when enzyme purification can be avoided.
Compared to a similar reaction with lyophilized enzymes, the
catalysts cost can be significantly lowered by a factor of 10, as
was suggested by a general estimation for catalyst cost by
Tufvesson and co-workers.*

A-3, A-4: Access to (15,2R)-NE and (15,25)-NPE

The most promising enzyme for (S)-selective carboligation of
benzaldehyde and acetaldehyde is ApPDC-E469G.* 7!
Although the stereoselectivity for (S)-PAC of 89 % ee is not
optimal, the 2-step cascade in combination either with an (S)-

4| J. Name., 2012, 00, 1-3
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or (R)-selective m-TA would result in the formation of (15.,25)-
NPE (Scheme 4; A-3) or (15,2R)-NE (Scheme 4; A-4).

Scheme 4 Synthesis strategy A-3. A-4: combination of the (S)-selective
carboligase ApPDC-E469G with either the (S)-selective TA Cv-(S)TA
(A-3) or the (R)-selective TA A+-(R)TA (A-4) gives access to (15.25)-
NPE (A-3) or (15.2R)-NE (A-4). respectively.

The carboligation step catalyzed by 4ApPDC-E469G resulted in
a final conversion of 95 % within 48 h (40 mM benzaldehyde,
400 mM pyruvate. 2.5 mM MgSO,, 100 uM ThDP, 50 mM
potassium phosphate pH 7).%> Under these reaction conditions,
the obtained (S5)-PAC had an ee of only ~70 %. Its following
reductive amination using 10 mM isolated (S)-PAC with
15 mM (R)- or (S)-a-MBA, respectively, and (R)-selective At-
(R)TA resulted in the formation of predominantly (15,2R)-NE
with >95 % conversion. With the (S)-selective Cv-(S)TA,
(15.25)-NPE was produced with similar conversions =95 %. As
expected, both products had a high enantiomeric purity of
>99 %, but only a low diastereomeric excess of ~70 %. These
results highlight that both PAC enantiomers are accepted by
both ®-TAs and are further reduced with high stereoselectivity.
The missing influence of the chiral vicinal hydroxyl group on
the TA reactivity is in line with data for a similar substrate (1,3-
dihydroxy-1-phenylpropane-2-one) published earlier.® To
further increase the optical purities of the N(P)E in our
synthetic approach, a catalyst with higher
stereoselectivity for the (5)-PAC synthesis would be required.
Since so far further rational design attempts were not
successful, the combination of w-TA with oxidoreductases
(synthesis strategy B) was subsequently investigated to access
these two products with higher optical purities.

cascade

Synthesis strategy B: TA-ADH

A novel reaction cascade consisting of a TA in the first step and
an ADH in the second step could circumvent the low optical
purity in the “carboligase-TA” cascade for the synthesis of
(1S.2R)-NE and (1S,25)-NPE. Using 1-phenylpropane-
1.2-dione (1,2-PPDO) as substrate, the combination of an (S)-
selective TA (here Cv-(S)TA) either with the (R)-selective
ADH from Ralstonia spec. (RADH) or the (S)-selective ADH
from Lactobacillus brevis (LhPADH) could give access to
(1R,25)-NE and (15,25)-NPE (strategy B-1; Scheme 5). Since
the enzymes for both steps are highly selective for aryl-
aliphatic ~ substrates, as demonstrated  for

was  carlier
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oxidoreductases® and ®-TAs®, the products should be
accessible in high optical purity. To complete the strategies
towards all possible stereoisomers of N(P)E with high
stereoselectivities, the access to (15.2R)-NE and (1R,2R)-NPE
was investigated by a combination of the (R)-selective
At-(R)TA with LBADH and RADH, respectively (strategy B-2:
scheme 5). Finally, the application of different enzyme
preparations (lyophilized whole cells, purified enzymes or
crude cell extract) was compared.

synthesis strategy B-1:
combining (S)-transaminase and (R)- or (S)-alcohol dehydrogenase
OH
B L &
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Scheme 5 Strategy B: enzymatic 1-pot 2-step reaction for the synthesis
of all nor(pseudo)ephedrines combining either an (S)-selective
(Cv-(S)TA, strategy B-1) or an (R)-selective transaminase (A/-(R)TA.
strategy B-2) in the first step and an (R)- (RADH) or (S)-selective
(LhADH) alcohol dehydrogenase (ADH) in the second step.

In order to determine optimal reaction conditions for the
reductive amination of 1.2-PPDO, reactions with lyophilized
whole cells (LWC) containing Cv-(S)TA and different
concentrations of the amine donor (S)-a-MBA were
investigated and applied to the reductive amination with
At-(R)TA (see Supp. Information). A concentration of 15 mM
(S)-a-MBA was sufficient to achieve full conversion of 10 mM
1,2-PPDO with Cv-(S)TA in 48 h. With higher concentrations
of the amine donor (S)-a-MBA the acetophenone concentration
(co-product formed upon deamination of (§)-x-MBA) did not
increase to more than 10 mM indicating that the theoretically
possible di-amination of the diketone 1,2-PPDO did not occur.
This is in accordance to previous results in which the reductive
amination of aryl-aliphatic ketones can only be achieved if the
aliphatic group is not larger than an ethyl group.®® The initial
rate activity for the reductive amination of 1,2-PPDO towards
(S)-APPO was ~0.005 U mg ' e with LWC containing over-
expressed Cv-(S)TA or ~0.008 U mg']pmmn with  purified
Cv-(S)TA (see Supp. Information; 1 U corresponds to the

This journal is © The Royal Society of Chemistry 2012
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amount of enzyme that catalyzes the conversion of
1 pumol min™' 1,2-PPDO under standard conditions). In contrast
to this, in a reaction with [ coli crude cell extract containing
At-(R)TA (scheme 5 B-1) a significantly higher activity of
~0.1U mg'lpm(e,II was measured for the synthesis of (R)-APPO.
Here, in all cases a complete conversion of the diketone
substrate was observed in only 3 h (see Supp. Information).

The subsequent reduction reaction of the intermediate
product APPO can in principle be performed in the same pot
without intermediate isolation. The required cofactor NADPH
(0.5 mM) was regenerated by the addition of formate
dehydrogenase (FDH) from Pseudomonas spec. and sodium
formate, based upon a method described previously.*® When the
cascade was performed in the sequential mode without
quenching the TA reaction, 1-phenylpropane-1,2-diol was
detected as by-product. This was most likely due to the
reversibility of the TA reaction and an equilibrium that
favoured the di-reduction of PPDO by ADH. To suppress the
diol formation, inactivation of the TA after the first reaction
step was investigated. Either a pH-shift (pH 7.5 to pH 2 with
20 % (v/v) HCI — and re-titration to pH 7.5 with 1 M NaOH) or
an ultrafiltration step to remove the TA was tested. Using
inactivation by pH-shift, the combination Cv-(S)TA/LbADH as
purified enzymes gave an overall conversion of 80 % after 52 h.
With this biocatalytic cascade the product (1S5,25)-NPE was
accessible for the first time with high optical purity: de =99 %
and ee >98 % (Tab. 1; entry #4). When ultrafiltration was used
to remove the TA for the combination of Cv-(S)TA/LAADH
with purified enzymes, the 2-step conversion was significantly
lower (57 % after 60 h), but ee and de remained equally high
(Tab. 1; entry #2 compared to #4). The same trend was found
for the combination of Cv-(S)TA/RADH with purified enzymes,
were the product (1R,25)-NE was accessible with ee >98 % and
de =95 % (Tab. 1; entry #3). Here, the 2-step cascade with an
ultrafiltration step after the TA reaction resulted in an overall
conversion of 55 %, whereas 82 % conversion to (1R,25)-NE
was achieved using the pH-shift for TA inactivation (Tab. 1;
entry #3 compared to #5). Possible explanations for the reduced
yields upon ultrafiltration might be that centrifugation was
carried out in plastic ware (all other steps were performed in
closed glass vials) and evaporation and adsorption of the
intermediate might lower the final yield significantly. However,
this was not investigated in detail because the cheaper pH-shift
method solved the problem.

Compared to the excellent optical purity of (15,25)-NPE
obtained in the 2-step reaction with purified enzymes (see
above), the biotransformations using lyophilized whole cells
yielded products with decreased optical purities (Tab. 1; entry
#8. 9): Cv-(S)TA/LBADH ((15,25)-NPE: ee =92 %, de 90 %)
and Cv-(S)TA/RADH ((1R.25)-NE: ee >99 %, dr ~8:2). Here, a
decrease in optical purity might be caused by the isomerization
of (S)-APPO, induced by other E. coli enzymes. Although, it
was not possible to measure the ee for the intermediate product
APPO, this isomerization could lead to a decrease of the de for

1. Name., 2012, 00, 1-3 | 5
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Table 1 Reaction overview for the synthesis strategy B:

“transaminase-ADH™

TA reaction” ADH reaction®

overall conversion

specific  product ratio [%] and optical purity of major isomer (bold)

. TY* S
entry catalyst type ;::E:_lh catalyst  type total re aci&tion time® [gl"d" gea'] U;’;? Ug‘;g ) []i‘]ZER) (”;}és) opllualcplumy
ee le or dr
#1__ Cv-(STA  purif. - LHADH _ purif. 0 % 48 h - - - - - - -
#2 Co-(STA purif ﬁ]ll‘alil]l‘l LAADH pllr]:f, 57 % 60 h 0.17 9.3 0.7 - - =98 % de =99 %
#3 filtration RADH _ purif. 55 % 60 h 0.17 - 2.4 - 97.6  >99% de~95%
Hd Co-(S)TA purif pH=shift LAADH purif. 80 % 52h 0.28 994 0.6 - - >98% de>99 %
#5 "~ pH-shit  RADH purif.  82% 40h 0.37 - 1.5 - 985 >99% de97%
#6 H-shift  LAADH purif.  40% 36h 0.20 79.9 - 20.1 - =99 % de ~60 %
#7 AHRTA CCE ;H-Shlﬂ RADH gurif, =95 % 8h 2.15 - 774 - 226 299% de~55%
#8 H-shift LbHADH LWC 02 % 36h 0.03 92.0 3.0 5.0 - ~92% de~90 %
go CHOTA LWC BTN RADH WG 67%  27h 0.05 21 176 - 803 299%  dr-82
#10 AMRTA CCE pH-shift  LAADH LWC  77%  30h 0.08 71.3 2.0 20.7 - ~95% de~80%
#11 pH-=shift RADH LWC 93% 11h 0.28 - 75.2 0.9 239  >99% dr~7.5:25

TA: transaminase, ADH: alcohol dshydroi,cnasc purif ; purified, CCE: crude cell extract, LWC Iyophilized whole cells, NE: norephedrine, NPE: norpseudoephedrine - time

dependent reaction curves and reaction ana

¢ reaction conditions for reductive ammatmn was carried out as indicated wuhanunlled enzyme (1 mgymeiy mL?!
M PLP, with ~
columns: #3.3 - #4.5 — 46,7

re;peclue transaminases (A-{R)TA or ( E\}TA) in 100 mM HEPES (é)H 7.5), 200
S)-a-MBA at a reaction temperature of 21 “C. As indicated (by joine
oxidoreduction step.

ytics can be found in the Supplementary Tnformatior

. CCE (1 mgpopei mL! ) or LWCélO gy ye ML ) of the
see Supp. Information) and 15 mM (R)- or respective
, the reaction solutions were split for the subsequent

10 M 1,2-PPD
489 and #10,11

" reactions were terminated either by ultrafiltration (membrane cut-off: 10 kDa), pH-shift (titrated with 20 % (v/v) HCl to pH 2 then re-titrated with 10 M NaOH to pH 7.5) or

not terminated.

¢ reaction conditions for reductive hydrogenation: 0.5 mM NADP”,

150 mM sodium formate, 10 gL mL" FDH. Either purified enzyme 51 ]“(5”"“ i ML), or lyophilized whole

cells (10 mg;we mL") of the respective alcohol dehydrogenases (LAADH or RADH) were added to this reaction solution and incubated at

4 averall conversion (sum of N(P)E related to the initial substrate concentration) and the total reaction time is given for the complete 2-step reaction.

¢ specific space-time-yields (STY) are calculated from the overall conversion values®, the reaction times? and the amount of used catalyst”.

the N(P)E products even if both cascade enzymes (ADH and
TA) are highly sclective.

Similar results were obtained when crude cell extract
containing A#-(S)TA was used for the reductive amination step.
In combination with RADH (purified enzyme) high conversions
(>90 %) but rather low optical purities ((1R,2R)-NPE: ee
>99 %, de =55 %) were detected (Tab. 1; entry #7). Moreover,
the combination A¢-(R)TA/LAADH did not result in (15,2R)-NE
as the major product, but gave (15,25)-NPE (Tab. 1: entry
#6,10). As mentioned for the cascades with Cv-(5)TA
lyophilized whole cells, an isomerization of APPO could lead
to a decrease in de values even if the enzymes applied are
highly selective.

As a consequence, purified enzymes rather than whole cells
or crude cell extracts are the method of choice for the TA/ADH
reaction cascade. As shown for the combination
Cv-(S)TA/LBADH, (15,25)-NPE is accessible in high optical
purities (=99 % de, =98 % ee) when purified enzymes are used
in both reaction steps (Tab. 1; entry #4).

Conclusions

In summary, two biocatalytic cascade strategies have been
developed for the synthesis of all four phenylpropanolamine
stereoisomers and the use of inexpensive whole cells for the
reaction steps has been investigated. In the “carboligase-TA™
strategy, a combination of the (R)-sclective AHAS-I from F.
coli either with an (S)- or a (R)-selective ©-TA gave access to

6| J. Name., 2012, 00, 1-3

(1R.25)-NE and (1R,2R)-NPE in high optical purities (ee >99 %
and de >98 %). As a proof-of-principle we demonstrated that
the synthesis of (1R2R)-NPE could be performed with
substrate concentrations of up to 100 mM by the combination
AHAS-1/4#-(R)TA. Space-time yields up to ~26 g1 d”' were
achievable. Moreover, the application of LWC is possible, but
lead to a reduction in specific STY by a factor of 10 for the
carboligation and by a factor of 5 for the transaminases. Since a
highly (S)-selective enzyme the synthesis of the
intermediate (S)-PAC is currently not available, the products
(15,2R)-NE and (15,25)-NPE were only accessible in moderate
optical purities using this strategy.

An alternative 2-step synthesis strategy combining m-TA with
ADHs was evaluated to give access to all N(P)E isomers in
higher optical purities. Indeed, the isomer (15,25)-NPE, also
known as cathine, was synthesized enzymatically in high
optical purities. Here, the combination of the (S)-selective TA
Cy-(S)TA with the (S)-selective alcohol dehydrogenase LBADH
gave (15,25)-NPE with an ee =98 % and a de >99 % when
purified enzymes were used. This novel biocatalyic reaction
cascade can be performed in one pot without isolation of
intermediates. However, a deactivation of the ®-TA prior to the
reductive hydrogenation was required. Although it was
demonstrated that this reaction could be carried out with
cheaply produced lyophilized whole cells, there are two major
drawbacks. On the one hand, the specific STYs
significantly lower with lyophilized whole cells, which partially
negate the 10-fold lower catalyst production costs of cells. On
the other hand, the optical purity of the product was higher with
purified enzymes. Since chiral product purification methods

for

are
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might dramatically increase production costs, the use of
purified enzymes can be beneficial if the additional enzyme
purification costs are below downstream processing costs. For
industrial applications immobilization of enzymes might be a
method to decrease production costs (e.g. in terms of
downstream processing, recyclability) and in some cases
immobilization results in an increased catalyst stability and/or
activity.?’*?

In general, it has been demonstrated that enzymes from
different toolboxes can be efficiently combined yielding all
stereoisomers of desired N(P)E. Here, the “TA-ADH” reaction
cascade was developed as an alternative to the “carboligase-
TA” cascade giving access to optically pure (15,25)-NPE in
only two biocatalytic steps.
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1.) Catalyst preparation - crude cell extract, purified enzyme and lyophilized whele cells

Ali catalysts were cioned and heterologously expressed in Escherichia coli as described below. If not otherwise
indicated, the same cell stocks were either lyophilized directly (catalyst batch: lyophilized whole cells) or disrupted
and the target protein purified chromatographically before the lyophilization step.

1.1y AHAS-L - purified enzyme and lvophilized whele cells

AHAS-l was cloned’ and expressed® as described in literature. The purification was performed as described
previously. The purity of AHAS- lyophilized powder was >90 % with a protein content of 15 % {wiw).

1.2y ApPDC-E469G - iyophilized whole cells

ApPDC variant E469G (pyruvate decarboxylase from Acetchacter pasteurianus) was cloned and expressed as
described before.®

1.3} Cv-{S)TA - purified enzyme and lyophilized whole cells

For the preparation of purified lyophilized Cv-(S)TA the cioning®, expression®, preparation of the cell-free extract®
and the purification were performed as previously described.” The enzyme was obtained in purity >90 % and the
lyophilized powder had a protein content of 70 % (w/w). Lyophilized whole ceils were prepared by an optimized
protocal for expression. £, cofi BL21(DE3) was transformed with the HIS-tagged Cw-(S)TA coding plasmids.* A pre-
culiure was grown overnight in lysogeny broth (LB} medium containing 50 mg L karamycin at 37 °C. The main
culture was inoculated in Terific Broth medium {containing 4 % (v/v) glycerin and 50 mg L kanamycin} to an
ODBgagam OF 0.1 in a 10 L bioreactor {(Labfors, Infors AG, Switzerland). The pH (7.0} and temperature (30 °C) of the
cultivation were constant while the gas exposure rate (0-600 L h*, 21 % oxygen} and the stirring rate (400-1.200
rpm) was varied 1o keep the oxygen partial pressure in a range of 20-30 %. Enzyme expression was induced by
addition of 50 uM isopropyl-i-D-thicgalaciopyrancside at an ODgoonm of 3. Cells were harvested after 20 h and
stored at -20 °C. These cells were either lyophilized directly or used for protein purification according to the protocol
described before. The purity of purified Cv-(S)TA was >80 % and the lyophilized powder hat a profein content of
~70 % {wiw).

1.4) A-(RITA — lvophiized crude cell extract

The (R)-selective transaminase AH(R)TA is commercizily available by Enzymicals AG as lyophilized crude cell

extract®

1.5} RADH and LbADH — purified enzyme and lvophilized whole celis

The preparation of RADM cells and optional protein purification steps were performed as indicated elsewhere "
LbADH was expressed and purified as mentioned in the work of Kulishova et al "
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1.6) Expression level of enzymes in lyophilized whole cells, crude cell extracts and purity of purified
enzymes

The expression level of the target protein ApPDC-E469G, AHAS-I, Cv-(S)TA, RADH, LbADH in lyophilized whole
cells (LWC) of E. coli (see ESI chapter 1.1-1.3 and 1.5) and of At-(R)TA in E. coli crude cell extract (ESI chapter
1.4), and the purity of purified lyophilized enzymes was analyzed with SDS-PAGE. For the sample preparation of
LWC, a suspension of 1.66 mg.wc mLSDS,.,.,,»fe,'1 (w/v, SDS-buffer: 1-fold NuPAGE® LDS Sample Buffer) was heated
for 25 min at 95 °C in Eppendorf Thermomixer. For samples of crude cell extract and purified proteins, a solution of
1.5 Mgrotein ng;DsmE,'1 was heated for 2 min at 95 °C in Eppendorf Thermomixer. 10 uL of these solutions were
added to a NUPAGE® Novex® 4-12% Bis-Tris Protein Gels (1.0 mm, 12 well; Thermo Fisher Scientific Inc.). SDS-
PAGE and staining of the gel was performed in accordance with the NUPAGE® user manual,

Figure 1 Expression level of enzymes in lyophilized whole cells (LWC) or crude cell extracts (CCE) and purity of
purified enzymes (purif.) determined by SDS-PAGE.

The bands’ intensities of the target protein relative to other proteins in the lane were quantified by using the
freeware tool “GelAnalyzer 2010a" to give a more precise estimation of the protein expression level and protein
purities:

ApPDC-E469G purif.: 295 %, ApPDC-E469G LWC.: ~40 %, AHAS-I purif.: 290 %, AHAS-I LWC: ~52 %, Cv-(S)TA
purif.: >90 %, Cv-(S)TA LWC: ~52 %, At-(R)TA CCE: ~28 %, RADH LWC: ~45 %, RADH purif.: ~54 %, LbADH
purif.: ~80 %, LbADH LWV: ~60 %.
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2.) Reaction analytics

2.1) Quantification of benzaldehyde. phenylacetyicarbinol (PAC). acetophenone and 1-phenylpropane-1.2-diohe

PAC (R, = 8.7 min) and benzaldehyde (R, = 17.1 min) were guantified by achiral HPLC-analysis as described
petore.® 7 For the quantification of acetophenone and 1-phenylpropane-1,2 dione, 20 pl reaction sclution were
added to 180 UL acetonitrile and analysed using a LiChrospher RP-8 reverse phase column, 250x4 mm, 5 um
pore-size column with a Enear gradient of 45 % (v/v) acetonitrile in H.C {containing 0.3 % (v/v) HyPO,). Typical
retention times {200 nm) for acetophenone were 7.2 min and for 1-phenyipropane-1,2 dicne 4.4 min.

2.2) Quantification of benzylamine, nor{pseudo)lephedrire isomers and 1-amino-1-phenyl-propan-2-cne (APPQ)

For the guantification of benzylamine, nor(pseudo)ephedrine and 1-amino-1-phenyl-propan-2-cne (APPQO) the
reaction was extracted by the addition of 50 yL NaOH {1 M) to a 100 yL reaction solution. The solution was
centrifuged (1000 rpm, Eppendorf centrifuge 5424, 3 min} and the supernatant (125 ul.) extracted with 125 pl. ethyl
acetate containing 0.1 UL mL’ decane as internal standard. The organic phase was analyzed by chiral gas
chromatography with a Chirasil-DEX CB column (25 m x 320 ym x 25 ym) at a constant column temperature of
150G °C. Typical retention times were: decane = 1.8 min, benzylamine = 2.1-2.4 min, APPO = 4.4 min and
nor(pseudo)ephedrines = 6.3-6.9 min.

2.3) Absolute configuration of all ner(pseudolephedrine isomers

The absolute configuration of all nor{pseudo)ephedrine isomers were determined as described prev%ously‘7 Typical
retention times of the four possible isomers or the Chirasi-DEX CB column (25 m x 0.25 mm x 0.25 um) with a
constant ceolumn  temperature of 130°C  were: (13,28)-norpseudoephedrine = 244 min, {1R2R)-
norpseudoephedrine = 25.7 min, (15,2R)-norephedrine = 28.0 min, (1R, 28)-norpseudoephedrine = 29.5 min.

2.4} Determination of the enantiomeric excess of {R)- and (S}-PAC

The configuration of (R)- and (S)-PAC was determined accerding to lierature.” Typical retention times for the
enantiomers were: {R}-PAC = 11.40 min and (S}-PAC = 11.95 min.

N
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3.) Reaction procedure

3.1) Synthetic strategy A-1

synthesis strategy A-1:

combining (R)-selective lyase and (R)- or (S)-selective transaminase

o OH Cr@ﬂ 2
9 1 / 1R2S)NE
A ,JL -l AHAS-I R RN (1RasH
S AN il . on
co;

A[, (R~
; Al
R)-phyenyl - T
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NHz

D-orL-alanine pyrwvate  (1R2RMNPE

o
HO AHASH |
I ¢
o o0 €0y e}

acetolactate

"2 _OH

3.1.1) Reaction optimization for the 1-pot 2-step sequential cascade combining AHAS-I and A-(R)TA

In order to determine the minimum amount of AHAS-I (purified lyophilized enzyme - see 1.1) and AH(R)TA
(lyophilized crude cell extract — sell 1.3) required for the 1-pot 2-step sequential cascade, these enzymes were
applied in different concentrations. In the first step, in the carboligation reaction 20 mM benzaldehyde and 20 mM
pyruvate (in 100 mM HEPES pH 7.5 with 200 uM PLP, 50 pM FAD, 100 pM ThDP, 5 mM MgCl,) were used, and
the concentration of AHAS-I was varied between 0.5 mg mL" and 5 mg mL™". Each reaction was performed in a
volume of 1.5 mL in 2 mL closed glass vials (CS-Chromatographie Service GmbH, Germany) at 25 °C and 300 rpm
shaking in a Eppendorf Thermomixer with a glass vial adapter (Eppendorf AG, Germany). After 90 min reaction
time, 100 mM D-alanine and At-(R)TA were added in different concentrations (0-1 mg mL™") without isolation or
quantification of the reaction intermediate (R)-PAC. The complete reaction was analyzed concerning the
(1R,2R)-NPE product concentration after another 12 h. For the statistical data analysis and the data interpolation

(see main article - Figure 1), the Kriging method was used as previously described.”

3.1.2) 1-Pot 2-step sequential cascade combining AHAS-I and At-(R)TA with higher substrate concentrations

The 1-pot 2-step sequential synthesis of (1R,2R)-NPE with benzaldehyde and pyruvate substrate concentrations of
up to 100 mM was performed with optimized enzyme concentrations for AHAS-I (purified lyophilizate) and At-(R)TA
(lyophilized crude cell extract). For the carboligation step, 0.025 mgprotein mL™ mM‘ﬂaA of AHAS-I was added to 25,
50, 75 or 100 mM benzaldehyde with equimolar concentrations of pyruvate (Pyr). The reactions were performed in
a volume of 1.5 mL in 2 mL closed glass vials (CS-Chromatographie Service GmbH, Germany) at 25 °C and
300 rpm in a Eppendorf Thermomixer with a glass vial adapter (Eppendorf AG, Germany). The reaction buffer
100 mM HEPES (pH 7.5) contained 200 uM PLP, 50 uM FAD, 100 uM ThDP, and 56 mM MgCl,. After 80 min
reaction time 0.02 MgpoteinML" MM, of At-(R)TA and 2.5 mM mMg, ' D-alanine were added. The solution was
analyzed after another 12 h reaction time and concentrations of benzaldehyde, benzylamine, PAC and
(1R,2R)-NPE were quantified as described (see ESI chapter 2.1 and 2.2).
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3.1.4) Synthesis of (1R,2S)-NE combining AHAS-I and Cv-(S)TA in lyophilized whole cells and purified enzymes

The AHAS-| catalyzed carboligation of 10 mM benzaldehyde with 10 mM pyruvate was performed in 100 mM
HEPES (pH 7.5) containing 50 uM FAD, 100 uM ThDP, and 5 mM MgCl, with either 0.5 mggctein mL" purified
enzyme or 5 mgees/mL lyophilized whole cells. The reactions were carried out in 1.5 mL reaction volume in 2 mL
glass vials at 25 °C (see ESI chapter 3.1.1). Reactions with LWC were performed at an increased shaking rate of
800 rpm. The decrease of benzaldehyde and the formation of PAC were analyzed after different time points
between 5 min and 1 h (see ESI chapter 2.1). Separately, the reductive amination of 10 mM (R)-PAC (provided by
BASF with an ee = 84 %)5 with 10 mM (S)-a-methylbenzylamine (MBA) catalyzed by the Cv-(S)TA was
investigated with either 1 Mgyrtein mL” purified enzyme or 5 mgceys mL™" lyophilized whole cells. The reactions were
performed in 100 mM HEPES (pH 7.5) containing 200 uM PLP in a reaction volume of 1.5 mL (2 mL glass vials,
25 °C, and 300 rpm or 800 rpm in the case of LWC, respectively (see ESI chapter 3.1.1). At different time points
(between 10 min and 12 h) the reaction was analyzed regarding the conversion of PAC (see ESI chapter 2.1).

3.1.4) Synthesis of (1R,2S)-NE: Reduction of the lag-phase by per-incubation of lvophilised whole cells in buffer

In order to investigate if an observed lag phase in the synthesis of (1R,2S)-NE from (R)-PAC by Cv-(S)TA
containing lyophilised whole cells (see main text, Figure 4) can be reduced, 10 MPceus mL” lyophilised whole cells
were pre-incubated for 2 h in 100 mM HEPES (pH 7.5) containing 200 uM PLP at 25 °C and 800 rmp shaking rate
of 800 rpm in 2 mL glass vials. After 2 h the cell suspension was diluted with the same volume of 20 mM (S)-a-
MBA and 20 mM (R)-PAC to a final concentration of 5 mgees mL™" lyophilised whole cells, 10 mM (S)-o-MBA and
10 mM (R)-PAC. Analogously to the reactions described before (see Supp. Inf. chapter 3.1.1, and main article
Figure 4) lyophilised whole cells were given directly to a solution of 10 mM (S)-a-MBA and 10 mM (R)-PAC without
pre-incubation. Both reactions were performed in a reaction volume of 1.5 mL in 2 mL glass vials at 25 °C with a

shaking speed of 800 rpm. The conversion of PAC was analysed at different time points (Supp. Inf. chapter 2.1).

ks
@ 5mg mL'2h pre-incubated in buffer
® O 5mg mL" cells not pre-incubated
— 8
= ]
E
§ -
s
S [©]
g 4
(=]
o
24 @0
Q Q g
4
0 2 4 6 8 10 12

reaction time [h]

Figure 2 Cv-(S)TA catalyzed reductive amination of 10 mM (R)-PAC in the presence of 10 mM (S)-a-MBA catalyzed with lyophilized
cells (5 mg mL™") wich were either per-incubated for 2 h in reaction buffer (dark combs) or added directly to a solution of the
reactants (white dots).
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3.2) Synthetic strategy A-2

synthesis strategy A-2:

combining (S)-selective lyase and (R)- or (S)-selective transaminase

OH

Bl NHy

: I p i %
e 15,25)NPE
P I on AoPDcEssIG By pidom
iy oy : )] f "
3 ] ) LA o oy on
- ’ Al
CO, (S)-phyenylacetyl- P— U \T & T
benzaldehyde ruvate ; ", .
i Py carbinol (PAC) / \ A
(1R.2S)}-NE

(S)-or (R)-a-methyl-  acato-
benzylamine (MBA) phenone

3.2.1) 2-Step cascade for the synthesis of (1S,2S)-NPE or (1S.2R)-NE

For the synthesis of (1S,2S)-NPE or (1S,2R)-NE the first reaction step, the carboligation of 40 mM benzaldehyde
with 400 mM pyruvate, was catalyzed by the ApPDC variant E469G. The reaction was performed in 100 mM
potassium phosphate buffer (pH 7) containing 2.5 mM MgSQ,4, 100 uM ThDP and 0.5 mg mL" purified enzyme.
The reactions were carried out in glass vials at 25 °C. The reaction mixture was extracted with ethyl acetate after
48 h and dried over magnesium sulfate. After evaporation of the solvents, flash chromatography (eluent: petrol
ether : ethyl acetate = 85 : 15) was performed. The compound (S)-PAC was obtained in a yield of 95 % with an ee
of 70%.*> " The subsequent reductive amination of 10 mM (S)-PAC with 15 mM (S)-a-MBA or (R)-o-MBA,
respectively, was carried out with At-(R)TA (0.5 MQuotein mL" — Iyophilized crude cell extract) or Cv-(S)TA
(1 MGprotein mL" - purified protein) in 100 mM HEPES (pH 7.5) containing 200 uM PLP. The reactions (reaction
volume: 1.5 mL, 2 mL glass vials, 25 °C, 300 rpm) were analyzed regarding conversion (see ESI chapter 2.2) and

optical purity (see ESI chapter 2.2) of the product N(P)E after 16 h reaction time.

3.3) Synthetic strateqy B-1 and B-2:

The two strategies of the 1-pot 2-step reaction combining either the Cv-(S)TA (synthesis strategy B-1) or the
At-(R)TA (synthesis strategy B-2) in the first cascade step and the RADH or LbADH in the second cascade step
were performed using the same methods. For both cascade steps the application of purified enzymes and
lyophilized whole cells (LWC) were investigated (exception: reaction with At-(R)TA, which was only available as
lyophilized crude cell extract; see ESI chapter 1.4). As an example, the reductive amination of 10 mM 1,2-PPDO
(1-phenylpropane-1,2-dione) with Cv-(S)TA containing LWC was optimized with respect to different concentrations
of the amine donor (S)-«-MBA (see ESI chapter 3.3.1). The reduction reaction was performed using a previously

published protocol. ™

synthesis strategy B-1: synthesis strategy B-2:
combining (S)-transaminase and (R)- or (S)-alcohol dehydr bining (R)-tr i and (R)- or (S)-alcohol dehydrogenase

“ Z N

R~ ~Z M .~z NH;
2 2 — (1R2SHNE 0 9 B (1RZRINPE
Py Cu{SITA _ Ny vy - 1 AHRITA e - o
Ny — N . 0 P LR P oH
(1 7N (i Loy P (70 7N I ~Loagy, T,
. 0 . NHy S S = ] h L ww, . NN 2
(Sha-methyl-  aceto- = in ~F (Rpcometiyl-  aceto ~F = I
phenone. 1-phenyl- TN ~F z 1-phenylpropane- benzylamine  phenone  (R)-2-amino-1-phenyl- P ~ Ny
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3.3.1) Optimization of the amine donor ratio for the reductive amination of 1,2-PPDO with Cv-(S)TA containing
lyophilized whole cells

The reductive amination of 10 mM 1,2-PPDO with LWC containing the Cv=(S)TA (10 mgunc mL™") was carried out
with different concentrations of the amine donor (S)-o-MBA (10-20 mM, see Fig. 1). The reaction was performed in
100 mM HEPES (pH 7.5) containing 200 yM PLP at 25 °C in 1.5 mL reaction volume in 2 mL closed glass vials
(CS-Chromatographie Service GmbH, Germany) and 800 rpm shaking speed in a Eppendorf Thermomixer comfort
with a glass vial adapter (Eppendorf AG, Germany). The reaction was analyzed after 16 h regarding the
concentration of acetophenone and the substrate 1,2-PPDO (see ESI chapter 2.1).

10 -+

01,2-PPDO

acetophenone

concentration [mM]

10mM  125mM 15mM  17.5mM 20 mM
(S)-x-MBA (S)-a-MBA (S5)-«-MBA (S)-a-MBA (S)-o-MBA

Figure 2 Cv-(S)TA catalyzed reductive amination of 10 mM 1,2-PPDO with different concentrations of (S)-a-MBA
and 10 mgLwc mL™" in 100 mM HEPES (pH 7.5) containing 200 uM PLP at 25 °C and 800 rpm.

3.3.2) Synthetic strategy B - first cascade step: reductive amination of 1,2-PPDO with Af-(R)TA or Cv-(S)TA

The reductive amination of 1,2-PPDO was carried out in case of the Cv-(S)TA with 15 mM (S)-a-MBA and either
1 Mprotein mL™ purified enzyme or 10 mguwc mL™" LWGC. Reactions with At-(R)TA were performed with
1 mgpmlei"mL'1 lyophilized crude cell extract and 15 mM (R)-a-MBA. As a reaction buffer 100 mM HEPES (pH 7.5)
containing 200 uM PLP was used. The reaction volumes were added up to ~10 mL (in 15 mL closed glass vials)
and were shaken at room temperature (21 °C) and 500 rpm in a Barloworld Scientific Ltd. (UK) vortex shaker. At
different time points (see Figure 2-A, 3-A, 4-A and 5-A) the reactions were analyzed regarding the concentration of
the co-product acetophenone and the substrate 1,2-PPDO (see ESI chapter 2.1)
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3.3.3) Termination of the transaminase reaction

As indicated (see Tab. 1 - main articie), two general strategies for the termination of the transaminase reaction
(chapter 3.3.2) were applied: ultrafiltration and pH-shift. in the ultrafilration method, the TA was removed from the
reaction solution (volume ~10 ml, see ES] chapter 3.3.2) by centrifugation {4 °C, 30 min, 4.000 rpm, universal
cenirifuge 32-R ~ Hettrich GmbH & Co.KG (Germany)) in a VivaSpin-20 (Vivascience AG, Germany} with a
membrane cut-off of 10 kDa. For the pH-shift method, the solution was titrated with 20 % {v/v) HCl to pH 2 and then
re-titrated with 10 M NaOH to pH 7.5. This solution was then used in the reduction reaction (see ESI chapter 3.3.4).
Here, the transaminase was deactivated by titration to pH 2 with 20 % (v/v) HCL The reaction was incubated for
1 rain at room temperature (21 °C) before re-fitration with 10 M NaOH to pH 7.5, The denatured enzymes (visible
as precipitate) were removed by centrifugation in closed glass vials (4 °C, & min, 4.000 rpm, universal centrifuge
32-R-Hettrich GmbH (Germany)). The supernatant was used for the reduction reaction (see ESI chapter 3.3.4).

3.3.4) Svynthetic strategy B - second cascade step: reductive reaction catalvzed by RADH or LAADH

The reductive reaction was performed as specified {see Tab. 1 — main article) either directly with the reaction
solutions from the TA reaction (see ESI chapter 3.3.2), or with the permeate/supernatant from the termination step
(see ES| chapter 3.3.3). Reaction solutions performed in the first cascade step with Cv~{S}TApuied enzyme, C¥-
(S)TAwe or AH{R)TAqce were split as indicated for the corresponding reductive step {see main article, Tab. 1}. In
general 0.5 mM NADP*, 150 mM sodium formate, 10 uL mL" FDH (Julkich Fine Chericals, Juich, now Codexis,
no. 25.10} and either purified enzyme (1 Mggoen mL™) of lyophilized whole cells (10 mguwe mL™") of the respective
alcohol dehydrogenases {LDADH or RADH) were added to the corresponding solution. Without changing any
further reaction conditions (like buffer, shaking rate and reaction iemperature) the 1-pot 2-siep cascades were
continued in ~4 mL reaction volume (in 5 mL closed glass vials) as in the first reaction step (see ESI chapter 3.3.2).
At different time points, the concentration of the intermediate 1-amino-1-phenyl-propan-2-one and the N(P)Es were
quantified {see chapter 2.2). Moreover, at the endpoint of the reactions the absolute configuration (de, ee) of the
products N(P)E were determined (see ESI chapter 2.3).
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3.3.5) Time-dependent reaction curves for the synthesis strategy B: “transaminase-ADH”

The time-dependent reaction curves for all 1-pot 2-step cascade reactions are shown in Fig. 2-4 and summarized

in Tab. 1 of the main article.
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Figure 3 1-Pot 2-step sequential cascade combining the Cv-(S)TApurified enzeme (1€Tt) OF the At-(R)TAcce (right) in the
first reaction step (A: reductive amination of 1,2-PPKO) with either the RADH;urtied enzyme (B) oF LBADH urified enzyme

(C) in the second step (reductive hydrogenation)

A: The reductive amination was carried out with 1 lngpmm..mL" Cv-(S)TA (purified enzyme) or | MZprorcin mL™" A-(R)TA (crude cell extract - CCE) in
100 mM HEPES (pH 7.5), 200 uM PLP, with ~10 mM 1,2-PPDO (4+~(R)TA: 12 mM) and 15 mM (R)- or (S)-a-MBA, respectively, at room temperature
(21 °C). The reactions were terminated in this case by a pH-shift (titrated with 20 % (v/v) HCI to pH 2 then re-titrated with 10 M NaOH to pH 7.5).

B. C: For the reductive hydrogenation the corresponding solutions (A) were split and 0.5 mM NADP®, 150 mM sodium formate, 10 u.mL™' FDH and either
1 mgmmmmL’] purified enzyme of the RADH (B) or LAADH (C) were added and subsequently further incubated at room temperature (21 °C). The

concentration of N(P)E is given as a sum of all N(P)E isomers.

11
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A:1™ step: 1,2-PPDO converted with Cv-{S)TA containing LWC
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Figure 4 1-Pot 2-step sequential cascade combining the Cv-(S)TAuwc (left) or the At-(R)TAcce (right) in the first
reaction step (A: reductive amination of 1,2-PPKQ) with either the RADH, ¢ (B) or LbADH_ ¢ (C) in the second

step (reductive hydrogenation)

A: The reductive amination was carried out with 10 Mgceus mL" Cv-(S)TA (lyophilized whole cells - LWC) or 1 mgp,memmL’1 At-(R)TA (crude cell
extract - CCE) in 100 mM HEPES (pH 7.5), 200 uM PLP, with ~10 mM 1,2-PPDO and 15 mM (R)- or (S)-a-MBA, respectively, at room
temperature (21 °C). The reactions were terminated in this case by a pH-shift (titrated with 20 % (v/v) HCI to pH 2 then re-titrated with 10 M

NaOH to pH 7.5)

B, C: For the reductive hydrogenation the corresponding solutions (A) were split and 0.5 mM NADP*, 150 mM sodium formate, 10 uLmL™" FDH
and either 10 m@yeis mL™ lyophilized whole cells of the RADH (B) or LbADH (C) were added and subsequently further incubated at room
temperature (21 °C). The concentration of N(P)E is given as a sum of all N(P)E isomers.
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Figure 5 Second reaction step (reductive hydrogenation) of the 1-pot 2-step sequential cascade combining the Cv-
(S)TA/LbADH (each as purified enzyme) without inactivation of the TA after the first reaction step.

The reductive amination (data not shown) had been carried out with 1 mgymenmL™" Cv-(S)TA (purified enzyme) in 100 mM HEPES (pH 7.5),
200 pM PLP, with ~10 mM 1,2-PPDO and 15 mM (S)-a-MBA at room temperature (21 °C). The reactions were not terminated in this case.

For the reductive hydrogenation 0.5 mM NADP®, 150 mM sodium formate, 10 uLmL™" FDH and 1 Mgy mML™" purified enzyme of the LbADH
was added and subsequently further incubated at room temperature (21 °C). The concentration of N(P)E is given as a sum of all N(P)E isomers.
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4 Discussion

Context of publications and invention disclosures

The combination of ThDP-dependent enzymes, alcohol dehydrogenases and
w-transaminases can constitute two different routes towards chiral vicinal amino
alcohols (chapter 1.5.4). A main focus of this thesis was set on the identification and
characterisation of w-transaminases for the 2-step syntheses of vicinal amino
alcohols. For a fast and reliable screening of w-transaminases (chapter 1.5.5), a
novel screening assay was developed. Enzymes with most promising properties were
investigated in combination with ThDP-dependent enzymes or alcohol
dehydrogenases in different 2-step cascade modes for the synthesis of optically pure

nor(pseudo)ephedrines.

Publication I describes the functionality and reliability of the established screening
assay for w-transaminases. Results for the reductive amination of nine 2-hydroxy
ketones in combination with three amine donors were shown for four selected
enzymes. The complete screening set and the possibility to expand the assay’s

application are discussed in the following.

Publication II reports the results for the synthesis of (1R,2R)-norpseudoephedrine
and (1R,2S)-norephedrine in two reaction steps by combining highly (R)-selective
ThDP-dependent enzymes with w-transaminases. The reaction equilibrium constant
for the reductive amination step was determined. A solution for a required reaction
equilibrium shift without addition of further reactants or catalysts is presented. For the
2-step cascade a parameter optimisation (pH, temperature, enzyme concentrations

and amine donor/PAC ratio) was performed.

Publication III describes and compares the synthesis routes to all nor(pseudo)-
ephedrine stereoisomers either by a combination of ThDP-dependent enzymes with
w-transaminases in the one strategy or w-transaminases and dehydrogenases in the
other. In both strategies the application of (S)- and (R)-selective enzymes is
investigated. Moreover, reactions with lyophilised whole cells, crude cell extracts and

purified enzymes were compared.
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Invention disclosures I and II 2 2" demonstrates the specifically the access to
(1S,2S)-norpseudoephedrine (trivial name: Cathine) in the two different synthesis
routs presented in publication III. This compound is sold e.g. on the German market
as the main drug as an appetite suppressant for short-term use."**'*"! |nvention
disclosure 1 reports access to (1S,2S)-norpseudoephedrine by combination of the
pyruvate decarboxylase variant ApPDC-E469G from Acetobacter pasteurianus with
the o-transaminase CV2025 from Chromobacterium violaceum.”'* Moreover, the
concept of chiral enrichment (also referred to as “chiral polishing”) of the intermediate
(S)-phenylacetylcarbinol to gain high optical purities (ee >97 %) is shown. In
invention disclosure II the access to (1S,2S)-norpseudoephedrine in high optical
purities is shown by using the w-transaminase CV2025 in the first step and the

alcohol dehydrogenase LbADH from Lactobacillus brevis in the second step.?'™

4.1 A novel screening assay for w-transaminases

In the beginning of this work a toolbox of 18 putatively (S)-selective w-transaminases
(chapter 1.5.5.3) and later on eight (R)-selective enzymes were accessible. Without
detailed knowledge about their amine acceptor range and amine donor preference at
hand, the combination of these catalysts with 10 synthesised or available 2-hydroxy
ketones and 12 selected amine donors would have resulted in an enormous number
of single reactions to analyse. In order to achieve a quick and reliable analysis of
these reactions, an w-transaminase screening assay had to be established first.

The few existing screening assays were limited to a specific set of amine donors or
amine acceptors (chapter 1.4.3.3). Since one intention of this work was the
identification of enzymes for reductive amination of 2-hydroxy ketones, we would
have been restricted to a screening with either alanine or a-methylbenzylamine as
amine donors. On the basis of work from Breuer et al.,*'® an assay which had been
developed for the detection of 2-hydroxy ketones in carboligation reaction, was used.
In this assay, the colourless reagent 2,3,4-triphenyltetrazolium chloride (TTC) is
reduced at basic conditions to a red-coloured 1,3,5-triphenylformazan, whereby the
2-hydroxy ketone is oxidised to the corresponding diketone. In this thesis, this

concept was used to analyse the w-transaminase catalysed reductive amination of

-96 -



Chapter 4 Discussion

2-hydroxy ketones, by analysing the concentration of remaining 2-hydroxy ketones
(scheme 4-1). The conversion can be quantified relative to a calibration curve with

known 2-hydroxy ketone concentration (publication I, chapter 3.1).

no o]

no conversion
conversion ) e J ™ r
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OH
amine co-
donor  product
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=8 N /‘ cenversion R' R'
R > »
w-transaminase R R
OH OH OH
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27°C,16h, 100 rpm
complete NH, complete conversion
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R '] - .- %
R BN “1'
OH

Scheme 4-1: TTC-based screening assay for w-transaminases activity.

The TTC-reagent oxidises very specifically 2-hydroxy ketones to the corresponding
diketones and is thereby reduced to red-coloured formazan. Therewith conversion of
2-hydroxy ketones by w-transaminases can be quantified photometrically at 510 nm
and is related to the amount of remaining substrate after a certain reaction time.
Further details are described in publication I (chapter 3.1).

4.1.1 Characterisation of the TTC-based screening assay

For a precise quantification of 2-hydroxy ketones with this TTC-assay, the linear
measuring range for each substrate needed to be determined (publication 1 and
chapter 3.1). An important factor is the compound specific factors colouration rate,
which is given by the reactivity of the 2-hydroxy ketones with the TTC-reagent.

The colouration rate for acetoin is for instance one order of magnitude higher than for
propioin. Similar trends were observed for the substrate pairs 2-hydroxyaceto-
phenone (2-HAP) and 2-hydroxypropiophenone (HPP) or for phenylacetylcarbinol
(PAC) and phenylpropionylcarbinol (PPC), which differ only in one methyl/methylene

group, respectively, like acetoin and propioin (see table 4-1).
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Table 4-1: Amine donors and amine acceptors used in the TTC-assay

Given is the compound specific colouration rate after TTC-addition and the
recommended steps for the TTC-colouration reaction (A). All tested amine donors did
not cause any background reaction (B)

A: amine acceptors

recommended steps

colouration rate

structure name dilution of the reaction . ,
[MAU/(mM*min)]  solution before TTC  ncubation after TTC
o addition
addition
o)
)H/ acetoin 0.034 - 2 min
OH
o)
\)J\/\ propioin 0.004 - 10 min
OH
o)
2-HAP 1.096 1:10 1 min
OH
o)
HPP 0.022 - 4 min
OH
OH
PAC 0.329 1:10 2 min
o)
OH
PPC 0.090 - 1 min
o)
Br OH
oBr-HMBP 0.012 - 10 min
o]
OH
M pBr-HMBP 0.013 - 10 min
Br ©
OH
W pBr-HCPPP 0.005 - 30 min
Br ©
B: amine donors
NH, NH, NH,
)\ \/k \/\ S NH2
(s R H,N
isopropylamine (S)-sec-butylamine (R)-sec-butylamine hexane-1,6-diamine
NH,
NH, NH,
@9 @* O
(S)-tetrahydronaphthalen-1-amine  (S)-1-(naphthalen-1-yl)-
benzylamine (S)-a-MBA (THNA) ethanamine (NEA)
O NH, o)
NH, OH OH
H COOH
~19°COOH HNT el o NH,
L-alanine B-alanine D- and L-asparagine D- and L-phenylalanine
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As the assay is specifically sensitive for PAC (0.33 mAU mM™ min™) and 2-HAP
(1.10 mAU mM™ min™), a pre-dilution of the reaction solution is recommended before
the TTC-reagent is added to initiate the colour reaction. Bulky-bulky 2-hydroxy
ketones like ortho- and para-bromo-2-hydroxy-3-methyl-butylpropiophenone (o/p-Br-
HMBP) or para-bromo-2-hydroxy-3-cyclopropyl-propiophenone (p-Br-HCPPP) can
also be quantified but require a longer incubation time after TTC addition. Only
benzoin could not be used since precise quantification within the low solubility range
of benzoin (~1 mM) was not possible. Moreover, 2-hydroxy ketones with a tertiary
alcohol group cannot be oxidised to the corresponding diketone and thus cannot be
used in this assay.

Compared to the high sensitivity for 2-hydroxy ketones, none of the 12 different
amine donors used in the screenings showed significant background colouration
(chapter 3.1). The same holds for the buffer (100 mM HEPES), the cofactor (200 uM
PLP), the crude cell lysates and the corresponding amino alcohols (publication I,

chapter 3.1).

4.1.2 Reliability of the TTC-based screening assay

The general reliability of the TTC-assay was evaluated by a comparison of positive
TTC-screening results with instrumental analyses data for selected reactions
(publication I, chapter 3.1). Gas chromatography (GC) and high performance liquid-
chromatography (HPLC) analyses data for TTC-reactions with acetoin, 2-HAP, PAC
with (S)-a-methylbenzylamine (MBA) and four different w-transaminases showed in
almost all cases only 5 % to maximal 10 % deviation in conversion values compared
to the TTC-screening assay results.

As a single exception, positive TTC-screening results with HPP as amine acceptor
did not fit to data determined by instrumental analysis. More detailed investigation of
this divergence, which would have contradicted the general reliability of TTC-based
screening results, indicated that a chemical instability of the substrate under the
applied reaction conditions was responsible for these false positive screening hits.
When 10 mM HPP is incubated for 16 hat 27 °C in 100 mM HEPES (pH 7.5,
containing 200 pM PLP and 10 mM (S)-a-MBA) in the presence of 1 mg mL™ crude
cell extract of BL21(DE3), HPLC analyses indicated that ~5 % of initially pure HPP

was isomerised to the regioisomer PAC. As mentioned above, PAC shows a ~15-fold
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higher colouration rate in the TTC-assay than HPP (table 4-1). Therefore, already
5 % PAC in a HPP solution account for ~50 % of the colour intensity, resulting in a
false positive signal. Theoretically, such problems can occur with all instable
2-hydroxy ketones for which the respective regioisomer has a higher colouration rate.
However, in case of HPP a significant lower PAC concentration was observed when
purified enzymes were used instead of crude cell extracts (<1 % PAC detected by
HPLC). This indicates that the isomerisation of HPP was caused by the E. coli crude

cell extract and thus can be overcome by the use of purified enzyme.

4.1.3 Results of the TTC-based screening assay for (S)-selective
w-transaminases

After the general reliability was validated, the TTC-based screening assay was used
to identify and moreover quantify conversion of nine different 2-hydroxy ketones (see
table 4-1). First all substrates were tested in combination with the 18
w-transaminases of the (S)-selective toolbox and with at least three different amine

donors: (S)-a-methylbenzylamine, benzylamine and L-alanine.

Only for three of the nine tested substrates conversion was detected: acetoin,
2-hydroxyacetophenone (2-HAP) and phenylacetylcarbinol (PAC). These substrates
are all small-bulky substrates with respect to the carbonyl group, carrying either a
methyl group (acetoin, PAC) or a hydroxymethyl group (2-HAP) as the small
substituent. All substrates with larger substituents were not accepted, indicating that
none of the enzymes has a “small pocket” in the active site (see chapter 1.4.3.2)
where residues larger than hydroxymethyl groups fit in. Due to the random error of
the TTC-assay (standard deviation of the negative control: +10 %), values for a
substrate depletion lower than 10 % are not significantly detectable. However, low
activities and conversion values might be an interesting starting point for further
enzyme engineering. In order to overcome these limitations, we developed a refined
protocol for these purposes (see chapter 4.1.4).

As mentioned above, significant conversions of acetoin, 2-HAP and PAC with some
of these enzymes were detected using this assay. One advantage of this assay is
that it is independent of the selected amine donors, which was not possible with any

of the already published screening assays (chapter 1.4.3.3). This allowed to test
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another 12 amine donors (table 4-1-B) as co-substrates for the (S)-selective
transaminases toolbox. Outstanding conversion values for the reductive amination of
acetoin and PAC (see table 4-2-A and table 4-2-C) were detected for the enzymes
CV2025 (from Chromobacterium violaceum), PP5182, PP2799 and PP0596 (all from
Pseudomonas putida) and PA0221 (from Pseudomonas aeruginosa). Here, a
general trend could be deduced from different amine donors combination (highest
conversion values listed first): (S)-a-methylbenzylamine ~ isopropylamine ~ (S)-/(R)-
sec-butylamine > (S)-NEA > (S)-THNA ~ benzylamine ~ L-alanine (table 4-2). Only
with few enzymes very low conversions were found also with hexane-1,6-diamine
and B-alanine. However, these low conversion values should be validated with
instrumental analysis in case its application would become of interest in the future.
No significant conversations were detected for D- and L-asparagine or D- and L-
phenylalanine as amine donors. Although exceptions are known, w-transaminases
generally don’t accept a-amino acids as amine donors (see chapter 1.4.3.4). In
contrast to the high conversions found for acetoin and PAC, reductive amination of
2-HAP was detected only with CV2025 and different amine donors and with PP5182
in the presence of (S)-a-methylbenzylamine (table 4-2-B). Although higher chemical
reactivity can be expected for 2-HAP compared to PAC, the terminal hydroxymethyl
group in 2-HAP might already cause steric hindrance, which might explain the lower

conversions observed with 2-HAP.

For the reductive amination of PAC, which is the intermediate in the desired 2-step
synthesis of nor(pseudo)ephedrine (chapter 1.5), highest conversions in the TTC-
assay were detected with CV2025, which catalysed the conversion of >95 % PAC
using (S)-a-methylbenzylamine as amine donor. Further suitable amine donors for
this enzyme under the tested conditions were isopropylamine (~90 % conv.), (S)-sec-
butylamine (~90 % conv.) and (R)-sec-butylamine (~80 % conv.); even (S)-NEA
(~70 % conv.) might be suitable alternative amine donor. Besides, (S)-THNA,
benzylamine and L-alanine (each ~20 % conv.) are also accepted, but their
application would require further reaction optimisation to improve the overall

conversions.
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Table 4-2: Screening results for the conversion of acetoin, 2-hydroxyacetophenone (2-HAP) and phenylacetylcarbinol (PAC) with 18 (S)-
selective w-transaminase measured using the TTC-assay
reaction conditions: 10 mM acetoin and 10 mM amine donor (isopropylamine and (S)-/(R)-sec-butylamine: 200 mM) in HEPES buffer (100 mM, pH 7.5), containing 200 uM PLP, 1 mg mL™" crude

cell extract, incubated in 96-well plate at 27 °C, 100 rpm, 16 h. Conversions (given in % of 2-hydroxy ketone consumption) were determined relative to an internal calibration
curve at 510 nm after colouration with TTC (see publication I and chapter 3.1)

no significant conversion (cut-off: 10 %) detectable
negative control: 1mg mL" clarified crude cell extract of E. coli BL21(DE3) cells transformed with an empty plasmid (pET-29a)

w o,

A) reductive amination of acetoin

3’:{":‘: pr::;; o Reaction condition:
0 NH; O T 100 mM HEPES pH7.5
U , ) \ > 200 uM PLP
o transaminase \ 10 mM 2-hydroxy ketone
OH OH OH i 10 mM amine donor
HEPES pH 7.5, PLP . 1mg/ml crude cell extract
a ~ 27°C, 16 h, 100 rpm residual substrate
small aliphatic bulky aromatic amino acids
- - - NHy NHz [ 1] & NHy ", - o
A\ \/é\ W M @4!\ ©) @@ OO /r-i“f‘cooH "'A‘"/\/OOOH HzNJ\/H]’OH ©/\Hih“
5 NHa
neg. control - - - - - - -
CV2025 65.8 82.2 66.0 - 88.2 18.8 23.3 63.7 26.4
Sery1824 - - - - - -
Sacedb673
Sery1902 -
Savd551 - - - - 12.6
5av2612 - - - - 12.6
Sco5655 - - - 10.9 - - - -
PP5182 48.5 49.4 42.4 - 60.7 16.4 20.9 18.8 157
PP2799 43.8 45.9 26.6 - 49.1 - - - 26.8
PP2588 - 13.9 11.1 - 13.0 - - - 26.3
PAD221 21.1 30.7 23.2 - 10.9 - - - 23.4
PA4805 - - - - 19.7 -
PA5313 -
POABRD
KPN04441 . - . _ -
POABS0 - - - - - - - 10.0
POABSD - - - - - - - - -
PP0596 226 25.0 18.1 - 12.6 - - 10.1 - 14.2
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Table 4-2 — continued from page 96.

B) reductive amination of 2-hydroxyacetophenone (2-HAP)

:':,I:: p,f,ﬂuct NH o Reaction condition:
e N 2 TIC | 100mM HEPES pH7.5
—_——p \ > 200puM PLP
o transaminase \b 10mM 2-hydroxy ketone
OH OH i 10mM amine donor
HEPES pH 7.5, PLP ] 1 mg/ml crude cell extract
2-hydrox tophenone  27°C. 16 h, 100 pm residual subsirate
small aliphatic bulky aromatic amino adds
N, NH, HH; 1 i ¥ e NH, o NH o
A \,,g)\ \/é\ avavar @A ©) @@ OO /EMDDH 1 COOH o H oH
o NH;
neg. control - -

CV2025 29.4 50.2 36.9 37.5 26.5 11.6

Seryl824 - - -

Sacedb73

Sery1902

Savd551

Sav2612

Sco5655 -

PP5182 12.1

PP2799 _

PP2583

PAD221

PA4805

PAS313

POABSO
KPN04441

POABSO

POABS0

PP0596

- 103 -




Chapter 4 Discussion
Table 4-2 — continued from page 96.
C) reductive amination of phenylacetylcarbinol (PAC)
o - Reaction condition:
lonor product OH OH
OH TC 100 mM HEPES pH7.5
NS 2\ , | 200uM PLP
o ransaminase \ 10 mM  2-hydroxy ketone
O NH, (0] 10 mM amine donor
HEPES pH 7.5, PLP 1mg/ml crude cell extract
phenyla tcarbinol 27°C, 16 h, 100 rpm reslsal substrate
small aliphatic bulky aromatic amino acids
NH, NH M NH,
N, N, ., [ NH, 0 NH a
e I L E e N e I ol ol I e e e e
o NH;
neg. control - - - - - - - - - - -
CVW2025 90.8 89.3 82.8 - 96.3 18.8 17.6 68.5 19.1 - -
Sery1824 20.9 - - - - - - - -
Sacedb673 - - - - - - - - -
Sery1902 - - - - - - - - -
Sav4551 - - - - - - - - -
Sav2612 - - - - - - - - -
Sco5655 - - - - - - - - - - -
PP5182 85.8 69.6 51.4 - 94.4 16.4 31.2 22.2 22.1 - -
PP2799 54.1 66.4 24.0 - 89.4 - - 19.4 - -
PP2588 - - - - 17.5 - - - - -
PAQ221 61.1 53.1 33.3 - 36.5 - - - - -
PA4805 - - - - - - - - - -
PA5313 - - - - - - - - -
POABBOD - - - 11.9 - - - - -
KPN04441 - - - - - - - - -
POABSD - - - 15.0 - - - - -
POABRD - - - - - - - - - -
PP0596 11.1 11.9 24.8 - - 10.3 - - -
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4.1.4 “Reverse” TTC-based screening assay

With a slight modification of the setup for the TTC-based screening assay compared
to the published procedure (see publication I, chapter 3.1) the application of the
assay could be expanded. Using chiral 2-hydroxy ketones as substrates this assay
allows also a screening for stereoselectivity on the one hand and on the other hand a
reliable screening with instable substrates (like HPP, see chapter 4.1.2) was feasible.
The reductive amination catalysed by transaminases is in general a reversible
reaction. As a consequence, it is possible to screen not only for the forward but also
for the reverse reaction. In contrast to the typical setup where an 2-amino alcohol is
produced from a 2-hydroxy ketone, the amino alcohols are used as substrates in the
‘reverse TTC-assay” (scheme 4-2). Therewith the conversion refers to deamination
of the 2-amino alcohol. The corresponding 2-hydroxy ketones can be detected
analogously (chapter 3.1). As a consequence an amine acceptor is required for the
reaction. For w-transaminase reaction with alanine as an amine donor (yielding
pyruvate) the thermodynamic equilibrium is known to be on the substrate (alanine)
side (chapter 1.4.3.5). By using pyruvate as an amine acceptor in the reverse
reaction, this disadvantage was turned into an advantage. Therefore, pyruvate is

recommended as a suitable amine acceptor in the “reverse” TTC-assay setup.

A: setup of the typical TTC-based screening assay

amine oo

donor | product Reaction condition:
NH; Q ™ 100 MM HEPES pH 7.5
;—Ls R" R ’ \\ > 200 pM - PLP
a-transaminase R’ R' \ 10 mhd thydroxy ketone
OH OH i 10 mk amine donor
HEPES pH 7.5, PLP Tma/ml crude cell extract
2-hydroxy ketone 27°C 16 h, 100 rpm 2-amine alcohol net converted

2-hydrouy ketone

B: setup of the typical “reverse” TTC-based screening assay

pr::uct Reaction condition:
o TTe 100mM HEPES pH 7.5
;L» R" ¥ ‘\ 200uM PLP
@transaminase R').I\r \* 10mhd  2-amino alcohol
OH i 10mh  amine acceptor
HEPESEH 7.5, PLP Tmgfml crude cell extract
2-amino alcohel 27¢, 15 h, 100 rpm 2-hydroxy ketone

Scheme 4-2: Classical and “reverse” TTC-based screening assay for w-transaminases.

In contrast to the typical TTC-assay (A), in the “reverse” setup (B) amino alcohols are
used as substrates for the reaction. With an amine acceptor (e.g. pyruvate) the
corresponding 2-hydroxy ketone is produced in the reductive amination reaction.
Using the same colouration parameters as for the typical setup (publication I, chapter
3.1), the 2-hydroxy ketone can be quantified.
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4.1.4.1 Application of the “reverse” TTC-assay to screen for enzyme
stereoselectivity

Later in the project, we got access to seven (R)-selective w-transaminases provided
by the company Enzymicals AG (Greifswald, Germany) and to the putatively
(R)-selective double variant CV2025-F88A/A231F (see chapter 1.5.5.3) by Prof. Per
Berglund (KTH Stockholm, Sweden). The “reverse” setup of the TTC-assay was
applied to determine enzyme stereoselectivity for the nor(pseudo)ephedrine
synthesis. Here, (1R,2R)-norpseudoephedrine and (1R,2S)-norephedrine were used
in independent reaction setups as substrates for the oxidative deamination in
combination with the amine acceptor pyruvate. Conversion of the deamination of
nor(pseudo)ephedrine was detected by following the formation of PAC using the
TTC-assay. The idea behind was that a highly (R)-selective enzyme would only
accept (1R,2R)-norpseudoephedrine. In contrast, conversion with a highly (S)-
selective transaminase would only be detectable with (1R,2S)-norephedrine as a
substrate. Thus, a comparison of the conversion values for one or the other substrate

stereoisomer allowed estimation of the enzyme stereoselectivity (scheme 4-3).

OH OH
gL 1 (S Transaminase TTC
58 (Gieg —— S TRNY — red
° éu E . NH; \ 0 colouration
T5¢e |
Sck (1R.25)- !
= ,.% norephedrine pyruvate alanine (R)-PAC
2E
o g ‘é
ESS OH OH
E‘% '§ - Transaminase 1 e
-] T _’.‘,Jqu —— 1 (R 1T —t
g Zw | ‘ N || ‘ colouration
oS £ : Hz '
F32 (1R2R)- _
norephedrine pyruvate alanine (R)-PAC

thereout calculated 207 %  297% >97%  297%  297%  >97%  297% >73%  >96%
diastereometicexcess: (1R,2R) (1R.2R) (1R.2R) (1R.2R) (1R.2R) (1R2R) (1R.2R) (1R.28) (1R.28)

10

substrate:

(1R,28)-norephedrine

substrate:

(1R,2R)-norpseudoephedrine
0 B

&
A L S L U A A
ﬁ‘ A S I A S <
L W A
¥ & W L CAE by &

< «©

'S

calculated conversion values
conversion [mM]

from the TTC-assay

N

t:

Ry

< q-
&

Scheme 4-3: “Reverse” TTC-assay for screening of m-transaminase stereoselectivities with
(R)- and (S)-configured amine groups of nor(pseudo)ephedrine.

reaction condition: 10 mM (1R,2R)-norpseudoephedrine or (1R,2S)-norephedrine were incubated with 10 mM pyruvate in
100 mM HEPES buffer (pH 7.5, containing 200 uM PLP) and 1 mg mL™ crude cell extract in closed 96-well
plate at 27 °C and 100 rpm for 16 h. Conversion values (given as % of 2-hydroxy ketone formation) were

determined relative to an internal calibration curve at 510 nm after colouration with TTC-colouration
(publication I, chapter 3.1). Information on enzymes can be found in chapter 1.5.5.3.

negative control: 1 mg mL™ clarified crude cell extract of E. coli BL21(DE3) transformed with an empty plasmid (pET-29a)
“theoretical” de: calculated from conversion values of both stereoisomers in the reverse synthesis direction.
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The results for this “reverse” TTC-assay indicate that all enzymes of the toolbox
provided by Enzymicals AG are highly (R)-selective for nor(pseudo)ephedrines
(scheme 4-3). Here, the concentration of PAC, generated from (1R,2S)-nor-
ephedrine, is in all cases lower than 2 % (which is at the detection limit of this assay
setup). In contrast to this, conversion values higher than 90 % were obtained with
(1R,2R)-norpseudoephedrine. This can be taken as a hint for a high stereoselectivity
of these enzymes, which was additionally confirmed by instrumental analysis.
Calculated “theoretical” de values for the reverse (synthesis) direction were >97 %.
The respective results for the CV2025 variant F88A/A231F indicated that the enzyme
is more (S)- than (R)-selective for the tested substrates. As a control for this reverse
TTC-assay, the w-transaminase CV2025 was used, since the enzyme is known to be
highly (S)-selective. The results point out that a very high selectivity for the synthesis
of (1R,2S)-norephedrine can be expected with CV2025 (“theoretical” de >96 %). This
fits well to respective GC data, demonstrating a selectivity >99 % for the (S)-selective
reductive amination of PAC catalysed by CV2025 (see chapter 3.2).

In general these data underline that the “reverse” TTC-assay mode is a useful tool for
the screening of w-transaminase libraries not only towards activities, but as well

towards stereoselectivities.

4.1.4.2 Application of the “reverse” TTC-assay for instable 2-hydroxy ketones

As mentioned above (see chapter 4.1.2), substrate instability can disturb the general
reliability of the screening assay. An isomerisation of HPP to its regioisomer PAC
caused false-positive signals due to a higher colouration rate of PAC compared to
HPP. Also this problem could be overcome by “reverse” TTC-assay. The respective
product from the reductive amination of HPP is 1-amino-1-phenylpropane-2-ol (APP).
This 2-amino alcohol was stable under the tested conditions and was therefore used

as substrate in the “reverse” TTC-assay setup (scheme 4-4).
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NH @ pn()::uct o Reaction condition:
2 T | 100 mM HEPESpH 7 5
L,g > N » 200 M PLP
_ 10mM APP
a-Transaminase
o o s fom APR

HEPES pH 7.5, PLP 1mg/ml crude cdl axiract
1-amino-1-phemyl- Z7"C, 16 h, 100 rpm HPP
propan-2-ol {APF)

Scheme 4-4: “Reverse” TTC screening assay for instable 2-hydroxy ketones (here HPP).

reaction condition: 10 mM (1R,2R)-1-amino-1-phenylpropane-2-ol (ee ~80 %) were incubated with 10 mM pyruvate in 100 mM
HEPES buffer (pH 7.5, containing 200 yM PLP) and 1 mg mL™" crude cell extract (here CV2025) in closed
96-well plate at 27 °C and 100 rpm for 16 h. Conversion values (given as % of 2-hydroxy ketone synthesis)
were determined relative to an internal calibration curve at 510 nm after TTC-colouration would be possible
(here only uses as a yes-no answer). Colouration procedure see publication I (chapter 3.1)

negative control: 1 mg mL™ clarified crude cell extract of E. coli BL21(DE3) transformed with an empty plasmid (pET-29a)

Since APP was not commercially available, (1R,2R)-APP was chemically synthesised
with an ee ~80 % (detail information for the synthesis procedure see appendix). As a
consequence of the low optical purity, this APP-batch could be used to screen for
both, (S)- and (R)-selective w-transaminases. The product of this oxidative amination
reaction is HPP, which can be detected by the TTC-assay. Due to the chemical
isomerisation of HPP to the regioisomer PAC, a precise determination of conversion
values is not recommended, but the application as a yes-no answer is compared to
the normal assay mode reliable in this setup.

So far, this assay setup was tested as a first proof of principle only with the (S)-
selective w-transaminase CV2025. Here, the colouration after TTC-addition was
below the significant conversion detection limit of <2 %. These results were validated
by GC for the synthesis of APP from HPP (see chapter 4.1.3), indicating that neither
HPP nor APP are accepted by CV2025 substrates. However, this reaction setup
provides a highly reliable, rapid and easy to handle screening assay, which is now

available for the screening of large variant libraries for future applications.

4.1.5 Summary TTC-based screening assay for w-transaminases

The TTC-based screening assay is a novel tool to expand the w-transaminase
toolbox. It can be applied for all 2-hydroxy ketones which react with the TTC-reagent
to give a quantifiable colour response. The assay is fast, highly reliable and can be
used to measure conversion curves. Moreover, it was demonstrated in this thesis,
that the whole assay procedure could be fully automated (reaction setup, incubation,

TTC-colouration and photometrical readout) can be performed with a Tecan Infinite
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M1000 robotic system. By a modification of the assay setup (“reverse” TTC-assay), it
was possible to use the assay to screen for stereoselectivity. With the same setup,
the limitation caused by instable 2-hydroxy ketone substrates was overcome. One of
the major advantages compared to all other published screening assay (see chapter
1.4.3.3) is that the amine donor may be varied. So far, none of the amine donors

tested influenced the assay properties significantly.

Table 4-3: Advantages and limitations of the TTC-based screening assay for the detection
of reductive amination by w-transaminases

advantages Limitation
+ absolute conversion values - “TTC-active” compound required
(not only initial rate activities) - error range makes cut-off for significant
. ) ) conversion values necessary in the
+ inexpensive and rapid method “normal” mode

+ suitable for 96-well plates - substrate instability might cause false

+ reproducible within an error range of 5-10 % positive screening hits

. . s validat ,
+ time-depended conversion curves validation of screening results

=> “reverse” mode can overcome

+ di ) .
different donor-acceptor/hydroxy ketone ratios these limitations

++ crude cell extracts & pure enzyme

++ fully automatable

+++ independent of the amine donor

+++ screening for stereoselectivity possible

+++ reverse mode for instable 2-hydroxy ketones

Using this assay, we were able to identify enzymes catalysing the reductive
amination of 2-hydroxy ketones like PAC, 2-HAP and acetoin. Moreover, the
substrate range of amine donors was investigated.

It should be noted that the assay has also been considered as useful by other groups
as could be deduced from recent presentations of the ACIB GmbH (Graz, Austria;
talk on 1% w-transaminases conference 2013, Stockholm, Sweden) and Prof. Per
Berglund and co-workers (talk on the conference BioTrans 2013, Manchester, GB).
With the help of this assay, the ACIB GmbH could e.g. identify a novel
w-transaminases which accepts bulky-bulky residues. This application highlights the
high potential of this assay to enlarge the toolbox of w-transaminase as versatile

industrial biocatalysts in the future.
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4.2 Combining lyases and w-transaminases for the synthesis of
nor(pseudo)ephedrines in two steps (strategy 1)

Another major tasks of this thesis was the investigation of the 2-step reaction for
nor(pseudo)ephedrines combining ThDP-dependent lyases and w-transaminases
(see chapter 1.5.4). Theoretically all sterecisomers are accessible in four different
combination of (S)- and (R)-selective enzymes in both reaction steps (scheme 4-5,
strategy 1 A-D).

OH
R strategy 1-A
7 NH
OH e 2
(1R,2S)-norephedrine (NE)
(R) OH
A
o R4 "
N\PE"\ R strategy 1-B
K (R)-phenylacetyl- NH,
carbinol (PAC)
? (0] CO; (1R,2R)-norpseudoephedrine (NPE)
OH
+ QH
0 L (9)
ersalden . (5™ strategy 1-C
enzaldehyde ruvate N
’ i Aorpe OH V” NH;
%9@ H / (18,2S)-norpseudoephedrine (NPE)
(8)
A, OH
o) “Rirg
CO, B (R) trat 1D
strate -
(S)-phyenylacetyl- NH, ay
carbinol (PAC)

(1R,2S)-norephedrine (NE)

Scheme 4-5: 2-Step cascades for the synthesis of nor(pseudo)ephedrines combining ThDP-
dependent enzymes and w-transaminases. In the first reaction step (carboligation)
either an (R)- (AHAS-I) or (S)-selective (ApPDC-E469G) results in the formation of
(R)- or (S)-PAC, respectively. In the second (reductive amination) step, nor(pseudo)-
ephedrines are accessible in different configuration by either an (R)- (At-(R)TA) or (S)-
selective (CV2925) w-transaminases. Theoretically all isomers are accessible via four
different routes (strategy 1 A-D).

As mentioned above, PAC is an intermediate of the first reaction step from which a
reductive amination will lead to the desired products. As was deduced from results
obtained with the TTC-assay, the enzyme CV2025 showed most promising
properties for the synthesis of nor(pseudo)ephedrine among the toolbox of available
(S)-selective w-transaminases (chapter 1.5.5.3). Using this enzyme, conversions of
PAC >95 % were detected using (S)-a-methylbenzylamine as an amine donor. In
contrast to this, all enzymes of the (R)-selective toolbox from the Enzymicals AG
showed similarly high conversion values and excellent stereoselectivities
(publication 11, chapter 3.2). As a consequence, all of these enzymes were further

investigated concerning their properties in the 2-step synthesis.

- 110 -



Chapter 4 Discussion

421 2-Step synthesis of (1R,2S)-norephedrine with a-methylbenzyl-
amine as amine donor (strategy 1-A)

The synthesis of (1R,2S)-norephedrine can be performed in two biocatalytic steps by
combining the (R)-selective acetohydroxyacid synthase | (AHAS-I, chapter 1.5.5.1)
for the carboligation step and the (S)-selective w-transaminase CV2025 (also
referred to as Cv-(S)TA, chapter 1.5.5.3) for the reductive amination reaction

(scheme 4-5, strategy 1-A).

Finding a compromise for reaction parameters in 1-pot cascade reactions:

If two reactions are performed in one reaction pot, a compromise in terms of reaction
parameter needs to be found for an optimal reaction process. The carboligation
reaction was known to be highly enantioselective (eer)-rac >98 %) and relatively fast
(>3 U mg"puriied enzyme) if benzaldehyde and pyruvate are used as substrates.['”® The
initial rate activity for the reductive amination of (R)-PAC with (S)-a-methyl-
benzylamine catalysed by CV2025 was determined as ~0.06 U mg" (100 mM
HEPES pH 7.5, 200 uM PLP, 30 °C - publication II, chapter 3.2). The differences in
reaction velocities suggested that the transaminase rather than the AHAS-I-catalysed
reaction would be rate limiting in a 2-step reaction cascade. Therefore, the cascade
was performed under optimal reaction parameters for the reductive amination
reaction as known from literature for the enzyme CV2025 (see chapter 1.5.5.3).
Under analogous reaction conditions (100 mM HEPES pH 7.5, 200 uM PLP, 100 pM
ThDP, 50 yM FAD, 5 mM MgSOQs4, 30 °C), the carboligase activity of AHAS-I was still
>1.5U mg ' purified enzyme, Using 10 mM benzaldehyde and 10 mM pyruvate as

substrates (publication II, chapter 3.2).

2-step cascade combining of AHAS-I and CV2025 as purified enzyme:

As mentioned in chapter 1.6.1, there are different options to perform 2-step reaction
cascades. In a 2-pot 2-step reaction (scheme 4-6-A), the intermediate (R)-PAC was
isolated and purified after the first reaction step by flash chromatography. Although
high conversion was observed in the carboligation step (>95 %) as well as in the
reductive amination step (~97 %), the isolation of the intermediate reduced the

overall conversion to ~85 %.
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In a 1-pot 2-step simultaneous cascade (scheme 4-6-B), both enzymes were added
at the same time. Here, an isolation of the reaction intermediate was not necessary.
However, the overall conversion towards (1R,2S)-norephedrine was with 7 %
significantly lower. In this setup, not the targeted norephedrine but benzylamine was
detected as the main product (>90 %). These results suggested that benzylamine is
produced in a competitive side reaction (reductive amination of benzaldehyde) by the
w-transaminase CV2025. Further investigation pointed out (publication II,
chapter 3.2) that the adverse product/by-product ratio is caused by a difference in
reaction velocities for PAC (~0.06 U mg™") and benzaldehyde (~1 Umg™) of the

w-transaminase CV2025.

0O AHAS-| H Cva025 (1R,28)-norephedrine
| 0 de > 98 %, ee > 99 %
+ N 7R)
COOH o
-CO, ,
amine co-
benzaldehyde pyruvate (R)-PAC donor product
NH, reaction modes - overall conversion
A) 2-pot 2-step: 85 %
(S) B) 1-pot 2-step simultaneous: 7 %
C) 1-pot 2-step sequential: 93 %
cascade reaction parameter:
A) 2-pot 2-step cascade B) 1-pot 2-step sequential cascade C) 1-pot 2-step simultaneous cascade
10 mM benzaldehyde 10 mM (R)-PAC 10 mM benzaldehyde 10 mM benzaldehyde, 10 mM pyruvate,
10 mM pyruvate 10 mM (S)-a-MBA 10 mM pyruvate + 10 mM (S)-a-MBA 10 mM (S)-a-MBA, 1 mg mi" AHAS-|,
1mg mi" AHAS-I 1mg mi' CV2025 1mg mit AHAS-| + 1mg m CV2025 1mg mi' CV2025
carboligation red. amination carboligation red. amination carboligation red. amination

ty 4 t; t

)

Scheme 4-6: Different reaction modes (A-C) for the 2-step cascades towards (1R,2S)-nor-
ephedrine combining the acetohydroxyacid synthase | and the w-transaminases
CV2025 with (S)-a-methylbenzylamine (MBA) as amine donor.

2-pot 2-step cascade (A): Carboligation was performed in 100 mM HEPES (pH 7.5) with 100 yM ThDP, 50 yM FAD and
5 mM MgSOQO;, at 30 °C in 10 mL reaction volume with stirrer mixing (100 rpm) for 12 h (). (R)-
PAC (ee>98 %) was isolated (extracted three times with ethyl acetate; dried over MgSOy;
solvent evaporated under reduced pressure) and purified (flash chromatography with
ethylacetate:petrol ether = 85:15). The yield of this step was 85 %. Reductive amination was
performed in 100 mM HEPES (pH 7.5) and 200 uM PLP in a volume of 2 mL at 27 °C and
200 rpm shaking in 2.5 mL glass vials for 16 h (t,).

1-pot 2-step cascades (B, C): were performed in 100 mM HEPES (pH 7.5) with 200 uM PLP, 100 uM ThDP, 50 uM FAD and
5 mM MgSO, at 30 °C in 2 mL reaction volume in 2.5 mL closed glass vials. Reaction times for
the sequential mode (B) was: t; = 2 h, t, = 12 h and for the simultaneous mode: t; = 16 h.
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By performing the 1-pot 2-step reaction as a sequential cascade (scheme 4-6-C), the
by-product formation was overcome by adding the w-transaminase after the
carboligation step (conversion: >95 %), when benzaldehyde was already almost
completely converted to PAC. As a result the benzylamine formation was reduced
to<5% and ~93 % of the benzaldehyde were finally converted to (1R,2S)-
norephedrine. In all cascade modes the product (1R,2S)-norephedrine was obtained

in high optical purity of >99 % ee and >98 % de (scheme 4-6).

2-step cascade combining AHAS-I and CV2025 lyophilised whole cells:

Since the cascade was demonstrated successfully with purified lyophilised enzymes,
the application of Iyophilised whole cells (LWC) for both reaction steps was
subsequently investigated (publication II, chapter 3.3). Whole cells offer the potential
to reduce catalyst production costs by a factor of 10 compared to purified
enzymes.”'"! The specific activity of AHAS-I for the formation of (R)-PAC from
benzaldehyde and pyruvate is ~1.5 U mg ™" puified enzyme- 1 Mg purified AHAS-I equals
to 5mg mL™" Iyophilised recombinant E. coli cells. In both cases a complete
conversion of 10 mM benzaldehyde was reached within 1 h reaction time
(publication III, chapter 3.3). A similar trend was observed for the reductive amination
of (R)-PAC. Reactions with 1 mg mL™" purified CV2025 showed an analogous
conversion curve as reactions with 5 mg mL™" lyophilised whole cells (publication 111,
chapter 3.3). Within 3 h a conversion of ~85 % (1R,2S)-norephedrine was reached
with whole cells, corresponding to a space-time yield of ~10 g L™ d™'. In general, this
clearly demonstrates that whole cells can be a valuable alternative for a cost and

time efficient production of (1R,2S)-norephedrine.
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4.2.2 2-Step synthesis of nor(pseudo)ephedrines with alanine as amine
donor

In the previous chapter the enzymatic synthesis of (1R,2S)-norephedrine in two
reaction steps from inexpensive achiral starting was demonstrated. Although the
product was obtained with good conversion and high stereoselectivity (>99 % ee and
>98 % de), the major drawback of this cascade setup was the necessity to separate
the co-product and especially the residual amine donor from the desired product.
Due to the structural similarity of (S)-a-methylbenzylamine and (1R,2S)-

norephedrine, a chromatographic separation with MeOH/CHCI; = 1:1 was necessary.

4.2.2.1 The challenge of alanine as an amine donor

As was identified by the TTC-assay, other amine donors can be used for the
reductive amination of PAC which might in general provide an easier downstream
processing (chapter 4.1.2, table 4-2). In contrast to a-methylbenzylamine, which is
known to be an amine donor with product favouring thermodynamics, other amine
donors often show lower reaction equilibrium constants.[®® 8 1% One example of a
frequently used amine donor with benefits in terms of low product/substrate inhibition,
but poor reaction thermodynamics is alanine. In order to make alanine as amine
donor in w-transaminase reactions applicable, several methods have been
developed to shift the reaction equilibrium towards the product (pyruvate) side.!®® ©”]

The TTC-assay results showed that L-alanine is accepted by the enzyme CV2025 for
the reductive amination of PAC (table 4-2; publication I). Conversions of ~20 % were
observed with equimolar concentrations of both substrates (table 4-2; publication I).
In contrast to this, only 5 % conversion was detected with purified CV2025 instead of
crude cell extract (publication II, chapter 3.2). As known from literature, E. coli
housekeeping proteins (e.g. alcohol dehydrogenase, lactate dehydrogenases,

pyruvate dehydrogenases) can shift the reaction equilibrium in whole cells.®!

Thermodynamic equilibrium constant for the reductive amination of PAC with alanine:

To investigate whether the reaction is limited by thermodynamics, the equilibrium
constant for the reductive amination of (R)-PAC with L-alanine as an amine donor
was determined according to the method of Tufvesson et al.l'®! (scheme 4-7-A). A

value of Keq = 2.31-107 (scheme 4-7-A, publication II) clearly shows that the reaction
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thermodynamic is on the substrate side of the reaction. As a consequence of the low
equilibrium constant, a theoretical conversion of maximal ~5 % is possible with
equimolar concentrations of PAC and alanine (scheme 4-7-B). A 5.000-fold excess of
alanine would be required to achieve >90 % conversion (scheme 4-7-B). As
summarised in chapter 1.4.3.5, chemical engineering, enzyme engineering and
reaction engineering approaches are known to shift the reaction equilibrium towards
the product side. Among these, enzyme-catalysed pyruvate removal is a frequently
used method.'®® 82 Here, lactate dehydrogenases (LDH), pyruvate decarboxylases
(PDC), acetolactate synthase (ALS), acetohydroxyacid synthase (AHAS) or amino
acid dehydrogenases (AADH) can be added to remove the co-product pyruvate
(chapter 1.4.3.5) and thus shift the reaction equilibrium to the product side. Although
high conversions can be reached, the major drawback of this cascade setup is that at
least one additional enzyme is needed (two in case of an additional cofactor
regeneration step). Compared to reactions without an equilibrium shift, this increases

the system complexity and moreover the process costs.

OH OH
NH, (s) *
(R . (é) OH - (R~ N )H(OH
B U— -
o /\ﬂ/ NH,»
© (1R,2S) ©
- L-alanine eSS ruvate
(R)-PAC norephedrine 24
A: determination of the equilibrium constant K.q B) maximal conversion without equilibrium shift
- 100 A -
1 with a=—0.0060.00165 A A 4
Y athy)  and 5=4359:3.19 A
44 80 A \
 o4k) 1 : 50000 mM L-alanine + 10 mM PAC = 90 % conversion
z Ka= 0(0h) === T (~0.006+435.9x) A
bt 1 ©x=23110"=K_ 60
-~ A
g
o

/ 500 mM L-alanine + 10 mM PAC = 30 % conversion

quotient of reaction quotients
theoretical conversion (%]

10 mM L-alanine + 10 mM PAC 2 5 % conversion

~—— /
—— 000
o - T T T T 0 T T T T T T T T A 1
0,000 0,005 0,010 0,015 0,020 0 2500 5000 7500 10000 12500 15000 17500 80000 100000
reaction quotient Q(0h) molar excess of L-alanine

Scheme 4-7: Determination of the thermodynamic equilibrium for the reaction of (R)-PAC to
(1R,2S)-norephedrine with alanine as an amine donor (A, left) and theoretical
maximal conversion for this reaction without equilibrium shift (B, right).
Reaction details and calculations can be found in the supporting information of
publication II (chapter 3.2)
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As described above, the 1-pot 2-step synthesis of (1R,2S)-norephedrine could be
performed by the combination of an acetohydroxyacid synthase and an
o-transaminase. As known from literature, the AHAS-I from E. coli is not only able to
catalyse the carboligation of (decarboxylated) pyruvate and benzaldehyde to PAC,
but also the carboligation of two pyruvate molecules to acetolactate.!'”® 79 |f alanine
is used as an amine donor in the reductive amination step, AHAS-I can catalyse the
required reaction equilibrium shift for the transaminase step intrinsically as soon as
pyruvate is produced. In the 1-pot 2-step cascade, the AHAS-I is already present in
the reaction solution from the first reaction step. Thus, the equilibrium shift needed
for the transaminase reaction in the second step of the cascade should be possible
without addition of further enzymes, co-substrates or reagents.

To test this hypothesis, the system complexity was reduced in a first approach and
the AHAS-I coupled equilibrium shift was studied only for the reductive amination
step. As a first proof of principle, the reductive amination of 10 mM (R)-PAC was
performed with CV2025 and 30 mM L-alanine in presence of AHAS-I (both enzymes:
0.5 mg mL™ purified protein). Compared to a reaction without AHAS-I where only 5 %
conversion could be achieved, the combination with AHAS-I increased the
conversion to ~48 % (scheme 4-8), which clearly indicates a successful equilibrium
shift (publication I1, chapter 3.2).

OH OH
V2025 (s) reductive amination with/without equilibrium shift

) 77 ~ ® i A) conversion without AHAS-I:  ~5 %
0 NH; B) conversion with AHAS-I:  ~48 %
alanine  pyruvate

(R)-PAC (1R,2S)-nor-

pyruvate
AHAS-| f ephedrine (NPE)

acetolactate
+ CO;

Scheme 4-8: AHAS-I coupled equilibrium shift for the CV2025-catalysed reductive amination
of (R)-PAC with alanine as amine donor.

Reaction conditions:  The reductive amination was performed with 10 mM (R)-PAC (ee 84 %) and 30 mM L-alanine 100 mM
HEPES (pH 7.5) with 100 yM ThDP, 50 pM FAD and 5 mM MgSO;, in a volume of 2 mL in 2.5 mL
closed glass vials. 0.5 mg mL" CV2025 was added as purified enzyme without (A) or with 0.5 mg mL”
AHAS-I (B). The reactions were incubated at 27 °C for 24 h.
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4.2.2.2 Reaction parameter optimisation for AHAS-I coupled equilibrium shift
of o-transaminase reactions

To further improve the conversion of the reductive amination step via AHAS-I|
coupled equilibrium shift (see chapter 4.2.2.1, scheme 4-8), the reaction parameters

like enzyme concentrations and amine donor/PAC ratio (scheme 4-9) or pH and

temperature (scheme 4-10) were optimised.

Highest conversions for the reductive amination of (R)-PAC with alanine as amine
donor and AHAS-I coupled equilibrium shift were achieved at pH 7.5, 25 °C with
1 mg mL" CV2025, 0.5 mg mL" AHAS-I and a 5-fold excess of L-alanine relative to

the hydroxy ketone. Under these optimised cascade conditions 80 % of (R)-PAC was

converted to (1R,2S)-norephedrine (publication II, chapter 3.2).

varied reaction parameter: AHAS-I concentration and PAC/alanine ratio

conversion [%]

Scheme 4-9:

Reaction conditions:

constant parameters: 1 mg mL" CV2025, pH 7.5, 25 °C — varied parameter: AHAS-I concentration and
PAC/alanine ratio. All reactions were performed in 100 mM HEPES containing 200 uM PLP, 50 uM
FAD, 100 pM ThDP and 5 mM MgCl, and incubated for 20 h at different temperatures in 2.5 mL glass
vials. For statistical data analysis and interpolation (pink dots) the ‘kriging algorithm’ (see publication 1I,

chapter 3.2) was used.
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Examples of the reaction parameter optimisation for the CV2025-catalysed
reductive amination of (R)-PAC with AHAS-I coupled equilibrium shift (part 1).
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Scheme 4-10:

Reaction conditions:

conversion [%]

varied reaction parameter: pH and temperature
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Examples of the reaction parameter optimisation for the CV2025-catalysed
reductive amination of (R)-PAC with AHAS-I coupled equilibrium shift (part 2).

constant parameters: 1 mg mL" CV2025, 0.5 mg mL™" AHAS-I, 10 mM PAC, 50 mM L-alanine — varied
parameters: pH and reaction temperature. All reactions were performed in 100 mM HEPES containing
200 pyM PLP, 50 yM FAD, 100 uM ThDP and 5mM MgCl, and incubated for 20 h at different
temperatures in 2.5 mL glass vials. For statistical data analysis and interpolation (pink dots) the ‘kriging
algorithm’ (see publication II, chapter 3.2) was used.

4.2.2.3 1-Pot 2-step cascade for the synthesis of (1R,2S)-norephedrine under

optimised

reaction conditions with alanine as amine donor

(strategy 1-A)

With optimised reaction parameters for the reductive amination step (chapter

4.2.2.2), the 1-pot 2-step cascade for the synthesis of (1R,2S)-norephedrine was

performed in the sequential and the simultaneous cascade mode (publication II,

chapter 3.2). In the simultaneous reaction mode, where AHAS-I and CV2025 were

added at once, only 2 % of the initial benzaldehyde was converted to the 2-amino

alcohol (scheme 4-11-A). Similar to the cascade with (S)-a-methylbenzylamine

(chapter 4.2.1) the major product was benzylamine, which was caused by fast

reductive amination of benzaldehyde in a competitive side reaction. As pointed out

earlier (chapter 2.2), this problem could be overcome by performing the cascade in a

1-pot 2-step sequential reaction mode (scheme 4-11-B), yielding an overall

conversion of 78 % to the desired product (1R,2S)-norephedrine with a de >98 % and

an ee >99 % (publication II, chapter 3.2).
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AHAS-| H CV2025 H
fS) (1R,2S)-norephedrine
)LCOOH : ; < de >98 %, ee >99 %

benzaldehyde pyruvate R)-PAC alanine pyruvate
pyruvate - -
AHAS-| }f reaction modes and overall conversion
A) 1-pot 2-step simultaneous: 2%
acetolactate B) 1-pot 2-step sequential: 78 %
+ COZ
cascade reaction parameter:
A) 1-pot 2-step simultaneous cascade B) 1-pot 2-step sequential cascade
10 mM benzaldehyde, 10 mM pyruvate, 10 mM benzaldehyde
50 mM L-alanine, 1 mg mi" AHAS-|, 10 mM pyruvate + 50 mM L-alanine
1 mg mi CvV2025 1 mg mi'" AHAS-| + 1mg m CV2025
carboligation red. amination carboligation red. amination

ty t tp

Scheme 4-11: 1-Pot 2-step cascade for the synthesis of (1R,2S)-norephedrine with alanine as
amine donor. The 1-pot 2-step cascade combining the AHAS-I with the (S)-selective
wo-transaminases CV2025 can be run in different cascade modes (see chapter 1.6.1):
simultaneously (A) or sequentially (B). Further reaction details can be found in
publication II (chapter 3.2).

4.2.2.4 1-Pot 2-step cascade for the synthesis of (1R,2R)-norpseudoephedrine
under optimised reaction conditions with alanine as amine donor
(strategy 1-B)
In contrast to the 2-step synthesis of (1R,2S)-norephedrine, the 1-pot 2-step cascade
for the production of (1R,2R)-norpseudoephedrine requires a highly (R)-selective
o-transaminase (scheme 4-5, strategy 1-B). Since all enzymes of the (R)-selective
toolbox (supplied by Enzymicals AG as lyophilised crude cell extracts, see
chapter 1.5.5.3) showed very high conversions for the reductive amination of PAC in
the TTC-assay (chapter 4.1.4.1), all o-transaminase were investigated for the
application in the 2-step cascade.
As a conclusion from the cascade results for the combination AHAS-I/CV2025
(chapter 4.2.1 and 4.2.2.3), the most challenging but still in general most efficient
cascade mode (see chapter 1.6.1) is the 1-pot 2-step simultaneous cascade.
Therefore, the application of all (R)-selective w-transaminases was investigated in
this simultaneous cascade mode (scheme 4-12) using the reaction parameters
previously optimised for the combination of AHAS-I and CV2025 (chapter 4.2.2.2).

Under these conditions, all (R)-selective w-transaminases showed a significant
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higher conversion in the simultaneous cascade mode than CV2025. Such high
conversions resulted from a significantly lower benzylamine by-product formation
(scheme 4-12). Surprisingly, without further reaction optimisation, conversions >85 %
were detected for the combinations of AHAS-I with the transaminases Pc-(R)TA or
At-(R)TA. Although the cascade was performed in a simultaneous mode, less than
10 % benzylamine was produced. To investigate this further, the initial rate activity for
the reductive amination of PAC and benzaldehyde was measured independently for
At-(R)TA. Compared to the initial reaction rates of CV2025, which was significantly
higher for benzaldehyde compared to PAC), At-(R)TA showed an almost similar initial
rate activity (~0.08-0.09 U mg™) for both amine acceptors (see publication II, chapter
3.2). These activity differences in combination with the high carboligase activity of
AHAS-I (>1.5 U mg™) enables an efficient simultaneous 1-pot 2-step cascade with

minimised by-product formation.

10 benzaldehyde

@ benzylamine
O PAC

B norephedrine

substrate, product concentration [mM]

Scheme 4-12: 1-Pot 2-step simultaneous cascade for the synthesis of (1R,2R)-norpseudo-
ephedrine combining AHAS-I and seven (R)-selective w-transaminases.

Reaction conditions:  For the 1-pot 2-step reaction 10 mM benzaldehyde, 10 mM pyruvate and 50 mM D- or L-alanine in
100 mM HEPES (pH 7.5 with 200 yM PLP, 50 uM FAD, 100 uM ThDP, 5 mM MgCl,) were added
simultaneously to both enzymes (AHAS-I: 0.5 mg mL”" and o-TA 1 mg mL'1). Further reaction details
can be found in publication II (chapter 3.2). The (S)-selective transaminase CV2025 was used as a
control.

Based on these promising results, At-(R)TA was tested in combination with AHAS-I in

the 1-pot 2-step sequential cascade mode. As a result 96 % of the initially added

benzaldehyde were converted to (1R,2R)-norpseudoephedrine. The product was

obtained with an excellent stereoselectivity (>98 % de and >99 % ee, scheme 4-13).
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-CO; 0 NH,

benzaldehyde pyruvate (R)-PAC alanine pyruvate
pyruvate reaction modes and overall conversion
AHAS-| A) 1-pot 2-step simultaneous: 87 %
B) 1-pot 2-step sequential: 96 %
acetolactate
+CO,

Scheme 4-13: 1-Pot 2-step cascade for the synthesis of (1R,2R)-norpseudoephedrine with
alanine as amine donor. The 1-pot 2-step cascade combining the AHAS-I with the
(R)-selective At-(R)TA can be run in different cascade modes (see chapter 1.6.1):
simultaneously (A) or sequentially (B). Further reaction details can be found in
publication II (chapter 3.2).

To increase the cascade efficiency further, the minimal amount of required enzyme
for this 1-pot 2-step sequential cascade was determined. 0.5 mg mL™" AHAS-I and
04mgmL"' At(R)TA were sufficient to reach 95% conversion of 20 mM
benzaldehyde, 20 mM pyruvate with 100 mM D-alanine within 13.5 h (scheme 4-12).
Compared to the non-optimised data, this corresponds to a reduction in catalyst load
of 50 % for AHAS-I and of 80 % for the At-(R)TA.
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Scheme 4-14: Determination of minimal catalyst load for the 1-pot 2-step sequential cascade
for the synthesis of (1R,2R)-norpseudoephedrine with of AHAS-I and At-(R)TA.

Reaction parameter: 20 mM benzaldehyde, 20 mM pyruvate and 100 mM D-alanine in 100 mM HEPES (pH 7.5 with 200 uM
PLP, 50 uM FAD, 100 uM ThDP, 5 mM MgCl,). In accordance to the initial reaction rates of AHAS-I
(~1.5Umg", see chapter 4.2.1), At(R)TA was added in 90 min after AHAS-I without isolation of the
reaction intermediate (R)-PAC. The complete reaction was analysed after another 12 h as an endpoint
determination (pink dots). Further reaction details can be found in publication III (chapter 3.3).
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However, due to the low substrate concentrations the space-time-yields were with
5gL"d™" relatively low. To further increase the space-time-yield, the equimolar
substrate concentration (benzaldehyde and pyruvate) wre increased to 25, 50, 75
and 100 mM. Under the optimised catalyst/substrate ratios (per mM benzaldehyde:
0.025 mgmL" AHAS-I, 0.02 mg mL™" At-(R)TA, 2.5 mM p-alanine - scheme 4-15),
more than 90 % conversion was detected even for substrate concentrations of up to
100 mM. Interestingly, even emulsion systems (>50 mM benzaldehyde) did not
significantly reduce the reaction performance. Thereby ~90 mM of the product
(1R,2R)-norpseudoephedrine were obtained within 13.5 h, corresponding to a 5-fold

increased space-time-yield of ~26 g L™ d™" (publication I1I, chapter 3.3).

100 -
benzaldehyde

Ebenzylamine
75 z@PAC
B (1R,2R)-NPE

50 -

25 +

substrate, product concentration [mM]

30 mM BA 50 mM BA 75 mM BA 100 mM BA
+30 mM Pyr +50 mM Pyr +75 mM Pyr +100 mM Pyr

Scheme 4-15: 1-Pot 2-step sequential cascade for the synthesis of (1R,2R)-norpseudo-
ephedrine with high substrate concentrations.

Reaction parameter:  1-Pot 2-step sequential cascade for the synthesis of (1R,2R)-NPE with 25, 50, 75 or 100 mM
benzaldehyde (BA) and equimolar concentrations of pyruvate. In accordance to the optimisation date
(scheme 4-14), per mM benzaldehyde 0.025 mg mL™" AHAS-I were used and after 90 min reaction time
0.02 mg mL” At-(R)TA and 2.5 mM D-alanine was added per mM initial benzaldehyde concentration.
The solution was analysed after another 12 h reaction time. Reaction parameter: 100 mM HEPES pH
7.5, 200 yM PLP, 50 pM FAD, 100 uM ThDP, 5 mM MgCl,, 25 °C.
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4.2.2.5 1-Pot 2-step recycling cascade for the synthesis of (1R,2R)-norpseudo-
ephedrine and (1R,2S)-norephedrine with alanine as amine donor

In the 1-pot 2-step cascade with alanine as amine donor we demonstrated that a co-
product removal (here: pyruvate) was possible without the addition of any further
catalysts or reactants (chapter 4.2.2.3 and 4.2.2.4). However, acetolactate is
accumulated as waste in the reaction mixture, which reduced the atom efficiency of
the process.

To further increase the atom efficiency, a co-product recycling rather than a simple
removal was investigated. Pyruvate, which accumulates in the second reaction step,
is a substrate of the carboligation reaction in the first carboligation step. In general,
there are two possible ways of pyruvate recycling for this cascade. One is a direct
consumption of pyruvate by the AHAS-I, the other is a recycling via AHAS-| catalysed
acetolactate cleavage. More precisely, in the acetolactate cleavage reaction one
pyruvate molecule is released from the active site while the second one remains
bound to the ThDP-cofactor as hydroxy-ethyl group and is thus directly available for
the carboligation with benzaldehyde to PAC (see scheme 4-16).

o] I
| OI-:R) reaction cascade mode co?'l:irrasion
(R) A) simultaneous recycling: 71 %
i I - 0,
\p\\" n NH, B) sequential recycling: 86 %
o AHAS benzaldehyde H N_ L (1R,2R)-NPE
| o AHAS-I OH - ee >99 %, de >98 %
H s —— C
\ (R) w2y
Il
)\(J)( 0, ThDP 0 '- 25 : O':S reaction cascade mode co?..::as]o"
2N (RI™ A) simultaneous recycling: 3%
pyruvate hydroxy-ethyl-ThDP (R)}-PAC ! ' NH B) sequential recycling: 64 %
alanine  pyruvate 2
(1R,25)-NE
2 via reversible o o o ee >89 %, de >98 %
5 acetolactate formation AHAS-I | AHAS-I
8 ARAST W __oH
] OH 2
2 HO v
fﬁ-’: ; acetolactate €O, pyrl?vate
& pyruvate recycled directely |
cascade reaction parameter:
A) simultaneous recycling cascade B) sequential recycling cascade
10 mM benzaldehyde
10 mM pyruvate +50mM alanine  + 10 mM benzaldehyde
20 mM benzaldehyde, 10 mM pyruvate, 50 mM alanine, 0.5 mg/mL AHAS-I, 1 mg mi" &-TA 0.5mg mi' AHAS-I +1mgmH o-TA  +0.5mg mH AHAS-| +1mg m &-TA
carboligation red. amination carboligation red. amination carboligation red. amination carboligation red. amination

Y t 1, 1 1,

Scheme 4-16: 1-Pot 2-step recycling cascade for the synthesis of (1R,2S)-norephedrine and
(1R,2R)-norpseudoephedrine with alanine as amine donor.

The cascade combines AHAS-I in the first step and either an (S)-selective (CV2025)
or (R)-selective (At-(R)TA) o-transaminases in the second step. Pyruvate, generated
in the reductive amination step as a co-product, is used as substrate in the first
reaction step and is recycled directly or via reversible acetolactate formation. The 1-
pot 2-step cascade can be run in different cascade modes (see chapter 1.6.1):
simultaneously (A) or sequentially (B). Further details can be found in publication II
(chapter 3.2).
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Also this novel recycling cascade could be performed in two different cascade
modes. In the simultaneous mode (scheme 4-16-A) all catalysts and reactants were
added at once, while in the sequential cascade mode (scheme 4-16-B) the
transaminase was added after the carboligation step. Addition of additional
benzaldehyde (but no further pyruvate) started the carboligation again. It was
expected that with an excess of benzaldehyde (20 mM) relative to the initial pyruvate
concentration (10 mM) conversions >10 mM could only be achieved in both cascade
modes, if the pyruvate (generated as the co-product in the reductive amination step)
is successfully recycled.

In line with the experimental data from the 1-pot 2-step cascade described in chapter
4.2.2.3, the combination AHAS-I/CV2025 in the simultaneous recycling cascade
mode resulted in a low overall conversion of 3 % (scheme 4-16). As expected, most
of the benzaldehyde (>95 %) was converted to benzylamine. In the sequential
recycling cascade mode the by-product formation could significantly be reduced and
64 % (=12.8 mM) of the benzaldehyde was converted to (1R,2S)-norephedrine with
high optical purity of >99 % ee and >98 % de.

By contrast, the combination AHAS-I/At-(R)TA resulted in both cascade modes in
significantly higher conversions compared to the cascade with CV2025. As discussed
previously (chapter 4.2.2.4) this is a consequence of the different reaction rates for
reductive amination of benzaldehyde and pyruvate, which is equally fast for both
substrates with At-(R)TA but much faster for benzaldehyde in case of CV2025. As a
result, in the 1-pot 2-step simultaneous recycling cascade an overall conversion of
71 % (=14.2 mM) was obtained. However, the highest concentration was achieved in
the sequential mode. Here 86 % (=17.2 mM) of the benzaldehyde was converted to
(1R,2R)-norpseudoephedrine. The product was obtained as well in high optical purity
of >99 % ee and >98 % de.

Compared to the already efficient method of co-product removal in the 1-pot 2-step
sequential cascade, the ‘recycling cascade’ might help to increase the reaction
efficiency in terms of atom economy and sustainability further. In the presented
setup, the amount of pyruvate required for the 2-step synthesis could be reduced by
50 % compared to the simple 2-step sequential cascade (chapter 4.2.2.3 and
4.2.2.4). From the process point of view, the most valuable approach would be the

simultaneous recycling cascade mode. However, highly selective catalysts with a low
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by-product formation rate in all cascade steps are required. If such an enzyme is not
available, the sequential (recycling) cascade mode offers a valuable alternative to
reduce the amount of by-products. In general, this recycling approach is not limited to
applications with o-transaminases. The removal of co-products with a catalyst of
another reaction step can be applied for any multi-reaction cascade where a smart

combination of enzymes (or even chemical catalysts) is possible.

4.2.3 2-Step synthesis of (1S,2S)-norpseudoephedrine and (1S,2R)-
norephedrine (strategy 1-C and 1-D)

For the synthesis of the two missing N(P)E stereoisomers, (1S,2S)-norpseudo-
ephedrine and (1S,2R)-norephedrine, a highly (S)-selective lyase is required for the
first reaction step (see scheme 4-5; strategy 1-C and 1-D). However, such a lyase is
currently not available. The ApPDC-E469G from Acetobacter pasteurianus is the
enzyme with the highest selectivity for the synthesis of (S)-PAC.I" Here, a whole
cell biotransformation (40 mM benzaldehyde, 400 mM pyruvate, 2.5 mM MgSOy,
100 mM potassium phosphate, 100 uM ThDP) resulted in formation of (S)-PAC with
a good isolated yield of 95 % but an optical purity of only ~70 % ee.!'®! Still, since it
is the best variant, this enzyme was studied for the synthesis of (1S,2S)-norpseudo-
ephedrine and (1S,2R)-norephedrine by combining it with either the (R)-selective At-
(R)TA or the (S)-selective CV2025.

overall conversion: ~90 %

OH
(5) {;S} optical purity:
\11015 NH,  ©e>99%;de~70%

0 OH c
| o : / (18,28)-NPE
)HTOH ApPDC-E469G (s
—_— OH
* o 4‘*‘(@)) i overall conversion: ~30 %
o] A (R)
CO, (Sy-phenylacetyl- (S) optical purity:
phenylacety m NH,  €e>99 %; de~70%

benzaldehyde pyruvate .
carbinal (PAC)

(1R,28)-NE
(S)- or (R)-c-methyl-  aceto-
benzylamine (MBA) phenone

Scheme 4-17: 2-Pot 2-step synthesis of (1S,2S)-norpseudoephedrine and (1S,2R)-nor-
ephedrine combining an (S)-selective lyase (ApPDC-E469G) in the first step with
either an (S)-selective (CV2025) or (R)-selective (At-(R)TA) o-transaminase in the
second step. Further reaction details can be found in publication III (chapter 3.3).

Carboligation: 40 mM benzaldehyde, 400 mM pyruvate, 2.5 mM MgSO,;, 100 mM potassium phosphate,
100 uM ThDP. Incubated for 48 h in glass vials with 100 rpm magnetic stirring. The product was isolated
by extraction (3x with ethyl acetate), dried over MgSO, and purified via flash chromatography (petrol
ether : ethyl acetate = 90 : 10).'*!

Reductive amination: 10 mM (S)-PAC (ee 70 %) were incubated with 10 mM (R)- or (S)-a-methylbenzylamine in 100 mM
HEPES (pH 7.5) with 200 upM PLP and 1 mg mL" CV2025 purified enzyme or 1 mg mL™ At-(R)TA in
closed glass vials for 24 h.
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Since in this reaction a high pyruvate concentration (400 mM) was used for the
carboligation step, the cascade was not performed in a 1-pot mode. Here, a by-
product, caused in the reaction of pyruvate to alanine, was avoided by a 2-pot 2-step
mode (see chapter 1.6.1). As a consequence, the advantage of an internal co-
product removal is not possible. Thus, methylbenzylamine and was used as an
amine donor instead of alanine. The reductive amination of isolated (S)-PAC with
(R)- or (S)-a-methylbenzylamine, respectively, resulted in both cascades in the
desired products (1S,2R)-norephedrine  (with  A#=(R)TA) and (1S,25)-
norpseudoephedrine (with CV2025) with conversions >95 %. Due to the high
stereoselectivity of both transaminases both products were obtained with high ee
(>99 %). However, due to the initially low optical purity of the (S)-PAC the resulting
diastereomeric excess was only ~70 %. It can be concluded that (S)-PAC is accepted
by the transaminases, but higher purity of this intermediate is needed in order to
obtain the amino alcohols in high optical purities.
As a consequence, a protocol for the synthesis of (S)-PAC in high enantiomeric
excess will be target of future investigations. Here, further enzyme engineering of the
Acetobacter pasteurianus PDC may improve stereoselectivity. If this is not suitable,
chiral enrichment technologies like chiral chromatographic methods or kinetic
resolution can be used. As a proof of principle, the so called “chiral polishing” of
(S)-PAC (scheme 4-18) with the (R)-selective benzaldehyde lyase (BAL) from
Pseudomonas fluorescens was described in the thesis of A.G. Baraibar!'®" and in the
invention disclosure I ' Here, (S)-PAC could be enriched to an ee >97 %.
However, this “chiral polishing” reaction was only performed on analytical scale.
J j\ co,
COOH \‘k

Benzaldehyd Pyruvat

OH OH

(R) (S)
o (0]

0
©) N j " (R)-PAC (S)}-PAC

Benzaldehyd Acetaldehyd

T T Benzaldehydlyase (BAL)

Scheme 4-18: The concept for “chiral polishing” of (S)-PAC to gain high optical purities.
(S)-PAC with a low optical purity generated by catalysis of a lyase (e.g. by ApPDC-
E469G) can be converted to highly pure (S)-PAC with an ee >97 % by the highly (R)-
selective PBAL."

Lyase
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4.3 Combining w-transaminases and alcohol dehydrogenases for
the synthesis of nor(pseudo)ephedrines in two steps
(strategy 2)

To overcome the required chiral purification effort in the syntheses of (1S,2S)-nor-
pseudoephedrine (NPE) and (1S,2R)-norephedrine (NE), an alternative synthetic
strategy was investigated (see chapter 1.5.4). Starting from 1-phenylpropane-1,2-
dione (PPDO), the combination of a highly selective biotransformation with an
o-transaminases (TA, chapter 1.5.5.3) in the first reaction step and alcohol
dehydrogenases (ADH, chapter 1.5.5.2) in the second step was expected to give
access to all nor(pseudo)ephedrine isomers. Combination of the (S)-selective
o-transaminase CV2025 with the (S)-selective LbADH (from Lactobacillus brevis)
should result in (1S,2S)-NPE (scheme 4-19; strategy 2-A), while the combination with
the (R)-selective RADH (from Ralstonia sp.) would give access to (1R,2S)-NE
(scheme 4-19; strategy 2-B). Further, the (R)-selective Af-(R)TA in combination with
the same set of alcohol dehydrogenases would lead to (1S,2R)-NE and (1R,2R)-NPE
(scheme 4-19; strategy 2-C and 2-D).

@/\/ strategy 2-A

(15,25)-norpseudoephedrine (NPE)

G\|10’l5 strategy 2-B
S)-2-amino-1-phenyl-

(o] propan-1-one (APPO)

(1R,2S)-norephedrine (NE)
0]
1-phenylpropane- . @/Y strategy 2-C
1,2-dlione (PPDO) Vb

AL
(’?) 4 (1S,2R)-norephedrine (NE)

(R)-2-amino-1-phenyl- @/H/ strategy 2-D

propan-1-one (APPO)

/\

/\

(1R,2R)-norpseudoephedrine (NPE)

Scheme 4-19: Overview of the 1-pot 2-step reaction for the synthesis all nor(pseudo)-
ephedrines combining an (S)-selective (CV2025) or an (R)-selective (At-(R)TA)
o-transaminase in the first step with either an (R)-selective (RADH) or (S)-
selective (LbADH) alcohol dehydrogenase (ADH) in the second step.
Theoretically all isomers are accessible via four different routes (strategy 2 A-D).
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Diol by-product formation in the 1-pot 2-step sequential cascade (strategy 2-A):

Based on the optimised reaction parameters for the transaminase step for the
enzyme CV2025 (1.5 fold excess of (S)-a-methylbenzylamine relative to PPDO), it
was tested whether the subsequent ADH reaction could be performed in the same
reaction vessel without isolation of the reaction intermediate 1-amino-1-phenyl-
propane-2-one (APPO). For both ADH reactions, the cofactor NADPH was
regenerated by using the formate dehydrogenase (FDH) from Pseudomonas sp. and
sodium formate as co-substrate.['®!

The combination of the (S)-selective CV2025 with LbADH was expected to give
(1S,2S)-norpseudoephedrine (scheme 4-19; strategy 2-A). The reaction was
performed with isolated enzymes in both steps as a 1-pot 2-step sequential cascade.
For the first reaction step (reductive amination of 10 mM PPDOQO) an initial reaction
rate of ~0.008 U mg™" was measured (detail information see publication III in chapter
3.3). Compared to the reductive amination of PAC in the nor(pseudo)ephedrine
synthesis strategy 1-A (~0.06 U mg'; see chapter 4.2), the reaction rate is about one
order of magnitude lower. However, still a complete conversion of 10 mM PPDO was
reached within 48 h. In the second reaction step, the amino alcohol product
accumulated in the beginning of the ADH reaction (over ~4 h reaction time to ~40 %
product), but within the next 2 h product formation stopped completely. Further HPLC
investigations indicated that 1-phenylpropane-1,2-diol was formed as a by-product.
However, the diol can only be formed, in case of a reversible o-transaminase

PPDO<=>APPO reductive amination reaction (publication III, chapter 3.3).

Suppression of the diol by-product formation:

In order to suppress this undesired by-product formation, an inactivation of the
o-transaminase by a pH shift or by a removal of the biocatalyst (ultrafiltration) was
investigated after the reductive amination step (publication I1I, chapter 3.3). For these
cascade reactions purified enzymes were used in order to avoid further side
reactions by further enzymes in E. coli crude cell extracts.

Using the pH shift inactivation of the enzyme CV2025 before the LbDADH was added,
an overall conversion of 80 % was reached in 52 h reaction time. The product,
(1S,2S)-NPE, was obtained in excellent optical purity of >99 % de and >98 % ee

(table 4-4, entry #4) and did not degrade in the course of the reaction. Compared to
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the pH shift method, a removal of the CV2025 by ultrafiltration before LbADH addition
resulted in a slightly lower conversion of 57 % in 60 h (table 4-4, entry #2).

The same trend was found for the combination of CvV2025 with RADH (scheme 4-19;
strategy 2-B). Using the pH shift method (table 4-4, entry #5), 82 % of the substrate
PPDO was converted in the 1-pot 2-step sequential cascade to (1R,2S)-NE, again
with high optical purity (>99 % de, >97 % ee). Compared to this, in the ultrafiltration
method a slightly lower optical purity (>99 % de, >97 % ee) and a significantly lower
conversion (57 % compared to 80 %) was measured. This difference in conversion
and ee was not further investigated, since the easier and less expensive pH shift

method resulted in higher values than the ultrafiltration.

Table 4-4: Reaction overview for the synthesis strategy: “transaminase-ADH”

TA reaction® ADH reaction® overall __product ratio [in .%] and
conversion optical purity of major isomer (bold)
& ) .
Entry| catalyst | type |termination®|catalyst| type totalt.reag:tion (1gi32§ )y (15'55)' (1 i‘éR)' (”?\]ES)- optical purity
ime ee | deordr
#1 | CV2025 purif. - LbADH purif. 0% 48h - - - - - -
#2 CV2025 purif filtration | LbADH purif. | 57 % 60h 99.3 0.7 - - >98 % de>99 %
#3 *filtration RADH purif. | 55% 60h - 2.4 - 97.6 >9 % de~95%
#4 CV2025  purif pH shift | LBADH purif. | 80% 52h 99.4 0.6 - - >98 % de>99 %
#5 " pH shift RADH purif. | 82% 40h - 1.5 - 98.5 >99% de97 %
#6 pH shift | LbADH purif. | 40% 36h | 79.9 - 20.1 - >99 % de ~60 %
#7 AHR)TA CCE pH shift RADH purif. [>95% 8h - 77.4 - 22.6 >99% de~55%
#8 CV2025 LWC pH shift | LbADH LWC | 62% 36h 92.0 3.0 5.0 - ~92% de ~90 %
#9 pH shift RADH LWC | 67% 27h 2.1 17.6 - 80.3 >99 % dr~8:2
#10 At(R)TA CCE pH shift | LBADH LWC | 77% 30h 77.3 2.0 20.7 - ~95% de ~80 %
#11 pH shift RADH LWC | 93% 11h - 75.2 0.9 23.9 >99 % dr~7.5:2.5

TA: transaminase, ADH: alcohol dehydrogenase, purif.: purified, CCE: crude cell extract, LWC: lyophilised whole cells, NE:
norephedrine, NPE: norpseudoephedrine - time dependent reaction curves and reaction analytics can be found in the Supp.
Information of publication III (chapter 3.3).

? reaction conditions for reductive amination was carried out as indicated with purified enzyme (1 mgpown mL™"), CCE
(1 MGproteinML™") or LWC (10 mgLwe mL™") of the respective transaminases (At-(R)TA or CV2025) in 100 mM HEPES (pH 7.5),
200 yM PLP, with ~10 mM 1,2-PPDO (see Supp. Information) and 15 mM (R)- or respectively (S)-a-MBA at 27 °C. As
indicated (by joined columns in the TA step), the reaction solutions were spit for the subsequent reductive hydrogenation step.

® reactions were terminated either by ultrafiltration (membrane cut-off: 10 kDa), pH shift (titrated with 20 % (v/v) HCI to pH 2,
then re-titrated with 10 M NaOH to pH 7.5) or not terminated.

® reaction conditions for reductive hydrogenation: 0.5 mM NADP®, 150 mM sodium formate, 10 yL mL™ FDH. Either purified
enzyme (1 Mguoein ML), or lyophilised whole cells (10 mguwe/mL) of the respective alcohol dehydrogenases (LbADH or
RADH) were added to the corresponding solution and incubated at 27 °C.

? overall conversion (sum of N(P)E related to the initial substrate concentration) and the total reaction time is given for the
complete 2-step reaction.
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Comparison of purified enzymes, crude cell extracts and lyophilised whole cells:

The results of the 1-pot 2-step cascade for the synthesis of N(P)E with the
combination of lyases and w-transaminases (chapter 4.2) suggested that lyophilised
whole cells might be used in this cascade setup as well. Therefore, we compared the
application of purified enzymes with lyophilised whole cells (LWC) in both cascade
steps. As an exception, the At-(R)TA was only available as crude cell extract, which
has to be considered for reactions with this enzyme. All cascades were performed as
1-pot 2-step sequential reactions with pH shift inactivation of the transaminase before
the ADH was added.

With lyophilised whole cells, the combination CV2025/LbADH (scheme 4-19; strategy
2-A) gave (1S,2S)-NPE (ee >89 %, de 87 %) (table 4-4, entry #8). Under analogous
reaction conditions, reactions with purified enzymes led to significant higher optical
purities than reactions with lyophilised whole cells. According to these data the 2-step
cascade with lyophilised whole cells of CV2025 and RADH (strategy 2-B) resulted in
the formation of (1S,2R)-NE with an optical purity of >99 % ee but a diastereomeric
ratio (dr) of ~8:2 (table 4-4, entry #5). A possible reason might be a background
reactions mediated by E. coli cellular enzymes or the instability of the APPO
intermediate (e.g. amine-imine tautomerisation). Both could decrease the optical
purity of the N(P)E products although the cascade enzymes (ADH and
o-transaminase) are highly selective.

In contrast to the CV2025, the At-(R)TA was only available as crude cell extract (see
chapter 1.5.5.3). In combination with the RADH (strategy 2-D) as purified enzyme or
as LWC conversions >90 % were detected (table 4-4, entry #7 and #11). Compared
to the reactions with CV2025, the diastereomeric excess of the product (1R,2R)-NPE
was with ~55 % de rather low even when purified ADH was used for the second
reaction step (table 4-4, entry #7). Moreover, the cascade with At-(R)TA and LbADH
(strategy 2-C) did not produce (1S,2R)-NE, but (1S,2S)-NPE as the major isomer. If
LbADH was used as lyophilised whole cells, the undesired product (1S,2R)-NE had
an optical purity of >95 % ee, >80 % de (table 4-4, entry #10), while application of
LbADH as purified enzyme resulted in >92 % ee and >90 % de for (1S,2S)-NPE
(table 4-4, entry #6). As mentioned above, an isomerisation of APPO could result in a

decrease of the diastereomeric excess although the Af-(R)TA is highly selective for
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this compound. However, we were not able to measure the ee of the intermediate
APPO to investigate the reason for the reduced optical purity obtained with crude cell
extracts or whole cells. In case the synthesis of (1R,2R)-NPE and/or (1S,2R)-NE in
this 2-step strategy is of interest in the future, the application of purified enzymes in
both reaction steps is currently the method of choice to achieve high optical purities
as demonstrated for the combination CV2025/LbADH or CV2025/RADH.

Alternative 2-step cascade combining w-transaminases and alcohol dehydrogenases

for the synthesis of (1S,2S)-norpseudoephedrine:

(1S,2S)-norpseudoephedrine is a compound with challenging synthetic strategy and
is e.g. sold as a natural isolate from the plant khat. Since resources are limited, effort
to develop respective synthesis strategies of this pharmaceutical is worthwhile. As
mentioned above, a highly (S)-selective lyase for the synthesis of (S)-PAC as an
intermediate is currently not available (see chapter 4.2.3). Therefore, an alternative
novel synthesis strategy combing a o-transaminases with an alcohol dehydrogenase
was developed. A 2-step strategy combining the (S)-selective CV2025 with the
(S)-selective LbADH results in the formation of (1S,2S)-NPE with excellent optical
purity (ee >98 %, de >99 %) when purified enzymes were used. Although the space-
time-yields are still relatively low (~0.5 g L' d™"), this cascade can be performed in
one reaction pot without isolation of the intermediate product, if the transaminase is
inactivated via a pH shift prior to addition of the LbADH. According to our results,
lyophilised whole cells should not be used in this process since the optical purities
were significantly higher with purified proteins in both reaction steps. Beside (1S,2S)-
norpseudoephedrine, (1R,2S)-norephedrine could also be synthesised using this

strategy in high optical purity of ee >97 % and a de >99 %.
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5 Conclusion and future perspectives

Chiral primary vicinal amino alcohols are valuable compounds for the pharmaceutical
industry and find as well various applications e.g. as synthons or chiral ligands in
organic chemistry. These chiral compounds are hardly accessible with classical
chemical synthesis strategies. In this thesis, the general access to such compounds
in only two reaction steps and with high stereoselectivities was demonstrated. The
biocatalytic cascade reaction, combining ThDP-dependent enzymes in the first
reaction step followed by subsequent reductive amination catalysed by
o-transaminases in the second step, offers great potential for the production of

vicinal amino alcohols.

The synthesis of nor(pseudo)ephedrines was investigated in more detail. It was
possible to perform the reaction in one reaction vessel without isolation of the
respective reaction intermediate. One pot reactions in general lower process costs by
reducing downstream processing effort. For the 1-pot 2-step cascade towards
(1R,2S)-norephedrine and (1R,2R)-norpseudoephedrine in the sequential mode, high
conversion values and excellent stereoselectivities were obtained. The simultaneous
cascade, where both enzymes are active at the same time, would be the most
process-efficient approach for cascades reactions, which is especially true in terms of
reaction times and simplicity. However, the simultaneous strategy is as well the most
challenging one since highly selective catalysts in all cascade steps are required to
avoid the formation of undesired by-products. In our 2-step cascade we observed an
undesired benzylamine formation, resulting from a reductive amination of
benzaldehyde by the -transaminases. The by-product/product ratio could
successfully be reduced by application of w-transaminases with decreased affinity

towards benzaldehyde relative to the 2-hydroxy ketone.

A further increase of transaminase affinity for mixed aromatic-aliphatic 2-hydroxy
ketones relative to aromatic aldehydes by structure- and mechanism-guided enzyme
engineering would be a promising project for the future. However, the sequential
recycling cascade mode offers a valuable alternative to the simultaneous cascade
mode. Here as well, high efficiency and sustainability by novel process designs are

feasible. Reactions in preparative scales as well as efficient downstream processing
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protocols must be developed to demonstrate the benefit of the 2-step cascade in
larger scales. Here, analyses of process costs and sustainability would be useful to
evaluate the different strategies and process designs, which were studied in this
thesis for larger scale applications. To decrease overall process costs, it could
already be demonstrated that whole cell biocatalysis can be used in some cascades
as an alternative to purified enzymes or crude cell extracts. Furthermore, the
‘recycling cascade’ offers the potential to increase the atom economy by reducing
waste production. To perform this cascade type even more efficiently, highly

selective biocatalysts are required to avoid by-product formation as far as possible.

As an alternative to these approaches, the 2-step synthesis of amino alcohols
combing -transaminases and alcohol dehydrogenases was developed to
complement the amino alcohol platform. By using purified enzymes in both reaction
steps, (1S,2S)-norpseudoephedrine was produced for the first time in high optical
purity (>98 % and ee >99 %) by a 2-step cascade. In addition, (1R,2S)-norephedrine

can be obtained with similar high purities (table 5-1).

Table 5-1:  Optical purity of nor(pseudo)ephedrines obtained via the two different 2-step
synthesis strategies developed in this thesis
OH OH OH
(R) ~(S) ~(R)
(R) (97 (S)
NH, NH, NH,
(1R,2S)-nor (1R,2R)-nor (1S,2S)-nor (1S,2R)-nor
ephedrine pseudoephedrine pseudoephedrine ephedrine
Strategy 1: combining ThDP-dependent enzymes and w-transaminases
strategy 1-A 1-B 1-C 1-D
enzyme AHAS-| AHAS-| ApPDC-E469G ApPDC-E469G
combination with CV2025 with A(R)TA with CV2025 with At-(R)TA
ontical purit de >98 %, de >98 %, de >98 %, de >98 %,
phical purity ee >99 % ee >99 % ee >70 % ee >70 %
spa;;;:;me- 2149 L d™ 269 L d™ 2-pot reaction 2-pot reaction
Strategy 2: combining o-transaminases and dehydrogenases
strategy 2-B 2-D 2-A 2-C
enzyme CV2025 At-(R)-TA CV2025 CV2025
combination with RADH with RADH with LbADH with LbADH
ootical purit de >97 %, de >55 %, de >99 %, only as minor
P punty ee >99 % ee >99 % ee >98 % isomer
space-time- A 1 A1 - A 1 )
yield 0.75gL" d 43glL'd 05gL"d
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Chapter 5 Conclusion and future perspectives

For future perspectives, the application of these cascade concepts to other valuable
amino alcohols will be of interest. As long-term goal, a platform of various substituted
amino alcohols to otherwise hardly accessible chiral compounds can be generated.
Two independent factors limit the access to a broad product platform using ThDP-
dependent enzymes and o-transaminases strategy.

On the one hand, the substrate scope of w-transaminases is still restricted by
residues fitting into the “small pocket” of the active site. The number of examples in
literature of accepted substrates with residues larger than ethyl groups is still rare.
Variants generated by directed evolution or rational design can be screened with the
developed TTC-based screening assay. On the one hand, highly (S)-selective ThDP-
dependent enzymes will be required for the synthesis of (S)-PAC and derivatives
thereof. Here, on-going enzyme engineering might help to complement the already
existing enzyme toolbox. Another method would be the chiral enrichment of (S)-PAC
(“chiral polishing”), which has already been demonstrated as a proof-of-concept.
Using an (R)-selective lyase, which cleaves (R)-PAC into benzaldehyde and
acetaldehyde, the optical purity of (S)-PAC could be increased to an ee ~97 %. The
implementation of this approach at preparative scale will be a target for future

research.
In general, the amino alcohol platform itself offers a great potential as synthons for

subsequent chemical or enzymatic steps, such as imine-formation, ether- or

esterification and addition or elimination reactions.
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Appendix

I.) Syntheses of reference substances

The syntheses of (1R,2R)-1-amino-1-phenylpropane-2-ol (APP) was performed in
two reaction steps according to the literature. In the first reaction step, Sharpless
asymmetric aminohydroxylation!”,  (4R,5R)-5-methyl-4-phenyloxazolidin-2-one is
synthesised. The subsequent oxazolidinone hydrolysis'? results in the formation of
(1R,2R)-APP with an ee of ~80 %.

1.a) Sharpless asymmetric aminohydroxylation!"

NaON, Urethane,
Ko[OSO,(OH)4],
1,3-dichloro-5,5-di-
methyl hydantoin,
nPrOH/H,0,

Ph ) Ph
DHQD),PHAL % 1.5:1 %
X (Pribl, R~ (R) rR— (R
o HN\H/O O\“/NH
(@] O
(E)-prop-1-en- (4R ,5R)-5-methyl- (4R,5R)-4-methyl-
1-ylbenzene 4-phenyloxazolidin-2-one  5-phenyloxazolidin-2-one

NaOH (26 mmol, 1045 mg) were dissolved in 47 mL distilled water in a 250 mL
round-bottom flask. Potassium-osmate-(VI)-oxide-hydrate (0.2 mmol 72.0 mg) was
solved in 2mL of the 0.5M NaOH solution. 1-propanol (23.4 mL), urethane
(26 mmol, 2.40 g) and 1,3-dichloro-5,5-dimethylhydantoin (13 mmol, 2.61 g) were
added to the remaining NaOH solution. (E)-prop-1-en-1-ylbenzene (8.45 mmol, 998.6
mg) and DHQD,(PHAL) (0.2 mmol, 152 mg) was taken up in 1-propanol (7 mL). The
solution was added to the 0.5 M NaOH solution and then potassium osmate solution
added. The solution was stirred for 4 hours at room temperature and then NaOH (26
mmol, 1045 mg) was added. After 30 min of stirring, 25 mL H,O was added. The
solution was extracted three times with ethyl acetate (50 mL). The organic layers
were combined and dried over magnesium sulphate. The crude product was purified
via chromatography (silica, 70 : 30, cyclohexane : ethyl acetate) to separate the
regioisomers. (4R,5R)-5-methyl-4-phenyloxazolidin-2-one was obtained in a yield of
53.4 % (4.52 mmol, 803 mg).

(4R,5R)-5-methyl-4-phenyloxazolidin-2-one:

'H-NMR (600 MHz, CDCl3): 1.50 (d, °J; 2 = 5.7 Hz, 3 H, 1-H), 4.44 (m, 2 H, 2-H, 3-H),
5.54 (s, 1 H, N-H), 7.24-7.45 (m, 5 H, arom.-H). The NMR data are in accordance to
the literature data.!"

- 147 -



Appendix

1.b) Oxazolidinone hydrolysis'®

LiOH,
Ph, EtOH, H,0, NH,  ©8=88%,
(R) /(R 12h, 80 °C r, 98=99%
HN_ O N R

0]

(4R,5R)-5-methyl-
4-phenyloxazolidin-2-one

(1R,2R)-1-amino-
1-phenylpropan-2-ol

(4R,5R)-5-methyl-4-phenyloxazolidin-2-one (2.1 mmol, 365 mg) of the Sharpless
asymmetric aminohydroxylation product was dissolved in 36 mL ethanol and 15 mL
distilled water. Lithium hydroxide (61.8 mmol, 1.48 g) was added. The reaction was
heated up to 90 °C and heated under reflux for 12 h. The organic solvent was
evaporated under reduced pressure and then three times extracted with 30 mL ethyl
acetate. The organic layers were combined, dried over magnesium sulphate and then
concentrated under reduced pressure. The product was purified via chromatography
(silica, 50 : 50 = methanol : chloroform). (1R,2R)-1-amino-1-phenylpropane-2-ol was
obtained in a yield of 93 % (1.95 mmol, 295 mg).

(1R,2R)-1-amino-1-phenylpropane-2-ol:

'H-NMR (600 MHz, CDCls): 1.04 (d, °J;2 = 6.0 Hz, 3 H, 1-H), 2.22 (brs, 3 H, NHa,
OH), 3.55 (d, 3J32 = 7.9 Hz, 3-H), 3.75 (dq, >Jo 1 = 6.0 Hz, >J,3 = 7.9 Hz, 2-H), 7.25-
7.36 (m, 5 H, arom.-H). Spectroscopic data are in agreement with those published
previously.’”! The optical purity was determined by chiral HPLC: ee = 79.3 % (Daicel
CROWNPAK® CR(+) Analytical Column, eluent: H,O/H3sPO4 pH 2, 0.4 mL min™".
(1R,2R)-APP: 20.8 min, (1S,2S)-APP: 19.5 min)

NH
/%T% ”F/
U\\,/// OH
References:
1. N. S. Barta, D. R. Sidler, K. B. Somerville, S. A. Weissman, R. D. Larsen and P. J. Reider,

Practical modifications and applications of the sharpless asymmetric aminohydroxylation in
the one-pot preparation of chiral oxazolidin-2-ones. Org. Lett., 2000, 2, 2821-2824.

2. S. J. Katz and S. C. Bergmeier, Convenient methods for the hydrolysis of oxazolidinones to
vicinal aminoalcohols. Tetrahedron Lett., 2002, 43, 557-559.
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I1.) Cloning strategy, gene- and protein sequences of unpublished
enzymes

I1.a) w-transaminase Sery1824

Cloning strategy

The coding region of the transaminases Sery1824 was cloned by our cooperation
partner into the vector pET-29a vector (Novagen) using the Ndel restriction sites at
the N-terminus and Xhol sites at the C-terminus. The manual was performed like
described for the construction of the expression vector for the enzyme CV2025 from
Chromobacterium violaceum previously.''®!

Xhol

Sery1824
kan Res

1000

Sery1824 pET-29a

500

6516 bps 50

~

Gene sequence:
ATGTCGGCATCGGCCAGTCCGGACACGACCAGCACCCGGCTGTGGCACCCGTTCGCGAACATGGCGGACGTGAAGAACCAGGCCTTCCTGGTGG
ACCGCGCCGAGGGGGTGTGGGTCTACGACCAGGACGGGCGGCAGTACCTGGACGCCACCGCGAGCCTCTGGTACGTCAACATCGGACACGGCAG
GCGCGAGATCGCCGACGCCGTCGCCGCCCAGATGAGCAGGCTCGACGCGTTCAACGTCTTCAACGACTACACCAACCGGCCCGCCGAGGAGCTG
GCCGCCCGCCTGGCCGCGCTGGCGCCGATGGACGACGCGCGGGTGTTCTTCACCTCCGGCGGCGCCGACTCCATCGAGACCGCCGCGAAGCTGG
CCCGGTTGTACTGGGTCAACCGCGGGCAGCCGCAGCGCACCCACCTGCTCAGCCGCGGGCAGGCCTACCACGGCACCCACGGCGTGGGCACGAG
CATCGCGGGCATCCAGGCCAACCGGGACGGCTTCGGCGAGATGATCGCCGACACCACGCGGGTCTCCAACGAGGACCCCGAGGACCTGCGGGAC
GCGATCGAGCGGCTCGGCGCCGACCGGGTCGCCGCCTTCTTCGCCGAACCGGTGATCGGCGCGGGCGGGCTCATCCCGCCCAAGCCGGGATACC
TGGAGGCGGTCGCCAAGATCTGCCGCGAGTACGACGTGCTGTTCGTGGCCGACGAGGTCATCTGCGGTTTCGGCCGCCTCGGGCACTGGTTCGG
CTCGCAGCGCTTCGACCTGCGCCCGGACCTGATCACCTTCGCCAAGGGCGTCACCAGCGGCTACCTCCCACTCGGCGGGGTCATCGCGGCGGGL
TCGGTCGCCGAGCCGTTCTGGACCGACGGCGGCAGGCCGTTCCGGCACGGCCCCACCTACTCCGGGCACCCGACGGTGGCCGCCGCGGLCGLTGG
CGAACCTCGACATCCTGGAACGGGAGGACCTGCTGGGCCGCTCCCGCGAGCTTGAGCAACCGCTGTTCGACGTGCTGCGGTCGCTCACCGACCA
CCCCGCCGTCAGCGAGGCCCGCGGCGGTGTGGGCCTGCTGGGCGCGGTGGAGCTCGACGCCGCACTGCTGGCCGAGGAACCCGGGCTGGTTCTG
CGCGCGCACCAGGCGATCCGCGCCGCCGGTGTCATCACCCGCCCGCTGGGCAGCGCACTGGCGGTCTCCCCGCCGCTGACGATCACGACGGAGC
AGGTCGACCTCATCGGCCAGGGCATCCGCGCCGGGCTGGACGCGACGCTGTCCTGA

Protein sequence:
MSASASPDTTSTRLWHPFANMADVKNQAFLVDRAEGVWVYDQODGRQYLDATASLWYVNIGHGRREIADAVAAQMSRLDAFNVENDYTNRPAEEL
AARLAALAPMDDARVFEFFTSGGADSIETAAKLARLYWVNRGOQPORTHLLSRGQAYHGTHGVGTSIAGIQANRDGFGEMIADTTRVSNEDPEDLRD
ATERLGADRVAAFFAEPVIGAGGLIPPKPGYLEAVAKICREYDVLEVADEVICGFGRLGHWEFGSQRFDLRPDLITFAKGVTSGYLPLGGVIAAG
SVAEPFWTDGGRPFRHGPTYSGHPTVAAAALANLDILEREDLLGRSRELEQPLFDVLRSLTDHPAVSEARGGVGLLGAVELDAALLAEEPGLVL
RAHQATRAAGVITRPLGSALAVSPPLTITTEQVDLIGQGIRAGLDATLS
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I1.b) w-transaminase Sery4673

Cloning strategy

The coding region of the transaminases Sace4673 was cloned by our cooperation
partner into the vector pET-29a vector (Novagen) using the Ndel restriction sites at
the N-terminus and Xhol sites at the C-terminus. The manual was performed like
described for the construction of the expression vector for the enzyme CV2025 from
Chromobacterium violaceum previously.'%?!

Xhol

Sace4673
\

1000

Ndel Sace4673 in pET-29a

5000

6639 bps 2000

~

Gene sequence:

ATGACCACGCTCGACAACGCCACCGCACCGTCCACATCGCAAACCCCGGCCGCCGAGTCCGCCGCGCGCCACCTCTGGATGCACTTCGCCCGCA
TGGGCGGCCGAGGACCGGAGAACCCCGTCCCGGTCATCACCCGCGGCGAGGGCGTGCACCTCTGGGACGACCGCGGCCGACGCGTCCTCGACGG
CCTGGCCGGGCTGTTCGTGGTGCAGGCCGGCCACGGCCGCCGCGAGCTGGCCGAGGTGGCCGCCCGCCAGGCCTGCGAGCTCGCCTACTTCCCG
GTGTGGGGCTACGCCACTCCGCCGGCGGCCGAGCTCGCCGAGCGCCTGGCCCACCTCGCCCCGGGCGACCTCAACCGCGTCTTCTTCACCTCCG
GCGGAGGCGAAGCCGTCGAGTCGGCCTGGAAGGTCGCCAAGCAGTACTTCAAGCTCGTCGGAAAACCGCTGAAGCACAAGGTGATCAGCCGGTC
CGTGGCCTACCACGGCACACCGCACGGCGCGATGGCCATCACCGGGCTGCCGAAGATGAAGCAGGACTTCGAGCCGCTGGCCCCGGGCGGTTTC
CGGGTGCCCAACACCAACATCTACCGGAACCCCGAGTTCGCCGGCGACCCGGAGGCGTTCGGCCGCTGGGCCGCCGACCGCGTCGAGGAGGCCA
TCCTCTTCGAGGGTCCCGACACGGTGGCCGCCGTCGTGCTCGAGCCGGTGCAGAACTCCGGCGGATGCCTGACCGCGCCCCCGAGCTACTTCGC
GCGGGTCCGCGAGATCTGCGACCGCCACGACGTGCTGCTGGTCTCCGACGAGGTCATCTGCGCGTTCGGCAGGCACGGCCACACCTTCGCCTGC
GACAAGTTCGGCTACGTGCCCGACCTGATCACCTGCGCGAAGGGCATGACCTCCGGCTACGGCCCGCTCGGAGCGCTGATCGCCTCCGACCGLG
TGATGGAACCGTTCCTGCGGCCCGGCGTCACCTTCCCCCACGGCTACACCTGGGGCGGCCACCCCGTCTCGGCGGCCGTCGCGCTCGCCAATCT
CGAGCTGATGGCGGAGGAAGGACTGCACCAGCGGGTTCTGGACAACGAGCGGGCGTTCGGCGAGACGCTCGGCAAGCTGCTGGACCTGCCGATC
GTCGGCGACGTCCGCGGCGACGGGTACTTCTGGGCCGTCGAGCTGGTCAAGGACAAGGCCACCCGCGAGACCTTCGACGCCGACGAGCGGGAGC
GTCTGGTCCGCGGCTTCCTGCCCGGGGCCCTGTTCGACAACGGGCTGTACTGCCGCCCCGACGACCGCGGCGACGTCGTCGTCCAGCTCGCCCC
GCCGCTGATCGCCGGGCAGGCCGAGTTCGACGAGATCGAGGGCATCCTCCGGCACACGCTGCTCGAAGCCACGTCCGCCCTCTGA

Protein sequence:

MTTLDNATAPSTSQTPAAESAARHLWMHFARMGGRGPENPVPVITRGEGVHLWDDRGRRVLDGLAGLEVVQAGHGRRELAEVAARQACELAYFP
VWGYATPPAAELAERLAHLAPGDLNRVFEFFTSGGGEAVESAWKVAKQYFKLVGKPLKHKVISRSVAYHGTPHGAMAITGLPKMKQDFEPLAPGGE
RVPNTNIYRNPEFAGDPEAFGRWAADRVEEAILFEGPDTVAAVVLEPVONSGGCLTAPPSYFARVREICDRHDVLLVSDEVICAFGRHGHTFAC
DKFGYVPDLITCAKGMTSGYGPLGALIASDRVMEPFLRPGVTFPHGYTWGGHPVSAAVALANLELMAEEGLHQRVLDNERAFGETLGKLLDLPI
VGDVRGDGYFWAVELVKDKATRETFDADERERLVRGFLPGALFDNGLYCRPDDRGDVVVQLAPPLIAGQAEFDEIEGILRHTLLEATSAL
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I1.c) w-transaminase Sery1902

Cloning strategy

The coding region of the transaminases Sery1902 was cloned by our cooperation
partner into the vector pET-29a vector (Novagen) using the Ndel restriction sites at
the N-terminus and Xhol sites at the C-terminus. The manual was performed like
described for the construction of the expression vector for the enzyme CV2025 from
Chromobacterium violaceum previously.'%?!

Xho

Sery1902
\

kan Res

1000

Ndel Sery1902 in pET-29a

5000

6647 bps 2000

~

Gene sequence:

ATGACCGCGACGGAGAACCCCGCCGCCACCAGGACGCTCGGCGACCGAGCCCGCGACCACCTGTGGTTGCACTTCGCCCAGCACGCCGGCTACG
CCGACCGGGAGATCCCGGTGATCACCCGCGGCGAGGGCGCCTACGTCTACGACGAGCGCGGCAAGCGCTACCTCGACGGCCTGGCCGGGCTGTT
CGCGGTCCAGGTCGGCCACGGCCGCGAGGAGTTGGCGCTGGCCGCGGCCGAGCAGACCCGCAAGCTCGCCTACTTCCCGCTGTGGTCGCACGCG
CACCCCAGCGCCATCGAGCTCGCCGAGCGGATCGCCGCGCAGGCGCCGGGCGAGCTGAACCGGGTCTTCTTCACCGGAGGCGGCGGCGAGGCLG
TCGAAACCGCGTGGAAGCTGGCCAAGCAGTACTTCAAGAAGACCGGCAAGCCGACCAAGCACAAGGTGATCAGCCGCTCGCTGGCCTACCACGG
CACGTCGCAGGGTGCGCTGTCGATCACCGGCATCCCGGGCGCGAAGCAGGACTTCGAACCGCTGGTGCCCAGCGCCATCAAGGTGCCCAACALCC
AACTTCTACCGCGCTCCCGAGCACGCCGGCGACTACGAGGCGTTCGGCCGGTGGGCCGCCGACCAGGTCGCGCTGGCCATCGAGATGGAGGGGC
CGGACACCGTGGCGGCGGTGTTCCTCGAACCGCTGCAGAACACCGGCGGCTGCTTCCCGCCGCCGCCCGGCTACTGGCAGCGGGTCCGCGAGAT
CTGCGACGCCTACGACGTCCTGCTGGTCTCCGACGAGGTGATCTGCGCATTCGGCCGCCTGGGGCACGACTTCGGCGCCAACCGCTACGGCTAC
CAGCCCGACATCATCACCACCGCCAAGGGCCTCACCTCCGGCTACGCGCCGCTGGGCGCGATGATCGCCGACGAACGGCTGATGCGGCCGTTCC
TGTCCGGCGGCAGCAGCTTCGCGCACGGCTCGACCTACGGCGGACATCCCGTCTCGTGCGCGGTGGCGATGGCCAACCTCGACGTCATGGAGTC
CGAGGACCTCTACGGCCGGGTGCTGTCCAACGAGGCGAACTTCCGCGCCACGCTGGAGAAGCTGCTCGACCTGCCGATCGTCGGCGACGTGCGC
GGGCAGGGCTACTTCTACGGCATCGAGCTGGTGAAGGACAAAGCGACCAAGGCGACCTTCACCCCGGACGACGCCGAGCGCGTGCTGCGCGGLT
ACGTCTCCGACGCACTGTTCGACGCCGGGCTCTACTGCCGCGCCGACGACCGCGCCGAACCGGTGATCCAGCTCGCGCCGCCGCTGATCTGCAC
CCAGGAGCACTTCGACGAGGTCGAGCAGATCCTGCGCTCGGTGCTGTCGGAGGCGTGGACGCGGCTGTGA

Protein sequence:

MTATENPAATRTLGDRARDHLWLHFAQHAGYADREIPVITRGEGAYVYDERGKRYLDGLAGLFAVQVGHGREELALAAAEQTRKLAYFPLWSHA
HPSAIELAERIAAQAPGELNRVFFTGGGGEAVETAWKLAKQYFKKTGKPTKHKVISRSLAYHGTSQGALSITGIPGAKQDFEPLVPSAIKVPNT
NFYRAPEHAGDYEAFGRWAADQVALAIEMEGPDTVAAVFLEPLONTGGCFPPPPGYWQRVREICDAYDVLLVSDEVICAFGRLGHDFGANRYGY
QPDIITTAKGLTSGYAPLGAMIADERLMRPFLSGGSSFAHGSTYGGHPVSCAVAMANLDVMESEDLYGRVLSNEANFRATLEKLLDLPIVGDVR
GOGYFYGIELVKDKATKATFTPDDAERVLRGYVSDALFDAGLYCRADDRAEPVIQLAPPLICTQEHFDEVEQILRSVLSEAWTRL
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I1.d) w-transaminase Sav4551

Cloning strategy

The coding region of the transaminases Sav4551 was cloned by our cooperation
partner into the vector pET-29a vector (Novagen) using the Ndel restriction sites at
the N-terminus and Xhol sites at the C-terminus. The manual was performed like
described for the construction of the expression vector for the enzyme CV2025 from
Chromobacterium violaceum previously.'%?!

Xho

Sav4551
kan Res

1000

Sav4551 in pET-29a

Ndel

= 5000

6594—bps 2000

~

Gene sequence:

ATGACCCCTCAGCCGAATCCCCAGGTCGGTGCCGCCGTCAAGGCCGCGGACCGTGCGCATGTCTTCCACTCCTGGTCAGCGCAGGAGCTCATCG
ACCCGCTCGCCGTCGCCGGTGCGGAGGGGTCGTACTTCTGGGACTACGACGGCAGGCGGTACCTGGACTTCACCAGCGGACTCGTCTTCACCAA
CATCGGGTACCAGCACCCCAAGGTCGTCGCCGCCATTCAGGAGCAGGCCGCGAGCCTGACCACCTTCGCGCCCGCCTTCGCCGTCGAGGCGLGG
TCCGAGGCGGCCCGGCTCATCGCCGAGCGGACGCCCGGAGACCTCGACAAGATCTTCTTCACCAACGGCGGGGCCGACGCCATCGAGCACGCCG
TGCGCATGGCGCGGATACACACCGGGCGGCCCAAGGTGCTGTCCGCCTACCGCTCCTACCACGGTGGCACCCAGCAGGCCGTCAACATCACCGG
TGATCCGCGCCGCTGGGCCTCCGACAGCGCCTCGGCGGGCGTCGTGCACTTCTGGGCGCCGTACCTCTACCGGTCGCGCTTCTACGCGGAGACC
GAGCAGCAGGAGTGCGAGCGGGCGCTGGAGCACCTGGAGACGACCATCGCCTTCGAGGGGCCGGGCACGATCGCCGCGATCGTGCTGGAGACCG
TTCCGGGGACCGCGGGGATCATGGTTCCGCCGCCCGGATATCTCGCCGGGGTGCGTGAGCTGTGCGACAAGTACGGCATCGTCTTCGTCCTGGA
CGAGGTGATGGCCGGGTTCGGACGGACCGGTGAGTGGTTCGCCGCGGATCTCTTCGACGTCACACCCGACCTGATGACCTTCGCCAAGGGCGTG
AACTCCGGATATGTGCCGCTGGGCGGTGTCGCGATCTCCGGGAAGATCGCCGAGACCTTCGGGAAGCGGGCCTACCCGGGCGGTCTGACCTACT
CCGGGCATCCGCTCGCCTGCGCCGCCGCCGTCGCCACGATCAACGTCATGGCCGAGGAGGGGGTCGTCGAGAACGCGGCGAACCTCGGCGCCCG
GGTCATCGAGCCGGGGCTGCGCGAGCTGGCCGAGCGGCACCCGTCCGTGGGCGAGGTGCGCGGTGTCGGCATGTTCTGGGCGCTGGAGCTGGTC
AAGGACCGGGAGACGCGGGAGCCGCTGGTGCCGTACAACGCGGCGGGCGAGGCGAACGCGCCGATGGCCGCCTTCGGTGCCGCCGCCAAGGCGA
ACGGCCTGTGGCCGTTCATCAACATGAACCGCACGCACGTCGTGCCCCCGTGCAACGTCACGGAGGCCGAGGCCAAGGAAGGCCTGGCGGCCCT
CGACGCGGCCCTCTCGGTGGCGGACGAGTACACGGTTTAG

Protein sequence:

MTPQPNPQVGAAVKAADRAHVFHSWSAQELIDPLAVAGAEGSYFWDYDGRRYLDFTSGLVEFTNIGYQHPKVVAAIQEQAASLTTFAPAFAVEAR
SEAARLIAERTPGDLDKIFFTNGGADAIEHAVRMARIHTGRPKVLSAYRSYHGGTQQAVNITGDPRRWASDSASAGVVHFWAPYLYRSREYAET
EQQECERALEHLETTIAFEGPGTIAAIVLETVPGTAGIMVPPPGYLAGVRELCDKYGIVEVLDEVMAGFGRTGEWFAADLEDVTPDLMTFAKGV
NSGYVPLGGVAISGKIAETFGKRAYPGGLTYSGHPLACAAAVATINVMAEEGVVENAANLGARVIEPGLRELAERHPSVGEVRGVGMFWALELV
KDRETREPLVPYNAAGEANAPMAAFGAAAKANGLWPFINMNRTHVVPPCNVTEAEAKEGLAALDAALSVADEYTV
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Il.e) w-transaminase Sav2612

Cloning strategy

The coding region of the transaminases Sav2612 was cloned by our cooperation
partner into the vector pET-29a vector (Novagen) using the Ndel restriction sites at
the N-terminus and Xhol sites at the C-terminus. The manual was performed like
described for the construction of the expression vector for the enzyme CV2025 from
Chromobacterium violaceum previously.'%?!

Xhol

Sav2612
kan Res

1000

Nde Sav2612 in pET-29a

5000

6618 bpS 2000

~

Gene sequence:

ATGGGGAACCCGATAGCCGTGAGCAAGGACCTCAGCCGAACCGCGTACGACCACCTGTGGATGCACTTCACCCGCATGTCCTCGTACGAGAACG
CGCCCGTTCCCACCATCGTCCGTGGTGAGGGCACCTACATCTACGACGACAAGGGCAAGCGCTACCTCGACGGTCTCTCGGGTCTGTTCGTGGT
CCAGGCGGGCCACGGCCGCACGGAGCTGGCGGAGACCGCGTTCAAGCAGGCTCAGGAACTGGCCTTCTTCCCGGTGTGGTCCTACGCCCACCCG
AAGGCCGTGGAACTGGCCGAGCGCCTTGCGAACTACGCCCCGGGCGACCTCAACAAGGTCTTCTTCACCACCGGCGGCGGCGAGGCGGTCGAGA
CCGCCTGGAAGCTCGCCAAGCAGTACTTCAAGCTCCAGGGCAAGCCGACCAAGTACAAGGTCATCTCGCGCGCGGTCGCCTACCACGGCACCCC
GCAGGGCGCCCTGTCCATCACCGGCCTGCCGGCCCTGAAGGCCCCCTTCGAGCCGCTGGTCCCGGGCGCCCACAAGGTCCCGAACACCAACATC
TACCGCGCCCCGCTCTTCGGCGACGACCCCGAGGCCTTCGGCCGCTGGGCCGCCGACCAGATCGAGCAGCAGATCCTCTTCGAGGGCCCGGAGA
CGGTCGCGGCCGTCTTCCTGGAGCCGGTGCAGAACGCCGGCGGCTGCTTCCCGCCGCCGCCCGGCTACTTCCAGCGCGTGCGCGAGATCTGCGA
CCAGTACGACGTGCTGCTGGTGTCGGACGAGGTCATCTGTGCCTTCGGCCGCCTCGGCACGATGTTCGCCTGCGACAAGTTCGGCTACGTACCG
GACATGATCACCTGCGCCAAGGGCATGACCTCGGGCTACTCCCCGATCGGCGCGTGCATCGTCTCCGACCGCATCGCCGAGCCGTTCTACAAGG
GCGACAACACCTTCCTGCACGGCTACACGTTCGGCGGCCACCCGGTCTCCGCCGCCGTGGGTGTCGCCAACCTCGACCTGTTCGAGCGCGAGGG
CCTCAACCAGCACGTGCTGGACAACGAGTCCGCGTTCCTCACGACGCTCCAGAAGCTGCACGACCTGCCGATCGTCGGCGACGTCCGCGGCAAC
GGCTTCTTCTACGGCATCGAGCTGGTGAAGGACAAGGCCACCAAGGAGACGTTCACGGACGAGGAGTCGGAGCGCGTGCTCTACGGCTTCGTCT
CCAAGAAGCTCTTCGAGTACGGCCTCTACTGCCGCGCCGACGACCGCGGTGACCCGGTCATCCAGCTGTCGCCGCCGCTGATCTCCAACCAGTC
GACCTTCGACGAGATCGAATCGATCATCCGGCAGGTGCTGACGGAGGCGTGGACGAAGCTCTGA

Protein sequence:

MGNPIAVSKDLSRTAYDHLWMHFTRMSSYENAPVPTIVRGEGTYIYDDKGKRYLDGLSGLEFVVQAGHGRTELAETAFKQAQELAFFPVWSYAHP
KAVELAERLANYAPGDLNKVFFTTGGGEAVETAWKLAKQYFKLQGKPTKYKVISRAVAYHGTPQGALSITGLPALKAPFEPLVPGAHKVPNTNI
YRAPLFGDDPEAFGRWAADQIEQQILFEGPETVAAVFLEPVONAGGCFPPPPGYFQRVREICDQYDVLLVSDEVICAFGRLGTMFACDKEFGYVP
DMITCAKGMTSGYSPIGACIVSDRIAEPFYKGDNTFLHGYTFGGHPVSAAVGVANLDLFEREGLNQHVLDNESAFLTTLOKLHDLPIVGDVRGN
GFFYGIELVKDKATKETFTDEESERVLYGFVSKKLFEYGLYCRADDRGDPVIQLSPPLISNQSTFDEIESITIRQVLTEAWTKL
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I1.f) w-transaminase Sco05655

Cloning strategy

The coding region of the transaminases Sco5655 was cloned by our cooperation
partner into the vector pET-29a vector (Novagen) using the Xhol restriction sites at
the N-terminus and Xhol sites at the C-terminus. The manual was performed like
described for the construction of the expression vector for the enzyme CV2025 from
Chromobacterium violaceum previously."'%!

Xhol

Sco5655
kan Res
\
1000

Xhol .

Sco5655 in pET-29a

5000

Ndel

6767 bps 2000

Gene sequence:

ATGAGCACCGACAGCCCCAAGGACCTCAGCCGGACCGCCTACGACCACCTGTGGATGCACTTCACCCGCATGTCGTCGTACGAGAACGCCCCCG
TCCCCACCATCGTCCGCGGTGAGGGCACCCACATCTACGACGACAAGGGCAGGCGCTACCTCGACGGTCTCGCCGGCCTGTTCGTGGTCCAGGC
CGGACACGGCCGCCAGGAGCTCGCGGAGACCGCCTCCAAGCAGGCGCAGGAGCTCGCCTTCTTCCCGGTGTGGTCCTACGCCCACCCCAAGGCC
GTCGAGCTGGCCGAGCGGCTGGCCAACGAGGCCCCCGGCGACCTCAACAAGGTCTTCTTCACCACCGGCGGCGGCGAGGCGGTGGAGACCGCCT
GGAAGCTCGCCAAGCAGTACTTCAAGCTGACCGGCAAGCCCACCAAGTACAAGGTGATCTCCCGCGCGGTGGCCTACCACGGCACCCCGCAGGG
CGCCCTGTCCATCACCGGCCTGCCCGCCCTGAAGGCTCCCTTCGAGCCGCTGGTCCCCGGCGCGCACAAGGTGCCGAACACCAACATCTACCGC
GCCCCGATCCACGGCGACGACCCCGAGGCCTACGGCCGCTGGGCCGCCGACCAGATCGAGCAGCAGATCCTGTTCGAGGGTCCGGAGACCGTCG
CGGCGGTCTTCCTTGAGCCGGTGCAGAACGCGGGCGGCTGCTTCCCGCCCCCGCCCGGCTACTTCCAGCGGGTGCGCGAGATCTGCGACCAGTA
CGACGTACTGCTCGTCTCGGACGAGGTCATCTGCGCCTTCGGCCGCCTGGGCACCACCTTCGCCTGCGACAAGTTCGGCTACGTCCCGGACATG
ATCACCTGCGCCAAGGGCATGACCTCGGGCTACTCCCCGATCGGCGCCTGCGTCATCTCCGACCGCCTGGCCGAGCCCTTCTACAAGGGCGACA
ACACCTTCCTGCACGGCTACACCTTCGGCGGCCACCCGGTCTCCGCCGCGGTCGGCATCGCCAACCTCGACCTCTTCGAGCGCGAGGGCCTCAA
CCAGCACGTGCTGGACAACGAGGGCGCCTTCCGCGCCACCCTGGAGAAGCTGCACGACCTGCCGATCGTCGGCGACGTCCGCGGCAACGGCTTC
TTCTACGGCATCGAGCTGGTGAAGGACAAGGCCACCAAGGAGTCCTTCGACGAGGAGGAGACCGAGCGCGTCCTGTACGGCTTCCTCTCCAAGA
AGCTCTTCGAGAACGGCCTGTACTGCCGTGCCGACGACCGCGGCGACCCGGTCATCCAGCTCGCCCCGCCGCTGATCTCCAACCAGGAGACCTT
CGACGAGATCGAGCAGATCCTGCGCGCCACGCTGACGGAGGCGTGGACGAAGCTCTGA

Protein sequence:

MSTDSPKDLSRTAYDHLWMHFTRMSSYENAPVPTIVRGEGTHIYDDKGRRYLDGLAGLEFVVQAGHGRQELAETASKQAQELAFFPVWSYAHPKA
VELAERLANEAPGDLNKVEFFTTGGGEAVETAWKLAKQYFKLTGKPTKYKVISRAVAYHGTPQGALSITGLPALKAPFEPLVPGAHKVPNTNIYR
APTHGDDPEAYGRWAADQIEQQILFEGPETVAAVFLEPVONAGGCFPPPPGYFQRVREICDQYDVLLVSDEVICAFGRLGTTFACDKFGYVPDM
ITCAKGMTSGYSPIGACVISDRLAEPFYKGDNTFLHGYTFGGHPVSAAVGIANLDLFEREGLNQHVLDNEGAFRATLEKLHDLPIVGDVRGNGFE
FYGIELVKDKATKESFDEEETERVLYGFLSKKLFENGLYCRADDRGDPVIQLAPPLISNQETFDEIEQILRATLTEAWTKL
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Appendix

I1.g) w-transaminase PP5182

Cloning strategy

The coding region of the transaminases PP5182 was cloned by our cooperation
partner into the vector pET-29a vector (Novagen) using the Ndel restriction sites at
the N-terminus and Xhol sites at the C-terminus. The manual was performed like
described for the construction of the expression vector for the enzyme CV2025 from
Chromobacterium violaceum previously.'%!

Xhol

PP5182
Xhol kan Res

1000

PP5182 in pET-29a

Ndel

5000

6600 bpS 2000

~

Gene sequence:

ATGAGCGTCAACAACCCGCAAACCCGTGAATGGCAAACCCTGAGCGGGGAGCATCACCTCGCACCTTTCAGTGACTACAAGCAGCTGAAGGAGA
AGGGGCCGCGCATCATCACCAAGGCCCAGGGTGTGCATTTGTGGGATAGCGAGGGGCACAAGATCCTCGACGGCATGGCCGGTCTATGGTGCGT
GGCGGTCGGCTACGGACGTGAAGAGCTGGTGCAGGCGGCGGAAAAACAGATGCGCGAGCTGCCGTACTACAACCTGTTCTTCCAGACCGCTCAC
CCGCCTGCGCTCGAGCTGGCCAAGGCGATCACCGACGTGGCGCCGAAAGGTATGACCCATGTGTTCTTCACCGGCTCCGGCTCCGAAGGCAACG
ACACTGTGCTGCGCATGGTGCGTCACTACTGGGCGCTGAAGGGCAAACCGCACAAGCAGACCATCATCGGCCGCATCAACGGTTACCACGGCTC
CACCTTCGCCGGTGCATGCCTGGGCGGTATGAGCGGCATGCACGAGCAGGGTGGCCTGCCGATCCCGGGCATCGTGCACATCCCTCAGCCGTAC
TGGTTCGGCGAGGGAGGCGACATGACCCCTGACGAATTCGGTGTCTGGGCCGCCGAGCAGTTGGAGAAGAAGATCCTCGAAGTCGGCGAAGACA
ACGTCGCGGCCTTCATCGCCGAGCCGATCCAGGGCGCTGGTGGCGTGATCATCCCGCCGGAAACCTACTGGCCGAAGGTGAAGGAGATCCTCGC
CAGGTACGACATCCTGTTCGTCGCCGACGAGGTGATCTGCGGCTTCGGCCGTACCGGCGAGTGGTTCGGCTCGGACTACTACGACCTCAAGCCC
GACCTGATGACCATCGCGAAAGGCCTGACCTCCGGTTACATCCCCATGGGCGGTGTGATCGTGCGTGACACCGTGGCCAAGGTGATCAGCGAAG
GCGGCGACTTCAACCACGGTTTCACCTACTCCGGCCACCCGGTGGCGGCCGCGGTGGGCCTGGAAAACCTGCGCATTCTGCGTGACGAGAAAAT
TGTCGAGAAGGCGCGCACGGAAGCGGCACCGTATTTGCAAAAGCGTTTGCGCGAGCTGCAAGACCATCCACTGGTGGGTGAAGTGCGCGGCCTG
GGCATGCTGGGAGCGATCGAGCTGGTCAAGGACAAGGCAACCCGCAGCCGTTACGAGGGCAAGGGCGTTGGCATGATCTGTCGCACCTTCTGCT
TCGAGAACGGCCTGATCATGCGTGCGGTGGGTGACACCATGATCATCGCGCCGCCGCTGGTAATCAGCCATGCGGAGATCGACGAACTGGTGGA
AAAGGCGCGCAAGTGCCTGGACCTGACCCTTGAGGCGATTCAATAA

Protein sequence:

MSVNNPQTREWQTLSGEHHLAPFSDYKQLKEKGPRIITKAQGVHLWDSEGHKILDGMAGLWCVAVGYGREELVQAAEKQMRELPYYNLEFFQTAH
PPALELAKAITDVAPKGMTHVFFTGSGSEGNDTVLRMVRHYWALKGKPHKQTITIGRINGYHGSTFAGACLGGMSGMHEQGGLPIPGIVHIPQPY
WEGEGGDMTPDEFGVWAAEQLEKKILEVGEDNVAAFIAEPIQGAGGVIIPPETYWPKVKEILARYDILFVADEVICGFGRTGEWFGSDYYDLKP
DLMTIAKGLTSGYIPMGGVIVRDTVAKVISEGGDENHGFTYSGHPVAAAVGLENLRILRDEKIVEKARTEAAPYLQKRLRELQDHPLVGEVRGL
GMLGAIELVKDKATRSRYEGKGVGMICRTFCFENGLIMRAVGDTMIIAPPLVISHAEIDELVEKARKCLDLTLEAIQ
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Appendix

I1.h) w-transaminase PP2799

Cloning strategy

The coding region of the transaminases PP2799 was cloned by our cooperation
partner into the vector pET-29a vector (Novagen) using the Ndel restriction sites at
the N-terminus and Xhol sites at the C-terminus. The manual was performed like
described for the construction of the expression vector for the enzyme CV2025 from
Chromobacterium violaceum previously.'%?!

Xhol

PP2799
kan Res

1000

Ndel PP2799 in pET-29a

5000

6618 bpS 2000

~

Gene sequence:

ATGAGCACCCACTCTTCAACCGTTCAGAACGATCTGGCGGCACTCATTCATCCCAACACCAACCTGGCCCAGCACCGAGAGGTCGGGCCACTCG
TGATCGCCAGAGGTGACGGCGTCCGGGTCTTTGACGAGCAAGGCAATGCCTACATCGAAGCCATGTCGGGCCTGTGGAGCGCGGCATTGGGCTT
CAGTGAACAGCGCCTGGTCGATGCTGCCGTCGAGCAGTTCAAGCAACTGCCCTACTACCACAGCTTCAGCCACAAGACCAATGCGCCTGCCGCA
GCGCTCGCCGCCAAGTTGGCAGCGCTGGCGCCGGGTGATCTGAACCATGTGTTCTTCACCAACTCAGGTTCCGAGGCCAATGATTCGGTGGTGA
AAATGGTGTGGTACGTGAACAACGCACTGGGCCGGCCCGCCAAAAAGAAATTCATCTCTCGACAACAGGCCTATCACGGCGCCACCGTCGCCGC
AGCAAGCCTGACCGGCATCCCATCGATGCACCGTGACTTCGATCTGCCGGCCATCCCGGTTCATCACCTGACCTGCCCGAACTTCTACCGATTT
GCTCGGCCAGGAGAATCGCAAGAGGCCTTTACGGTCCGTCTGGCGAACGAACTGGAACGCTATATCCTTGCCGAAGGGCCGGAAACCATCGCCG
CGTTCATCGGCGAGCCGGTAATCGCGGCAGGTGGCGTGATCCCTCCTCCCACAGGCTACTGGGCGGCGATCCAGGCGGTGTGCAAACGCTACGA
CATCCTCGTGGTGATCGACGAAATCATCACCGGCTTTGGCAGGCTTGGCACAATGTTCGGCTCTCAGTTGTACGGCATCCAGCCCGACATCATG
GTGCTCTCCAAGCAGCTCACCTCCTCATACCAGCCGCTGGCGGCCGTGGTGGTGTCCGATGCCATGAACGATGTACTGGTGAGCCAGAGCCAGC
GCCTGGGGGCATTCGCCCACGGCCTGACCTGCACGGGCCACCCCGTCGCCACGGCGGTTGCGCTGGAAAACATCCGCATCATCGAAGAGCGCGA
TCTGGTCGGCCATGTGCAGCACCTGGCCCCCGTGTTCCAGCGCCACCTGCGCGCGTTCGAAGACCACCCGTTGGTCGGCAACGTCAGAGGCGTC
GGGCTGATGGGCGGGATCGAACTGGTTGCCGACAAGGCCACCCGCCAACCGTTCGCCCAGCCAGGGACGTTGGGCGGCTACGTGTTCAAACAGG
CTCACAAGCATGGGCTGATCATTCGCGCCATCTACGACACGATCGCCTTCTGTCCTCCGTTGATTACCACCCAGGACGATATCGAGGCGATCTT
CAGCGCCTTCGAGCGGACGCTGGCTGACGCGACGGATTGGGCGCGCTCACAGCACCTGCTGTAA

Protein sequence:

MSTHSSTVONDLAALIHPNTNLAQHREVGPLVIARGDGVRVEFDEQGNAY IEAMSGLWSAALGFSEQRLVDAAVEQFKQLPYYHSFSHKTNAPAA
ALAAKLAALAPGDLNHVFFTNSGSEANDSVVKMVWYVNNALGRPAKKKFISROQAYHGATVAAASLTGIPSMHRDFDLPAIPVHHLTCPNEYRFE
ARPGESQEAFTVRLANELERYILAEGPETIAAFIGEPVIAAGGVIPPPTGYWAAIQAVCKRYDILVVIDEIITGFGRLGTMFGSQLYGIQPDIM
VLSKQLTSSYQPLAAVVVSDAMNDVLVSQSQRLGAFAHGLTCTGHPVATAVALENIRIIEERDLVGHVQHLAPVFQRHLRAFEDHPLVGNVRGV
GLMGGIELVADKATRQPFAQPGTLGGYVFKQAHKHGLIIRAIYDTIAFCPPLITTQDDIEAIFSAFERTLADATDWARSQHLL
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Appendix

IL.i) w-transaminase PP2588

Cloning strategy

The coding region of the transaminases PP2588 was cloned by our cooperation
partner into the vector pET-29a vector (Novagen) using the Ndel restriction sites at
the N-terminus and Xhol sites at the C-terminus. The manual was performed like
described for the construction of the expression vector for the enzyme CV2025 from
Chromobacterium violaceum previously.'%!

Xhol

PP2588
kan Res

7
1000

Ndel PP2588 in pET-29a

5000

6621 bpS 2000

~

Gene sequence:

ATGAACGCGCCTTTCGCCCCGCAACGCCAGACCCGTGACTACCAGGCAGCCGATGCCGCCCACCACATTCATGCCTTCCTCGACCAGAAGGCGC
TGAACGCCGAAGGGCCGCGGGTGATCGTCGGTGGCGAACGCCTGCACCTGTGGGACAGCGAGGGCAAGCGTTACCTGGATGGCATGTCCGGCCT
GTGGTGCACCCAGCTCGGTTATGGCCGTCGTGACCTGACGGCCGCCGCGGCCACGCAGATGGATCAGCTGGCCTACTACAACATGTTTTTCCAC
ACCACCCACCCGGCGGTGATCGAACTGTCCGAGTTGCTGTTCAGCCTGCTGCCGGGGCACTACAGCCACGCGATCTACACCAACTCCGGCTCCG
AGGCCAACGAGGTACTGATCCGCACCGTGCGCCGCTACTGGCAGGTGGTTGGCCAGCCAGGCAAGAAAATCATGATCGGCCGCTGGAACGGCTA
CCACGGCTCGACCCTGGCGGCCACGGCGCTGGGTGGGATGAAGTTCATGCACGACATGGGCGGGTTGATTCCGGATGTGGCACACATCGACGAA
CCCTACTGGTACGCCGAGGGCGGTGAACTGACTCCGGCCGAGTTCGGCCGCCGCTGCGCCCTGCAGCTGGAGGAAAAAATCCTCGAACTGGGTG
CCGAGAACGTTGCCGGCTTCATTGCCGAACCCTTCCAGGGGGCCGGCGGCATGATCTTCCCGCCGGAAAGCTACTGGCCGGAAATCCAGCGTAT
CTGCCGCCAGTACGACGTGCTGCTGTGCGCCGATGAGGTGATCGGTGGCTTTGGCCGCACCGGCGAATGGTTCGCCCATGAATACTTCGGCTTC
GAGCCCGACACCTTGTCGATTGCCAAGGGCCTGACCAGCGGCTATGTGCCCATGGGCGGCCTGGTGCTGAGCAAGCGCATTGCCGAGGCGTTGG
TGGAGCGCGGCGGGGTATTTGCCCACGGCCTGACCTATTCCGGCCACCCGGTGGCGGCGGCAGTGGCCATCGCCAACCTGAAGGCGCTGCGTGA
CGAAGGCATCGTGCGCCAGGTGAAGGACGACACGGGGCCGTACCTGCAGCGCATCCTGCGGGAAGTGTTTGCCGACCACCCATTGATCGGCCAG
GTGCAAGGGGCCGGGCTGGTGGCGGCGCTGCAGTTCGCCGAGCACAAGCCGACGCGCAAGCGCTTTGCCAACGAGAACGACCTGGCCTGGCAGT
GCCGCACCTTTGGTTTCGAGGAAGGGGTGATCATTCGCTCGACCCTGGGCCGGATGATCATGGCCCCGGCCTTGATCGCCAACCACAGCGAGCT
GGATGAGCTGGTGGAGAAGACCCGGATAGCCGTAGACCGCACGGCGCGGCTGGTCGGCAAGCTGTAA

Protein sequence:

MNAPFAPQRQTRDYQAADAAHHIHAFLDQKALNAEGPRVIVGGERLHLWDSEGKRYLDGM
SGLWCTQLGYGRRDLTAAAATQMDQLAYYNMFFHTTHPAVIELSELLFSLLPGHYSHAIYTNSGSEANEVLIRTVRRYWQVVGQPGKKIMIGRW
NGYHGSTLAATALGGMKFMHDMGGLIPDVAHIDEPYWYAEGGELTPAEFGRRCALQLEEKILELGAENVAGFIAEPFQGAGGMIFPPESYWPET
QRICRQYDVLLCADEVIGGFGRTGEWFAHEYFGFEPDTLSIAKGLTSGYVPMGGLVLSKRIAEALVERGGVFAHGLTYSGHPVAAAVAIANLKA
LRDEGIVRQVKDDTGPYLQRILREVFADHPLIGQVQGAGLVAALQFAEHKPTRKRFANENDLAWQCRTFGFEEGVIIRSTLGRMIMAPALIANH
SELDELVEKTRIAVDRTARLVGKL
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Appendix

I1.j) w-transaminase PP0596

Cloning strategy

The coding region of the transaminases PP0596 was cloned by our cooperation
partner into the vector pET-24a vector (Novagen) using the Ndel restriction sites at
the N-terminus and Xhol sites at the C-terminus. The manual was performed like
described for the construction of the expression vector for the enzyme CV2025 from
Chromobacterium violaceum previously.'%!

Xhol

PP0596 Kan Res

1000

PP0596 in pET-24a

Ndel

5000

6581 bps 2000

~

Gene sequence:

ATGAACATGCCCGAAACTGGTCCTGCCGGTATCGCCAGCCAGCTCAAGCTGGACGCCCACTGGATGCCCTACACCGCCAACCGCAACTTCCAGC
GCGACCCACGCCTGATCGTGGCGGCCGAAGGCAACTACCTGGTCGATGACCACGGGCGCAAGATCTTCGACGCCCTGTCCGGCCTGTGGACCTG
CGGCGCAGGGCACACTCGCAAGGAAATCGCTGACGCGGTGACCCGTCAACTGAGTACGCTGGACTACTCCCCAGCGTTCCAGTTCGGCCACCCG
CTGTCGTTCCAGCTGGCGGAAAAGATCGCCGAGCTGGTTCCGGGCAATCTGAATCACGTCTTCTATACCAACTCCGGTTCCGAGTGCGCCGATA
CCGCACTGAAGATGGTGCGTGCCTACTGGCGCCTGAAAGGCCAGGCAACCAAGACCAAGATCATCGGCCGTGCCCGTGGTTACCATGGCGTGAA
CATCGCCGGTACCAGCCTGGGTGGCGTCAACGGTAACCGCAAGATGTTTGGCCAGCTGCTGGACGTCGACCACCTGCCTCACACTGTATTGCCG
GTGAACGCCTTCTCGAAAGGCTTGCCGGAAGAGGGCGGTATCGCGCTGGCTGACGAAATGCTCAAGCTGATCGAGCTGCACGATGCCTCCAACA
TCGCAGCAGTCATCGTCGAGCCGCTGGCCGGTTCGGCCGGTGTGCTGCCGCCGCCAAAGGGTTACCTGAAGCGCCTGCGTGAAATCTGCACCCA
GCACAACATTCTGCTGATCTTCGACGAAGTGATCACAGGCTTCGGCCGCATGGGCGCGATGACCGGCTCGGAAGCCTTCGGCGTTACCCCGGAC
CTGATGTGCATCGCCAAGCAGGTGACCAACGGCGCCATCCCGATGGGCGCAGTGATTGCCAGCAGCGAGATCTACCAGACCTTCATGAACCAGC
CGACCCCGGAATACGCCGTGGAATTCCCACACGGCTACACCTATTCGGCGCACCCGGTAGCCTGTGCCGCCGGTCTCGCCGCGCTGGACCTGCT
GCAGAAGGAAAACCTGGTGCAGTCCGCGGCTGAACTGGCGCCGCATTTCGAGAAGCTGCTGCACGGCGTGAAGGGCACCAAGAATATCGTCGAT
ATCCGCAACTACGGCCTGGCCGGCGCCATCCAGATCGCCGCCCGTGACGGTGATGCCATCGTTCGCCCTTACGAAGCGGCCATGAAGCTGTGGA
AAGCGGGCTTCTATGTACGCTTTGGTGGCGACACCCTGCAGTTCGGCCCAACCTTCAATACCAAGCCGCAGGAACTGGACCGCTTGTTCGATGC
TGTTGGCGAAACCCTGAACCTGATCGACTGA

Protein sequence:

MNMPETGPAGIASQLKLDAHWMPYTANRNFQRDPRLIVAAEGNYLVDDHGRKIFDALSGLWTCGAGHTRKEIADAVTRQLSTLDYSPAFQFGHP
LSFQLAEKIAELVPGNLNHVFYTNSGSECADTALKMVRAYWRLKGQATKTKIIGRARGYHGVNIAGTSLGGVNGNRKMFGQLLDVDHLPHTVLP
VNAFSKGLPEEGGIALADEMLKLIELHDASNIAAVIVEPLAGSAGVLPPPKGYLKRLREICTQHNILLIFDEVITGFGRMGAMTGSEAFGVTPD
LMCIAKQVTNGAIPMGAVIASSEIYQTFMNQPTPEYAVEFPHGYTYSAHPVACAAGLAALDLLOKENLVQSAAELAPHFEKLLHGVKGTKNIVD
IRNYGLAGAIQIAARDGDAIVRPYEAAMKLWKAGEFYVREGGDTLQFGPTFNTKPQELDRLEFDAVGETLNLID
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Appendix

I1.Lk) w-transaminase PA0221

Cloning strategy

The coding region of the transaminases PA0221 was cloned by our cooperation
partner into the vector pET-29a vector (Novagen) using the Ndel restriction sites at
the N-terminus and Xhol sites at the C-terminus. The manual was performed like
described for the construction of the expression vector for the enzyme CV2025 from
Chromobacterium violaceum previously.'%!

Xhol

PA0221
kan Res

1000

Ndel PA0221 in pET-29a

5000

6621 bpS 2000

~

Gene sequence:

ATGACCGCTCAGCTCAACCCGCAGCGCGACACCCGCGACTACCAGCAACTGGACGCCGCGCACCACATCCACGCCTTCCTCGACCAGAAGGCGL
TGAACCGCGAAGGCCCGCGGGTGATGGTCCGCGGCGATGGCCTGCAGCTCTGGGACAACGACGGCAAGCGCTACCTGGACGGCATGTCCGGCCT
CTGGTGCACCAACCTCGGCTACGGCCGCCAGGACCTCGCCGCCGCCGCCAGCCGCCAGCTGGAACAACTGCCGTACTACAACATGTTCTTCCAC
ACCACCCACCCGGCGGTGGTGGAGCTTTCCGAGATGCTCTTCAGCCTGCTGCCGGACCACTACAGCCACGCGATCTACACCAACTCCGGCTCCG
AGGCCAACGAGGTGCTGATCCGTACCGTGCGGCGCTACTGGCAGATCCTCGGCAAGCCGCAGAAGAAGATCATGATCGGCCGCTGGAACGGCTA
CCACGGCTCGACCCTGGGCAGCACCGCGCTCGGCGGGATGAAGTTCATGCACGAGATGGGCGGCATGCTGCCGGACTTCGCCCACATCGACGAA
CCCTACTGGTACGCCAACGGCGGCGAGCTGAGCCCGGCCGAGTTCGGTCGCCGCGCGGCGCTGCAACTGGAGGAGAAGATCCTCGAACTGGGCG
CGGAGAACGTCGCCGCCTTCGTCGCCGAGCCCTTCCAGGGCGCCGGCGGCATGATCTTCCCGCCGCAAAGCTATTGGCCGGAGATCCAGCGCAT
CTGCCGGCAGTACGACGTGCTGCTGTGCGCCGACGAAGTGATCGGCGGCTTCGGCCGCACCGGCGAATGGTTCGCCCACGAACACTTCGGCTTC
CAGCCGGACACCCTGTCCATCGCCAAGGGCCTGACGTCCGGCTACATCCCCATGGGCGGCCTGGTACTCGGCAAGCGCATCGCCGAGGTGCTGG
TGGAGCAGGGCGGGGTGTTCGCCCACGGCCTGACCTATTCCGGCCACCCGGTGGCGGCGGCGGTGGCCATCGCCAACCTCAAGGCGCTGCGCGA
CGAGGGCGTGGTCACGCGGGTCAGGGAGGAGACCGGCCCCTACCTGCAACGCTGCCTGCGCGAGGTCTTCGGCGACCATCCGCTGGTCGGCGAG
GTCCAGGGCGCCGGCTTCGTCGCCGCGCTGCAGTTCGCCGAGGACAAGGTGACCCGCAAGCGCTTCGCCAACGAGAACGATCTGGCCTGGCGCT
GCCGCACCATCGGCTTCGAGGAGGGCGTGATCATCCGCTCCACCCTCGGCCGCATGATCATGGCCCCGGCGCTGGTGGCCGGGCGTGCCGAGAT
CGACGAACTGATCGACAAGACCCGTATCGCGGTGGATCGCACCGCGCGCGAGATCGGCGTGCTCTGA

Protein sequence:

MTAQLNPQRDTRDYQQLDAAHHIHAFLDQKALNREGPRVMVRGDGLOQLWDNDGKRY LDGMSGLWCTNLGYGRQDLAAAASRQLEQLPYYNMEFH
TTHPAVVELSEMLFSLLPDHYSHAIYTNSGSEANEVLIRTVRRYWQILGKPQKKIMIGRWNGYHGSTLGSTALGGMKFMHEMGGMLPDFAHIDE
PYWYANGGELSPAEFGRRAALQLEEKILELGAENVAAFVAEPFQGAGGMIFPPQSYWPEIQRICRQYDVLLCADEVIGGFGRTGEWFAHEHEFGE
QPDTLSIAKGLTSGYIPMGGLVLGKRIAEVLVEQGGVFAHGLTYSGHPVAAAVAIANLKALRDEGVVTRVREETGPYLQRCLREVFGDHPLVGE
VOGAGEFVAALQFAEDKVTRKRFANENDLAWRCRTIGFEEGVIIRSTLGRMIMAPALVAGRAEIDELIDKTRIAVDRTAREIGVL
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Appendix

I1.1) w-transaminase PA4805

Cloning strategy

The coding region of the transaminases PA4805 was cloned by our cooperation
partner into the vector pET-29a vector (Novagen) using the Ndel restriction sites at
the N-terminus and Xhol sites at the C-terminus. The manual was performed like
described for the construction of the expression vector for the enzyme CV2025 from
Chromobacterium violaceum previously.'%?!

Xhol

kan Res

1000

Ndel PA4805 in pET-29a

5000

6645 bps 2000

~

Gene sequence:

ATGAACGCAAGACTGCACGCCACGTCCCCCCTCGGCGACGCCGACCTGGTCCGTGCCGACCAGGCCCACTACATGCACGGCTACCACGTGTTCG
ACGACCACCGCGTCAACGGCTCGCTGAACATCGCCGCCGGCGACGGCGCCTATATCTACGACACCGCCGGCAACCGCTACCTCGACGCGGTGGG
CGGCATGTGGTGCACCAACATCGGCCTGGGGCGCGAGGAAATGGCTCGCACCGTGGCCGAGCAGACCCGCCTGCTGGCCTATTCCAATCCCTTC
TGCGACATGGCCAACCCGCGCGCCATCGAACTCTGCCGCAAGCTCGCCGAGCTGGCCCCCGGCGACCTCGACCACGTGTTCCTCACCACCGGLG
GTTCCACCGCCGTGGACACCGCGATCCGCCTCATGCACTACTACCAGAACTGCCGCGGCAAGCGCGCCAAGAAGCACGTCATCACGCGGATCAA
CGCCTACCACGGCTCGACCTTCCTCGGCATGTCGCTGGGCGGCAAGAGCGCCGACCGGCCGGCCGAGTTCGACTTCCTCGACGAGCGCATCCAC
CACCTCGCCTGTCCCTATTACTACCGCGCTCCGGAAGGGCTGGGCGAAGCCGAGTTCCTCGATGGCCTGGTGGACGAGTTCGAACGCAAGATCC
TCGAACTGGGCGCCGACCGGGTGGGGGCGTTCATCTCCGAGCCGGTGTTCGGCTCCGGCGGCGTGATCGTCCCGCCCGCGGGCTACCACAGGLG
GATGTGGGAGCTGTGCCAGCGCTACGACGTGCTGTACATCTCCGACGAAGTGGTGACCTCCTTCGGCCGCCTCGGCCACTTCTTCGCCAGCCAG
GCGGTGTTCGGCGTACAGCCGGACATCATCCTCACCGCCAAGGGCCTCACCTCCGGCTACCAGCCGCTGGGCGCGTGCATCTTCTCCCGGCGCA
TCTGGGAGGTGATCGCCGAGCCGGACAAGGGCCGCTGCTTCAGCCATGGTTTCACCTACTCCGGCCACCCGGTGGCCTGCGCGGCGGCGCTGAA
GAACATCGAGATCATCGAGCGCGAGGGCTTGCTCGCCCACGCCGACGAGGTCGGCCGCTACTTCGAGGAGCGCCTGCAAAGCCTCCGCGACCTG
CCCATCGTCGGCGACGTGCGCGGGATGCGCTTCATGGCCTGTGTCGAGTTCGTCGCCGACAAGGCGAGCAAGGCGCTGTTTCCGGAAAGCCTGA
ACATCGGCGAGTGGGTCCACCTGCGGGCGCAGAAGCGCGGCCTGCTGGTTCGTCCGATCGTCCACCTGAACGTGATGTCGCCGCCGCTGATCCT
CACCCGCGAACAGGTCGATACCGTGGTCCGGGTGCTGCGCGAGAGCATCGAGGAAACCGTGGAGGATCTTGTCCGCGCCGGTCACCGGTAA

Protein sequence:

MNARLHATSPLGDADLVRADQAHYMHGYHVFDDHRVNGSLNIAAGDGAYIYDTAGNRYLDAVGGMWCTNIGLGREEMARTVAEQTRLLAYSNPF
CDMANPRATIELCRKLAELAPGDLDHVFLTTGGSTAVDTAIRLMHYYQONCRGKRAKKHVITRINAYHGSTFLGMSLGGKSADRPAEFDFLDERIH
HLACPYYYRAPEGLGEAEFLDGLVDEFERKILELGADRVGAFISEPVFGSGGVIVPPAGYHRRMWELCQRYDVLYISDEVVTSFGRLGHFFASQ
AVFGVQPDIILTAKGLTSGYQPLGACIFSRRIWEVIAEPDKGRCFSHGFTYSGHPVACAAALKNIEIIEREGLLAHADEVGRYFEERLQSLRDL
PIVGDVRGMRFMACVEEFVADKASKALFPESLNIGEWVHLRAQKRGLLVRPIVHLNVMSPPLILTREQVDTVVRVLRESIEETVEDLVRAGHR
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Appendix

I1.m) w-transaminase PA5313

Cloning strategy

The coding region of the transaminases PA5313 was cloned by our cooperation
partner into the vector pET-29a vector (Novagen) using the Ndel restriction sites at
the N-terminus and Xhol sites at the C-terminus. The manual was performed like
described for the construction of the expression vector for the enzyme CV2025 from
Chromobacterium violaceum previously.'%!

Xhol

PA5313

b
1000

PA5313 in pET-29a

5000

6573 bps 00

~

Gene sequence:

ATGACAATGAATGACGAGCCGCAGTCGAGCAGCCTCGACAACTTCTGGATGCCCTTCACCGCCAACCGCCAGTTCAAGGCGCGGCCGCGCCTGL
TGGAAAGCGCCGAAGGCATCCACTATATCGCCCAGGGCGGGCGCCGCATCCTCGACGGCACCGCCGGCCTCTGGTGCTGCAATGCCGGCCACGG
CCGGCGCGAGATCAGCGAAGCGGTGGCCCGGCAGATCGCCACCCTCGACTACGCCCCGCCGTTCCAGATGGGTCACCCGCTGCCGTTCGAACTC
GCCGCGCGGCTGACGGAAATCGCCCCGCCGAGCCTGAACAAAGTATTCTTCACCAACTCCGGCTCGGAATCGGCGGACACCGCGCTGAAGATCG
CCCTTGCCTACCAGCGCGCCATCGGCCAGGGCACCCGCACCCGCCTGATCGGCCGCGAACTGGGCTACCACGGGGTCGGCTTCGGCGGCCTGTC
GGTAGGCGGTATGGTCAACAACCGCAAGGCCTTCTCCGCCAACCTGCTGCCGGGGGTCGACCACCTGCCGCACACCCTGGACGTCGCCCGCAAC
GCCTTCACCGTCGGCCTGCCCGAGCATGGCGTGGAAAAGGCCGAGGAGCTGGAACGCCTGGTGACCCTGCACGGCGCCGAGAATATCGCCGCGG
TGATCGTCGAGCCGATGTCCGGCTCGGCCGGCGTGGTGCTGCCGCCCAAGGGCTACCTTCAGCGGCTGCGCGAGATAACCCGCAAGCATGGCAT
CCTGCTGATCTTCGACGAAGTGATCACCGGTTTCGGCCGCGTCGGCGAAGCCTTCGCCGCGCAGCGCTGGGGCGTCGTCCCGGACCTGCTGACC
TGCGCCAAGGGGCTGACCAACGGCAGCATCCCGATGGGCGCCGTATTCGTCGACGAGAAGATCCATGCTGCCTTCATGCAAGGCCCGCAGGGCG
CCATCGAGTTCTTCCACGGCTATACCTATTCCGGCCATCCGGTAGCCTGCGCCGCCGCCCTGGCGACCCTGGACATCTACCGTCGCGACGACCT
GTTCCAGCGGGCCGTCGAACTGGAAGGCTACTGGCAGGACGCGCTGTTCAGCCTGCGCGACCTGCCCAACGTGGTCGACATCCGCGCCGTAGGC
CTGGTCGGCGGCGTGCAACTGGCGCCGCACGCGGACGGCCCCGGCAAGCGCGGCTACGACGTCTTCGAGCGCTGCTTCTGGGAGCACGACCTGA
TGGTCCGGGTGACCGGCGACATCATCGCCATGTCGCCGCCGCTGATCATCGACAAGCCCCACATCGACCAGATCGTCGAGCGCCTGGCCCAGGC
CATCCGCGCCAGCGTCTAA

Protein sequence:

MTMNDEPQSSSLDNFWMPEFTANRQFKARPRLLESAEGIHYIAQGGRRILDGTAGLWCCNAGHGRREISEAVARQIATLDYAPPFQOMGHPLPFEL
AARLTEIAPPSLNKVFFTNSGSESADTALKIALAYQRAIGQGTRTRLIGRELGYHGVGEFGGLSVGGMVNNRKAFSANLLPGVDHLPHTLDVARN
AFTVGLPEHGVEKAEELERLVTLHGAENIAAVIVEPMSGSAGVVLPPKGYLOQRLREITRKHGILLIFDEVITGFGRVGEAFAAQRWGVVPDLLT
CAKGLTNGSIPMGAVFVDEKIHAAFMQOGPQGAIEFFHGYTYSGHPVACAAALATLDIYRRDDLFQRAVELEGYWQDALFSLRDLPNVVDIRAVG
LVGGVQLAPHADGPGKRGYDVFERCFWEHDLMVRVTGDIIAMSPPLIIDKPHIDQIVERLAQAIRASV

- 161 -



Appendix

I1.n) w-transaminase CV2025

Cloning strategy

The coding region of the transaminases CV2025 was cloned by our cooperation
partner into the vector pET-29a vector (Novagen) using the Ndel restriction sites at
the N-terminus and Xhol sites at the C-terminus. The manual was performed like
described previously.['®!

Xhol

CV2025

1000

CV2025 in pET-29a Ndel

5000

6618 bpS 2000

~

Gene sequence:

ATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGCAGAAGCAACGTACGACCAGCCAATGGCGCGAACTGGATGCCGCCCATCACCTGCA
TCCGTTCACCGATACCGCATCGCTGAACCAGGCGGGCGCGCGCGTGATGACGCGCGGAGAGGGCGTCTACCTGTGGGATTCGGAAGGCAACAAG
ATCATCGACGGCATGGCCGGACTGTGGTGCGTGAACGTCGGCTACGGCCGCAAGGACTTTGCCGAAGCGGCGCGCCGGCAGATGGAAGAGCTGC
CGTTCTACAACACCTTCTTCAAGACCACCCATCCGGCGGTGGTCGAGCTGTCCAGCCTGCTGGCTGAAGTGACGCCGGCCGGTTTCGACCGCGT
GTTCTATACCAATTCCGGTTCCGAATCGGTGGACACCATGATCCGCATGGTGCGCCGCTACTGGGACGTGCAGGGCAAGCCGGAGAAGAAGALCG
CTGATCGGCCGCTGGAACGGCTATCACGGCTCCACCATCGGCGGCGCCAGCCTGGGCGGCATGAAGTACATGCACGAGCAGGGCGACTTGCCGA
TTCCGGGCATGGCCCACATCGAGCAGCCTTGGTGGTACAAGCACGGCAAGGACATGACGCCGGACGAGTTCGGCGTGGTGGCCGCGCGCTGGCT
GGAAGAGAAGATTCTGGAAATCGGCGCCGACAAGGTGGCCGCCTTCGTCGGCGAACCCATCCAGGGCGCCGGCGGCGTGATCGTCCCGLCCGGLL
ACCTACTGGCCGGAAATCGAGCGCATTTGCCGCAAGTACGACGTGCTGCTGGTGGCCGACGAAGTGATCTGCGGCTTCGGGCGTACCGGCGAAT
GGTTCGGCCATCAGCATTTCGGCTTCCAGCCCGACCTGTTCACCGCCGCCAAGGGCCTGTCCTCCGGCTATCTGCCGATAGGCGCGGTCTTTGT
CGGCAAGCGCGTGGCCGAAGGCCTGATCGCCGGCGGCGACTTCAACCACGGCTTCACCTACTCCGGCCACCCGGTCTGCGCCGCCGTCGCCCAC
GCCAACGTGGCGGCGCTGCGCGACGAGGGCATCGTCCAGCGCGTCAAGGACGACATCGGCCCGTACATGCAAAAGCGCTGGCGTGAAACCTTCA
GCCGTTTCGAGCATGTGGACGACGTGCGCGGCGTCGGCATGGTGCAGGCGTTCACCCTGGTGAAGAACAAGGCGAAGCGCGAGCTGTTCCCCGA
TTTCGGCGAGATCGGCACGCTGTGCCGCGACATCTTCTTCCGCAACAACCTGATCATGCGGGCATGCGGCGACCACATCGTGTCGGCGCCGCCG
CTGGTGATGACGCGGGCGGAAGTGGACGAGATGCTGGCGGTGGCGGAACGCTGTCTGGAGGAATTCGAGCAGACGCTGAAGGCGCGCGGGCTGG
CTTAGCTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAA

Protein sequence:

MOKQRTTSQWRELDAAHHLHPFTDTASLNQAGARVMTRGEGVYLWDSEGNKIIDGMAGLWCVNVGYGRKDFAEAARROQMEELPFYNTFFKTTHP
AVVELSSLLAEVTPAGEFDRVEYTNSGSESVDTMIRMVRRYWDVQGKPEKKTLIGRWNGYHGSTIGGASLGGMKYMHEQGDLPIPGMAHIEQPWW
YKHGKDMTPDEFGVVAARWLEEKILEIGADKVAAFVGEPIQGAGGVIVPPATYWPEIERICRKYDVLLVADEVICGFGRTGEWFGHQHFGFQPD
LFTAAKGLSSGYLPIGAVFVGKRVAEGLIAGGDFNHGFTYSGHPVCAAVAHANVAALRDEGIVQRVKDDIGPYMOKRWRETFSRFEHVDDVRGV
GMVQAFTLVKNKAKRELFPDFGEIGTLCRDIFFRNNLIMRACGDHIVSAPPLVMTRAEVDEMLAVAERCLEEFEQTLKARGLA
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Appendix

I1.0) w-transaminase CV2025-His

Cloning strategy

The coding region of the transaminases CV2025-His (CV2025 with His-tag) was
cloned by our cooperation partner into the vector pET-29a vector (Novagen) using
the Ndel restriction sites at the N-terminus and Xhol sites at the C-terminus. The
manual was performed like described for the construction of the expression vector for
the enzyme CV2025 from Chromobacterium violaceum previously.!'%!

Xhol

CVv2025

(with His-tag) kan res

Ve
1000

oal CV2025-His in PET-29a

6641 bps 2000

~

Gene sequence:

ATGGGCCATCATCATCATCATCATATGCAGAAGCAACGTACGACCAGCCAATGGCGCGAACTGGATGCCGCCCATCACCTGCATCCGTTCACCG
ATACCGCATCGCTGAACCAGGCGGGCGCGCGCGTGATGACGCGCGGAGAGGGCGTCTACCTGTGGGATTCGGAAGGCAACAAGATCATCGACGG
CATGGCCGGACTGTGGTGCGTGAACGTCGGCTACGGCCGCAAGGACTTTGCCGAAGCGGCGCGCCGGCAGATGGAAGAGCTGCCGTTCTACAAC
ACCTTCTTCAAGACCACCCATCCGGCGGTGGTCGAGCTGTCCAGCCTGCTGGCTGAAGTGACGCCGGCCGGTTTCGACCGCGTGTTCTATACCA
ATTCCGGTTCCGAATCGGTGGACACCATGATCCGCATGGTGCGCCGCTACTGGGACGTGCAGGGCAAGCCGGAGAAGAAGACGCTGATCGGCCG
CTGGAACGGCTATCACGGCTCCACCATCGGCGGCGCCAGCCTGGGCGGCATGAAGTACATGCACGAGCAGGGCGACTTGCCGATTCCGGGCATG
GCCCACATCGAGCAGCCTTGGTGGTACAAGCACGGCAAGGACATGACGCCGGACGAGTTCGGCGTGGTGGCCGCGCGCTGGCTGGAAGAGAAGA
TTCTGGAAATCGGCGCCGACAAGGTGGCCGCCTTCGTCGGCGAACCCATCCAGGGCGCCGGCGGCGTGATCGTCCCGCCGGCCACCTACTGGCC
GGAAATCGAGCGCATTTGCCGCAAGTACGACGTGCTGCTGGTGGCCGACGAAGTGATCTGCGGCTTCGGGCGTACCGGCGAATGGTTCGGCCAT
CAGCATTTCGGCTTCCAGCCCGACCTGTTCACCGCCGCCAAGGGCCTGTCCTCCGGCTATCTGCCGATAGGCGCGGTCTTTGTCGGCAAGCGCG
TGGCCGAAGGCCTGATCGCCGGCGGCGACTTCAACCACGGCTTCACCTACTCCGGCCACCCGGTCTGCGCCGCCGTCGCCCACGCCAACGTGGL
GGCGCTGCGCGACGAGGGCATCGTCCAGCGCGTCAAGGACGACATCGGCCCGTACATGCAAAAGCGCTGGCGTGAAACCTTCAGCCGTTTCGAG
CATGTGGACGACGTGCGCGGCGTCGGCATGGTGCAGGCGTTCACCCTGGTGAAGAACAAGGCGAAGCGCGAGCTGTTCCCCGATTTCGGCGAGA
TCGGCACGCTGTGCCGCGACATCTTCTTCCGCAACAACCTGATCATGCGGGCATGCGGCGACCACATCGTGTCGGCGCCGCCGCTGGTGATGAC
GCGGGCGGAAGTGGACGAGATGCTGGCGGTGGCGGAACGCTGTCTGGAGGAATTCGAGCAGACGCTGAAGGCGCGCGGGCTGGCTTAG

Protein sequence:

MGHHHHHHMQKQRTTSQWRELDAAHHLHPFTDTASLNQAGARVMTRGEGVYLWDSEGNKIIDGMAGLWCVNVGYGRKDFAEAARROMEELPEFYN
TFFKTTHPAVVELSSLLAEVTPAGEDRVEYTNSGSESVDTMIRMVRRYWDVQGKPEKKTLIGRWNGYHGSTIGGASLGGMKYMHEQGDLPIPGM
AHIEQPWWYKHGKDMTPDEFGVVAARWLEEKILEIGADKVAAFVGEPIQGAGGVIVPPATYWPEIERICRKYDVLLVADEVICGFGRTGEWFGH
QHFGFQPDLFTAAKGLSSGYLPIGAVFVGKRVAEGLIAGGDFNHGEFTYSGHPVCAAVAHANVAALRDEGIVQRVKDDIGPYMOKRWRETFSREFE
HVDDVRGVGMVQAFTLVKNKAKRELFPDFGEIGTLCRDIFFRNNLIMRACGDHIVSAPPLVMTRAEVDEMLAVAERCLEEFEQTLKARGLA
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Appendix

I1.p) w-transaminase KPN04441

Cloning strategy

The coding region of the transaminases KPN04441 was cloned by our cooperation
partner into the vector pET-21a vector (Novagen) using the Ndel restriction sites at
the N-terminus and Xhol sites at the C-terminus. The manual was performed like
described for the construction of the expression vector for the enzyme CV2025 from
Chromobacterium violaceum previously.'%!

Xhol

KPN04441
\

Ndel

1000

KPNO04441 in pET-21a

5000

6560 bps 500

~

Gene sequence:

ATGTTTCAAAAAGTTGACGCCTACGCCGGCGACCCTATTCTTTCTCTGATGGAACGCTTCAAAGAAGACCCGCGAAGCGACAAAGTCAACCTGA
GTATCGGGCTGTACTACAACGATGACGGCATTATCCCGCAGCTGCAGGCGGTGGCGGAAGCGGAAGCACGCCTGAACGCCGAGCCACATGGCGL
CTCGCTGTATCTGCCAATGGAAGGGTTGAGCGGCTACCGTCAGGCGATTGCGCCGCTGCTGTTTGGCGCAGAGCATACCGCGCTTAAGCAAAAT
CGCATTGCCTCTATTCAGACGGTCGGCGGTTCGGGCGCACTGAAGGTCGGGGCCGACTTCCTCAAACGTTACTTTCCTGAGTCTCATGTCTGGG
TCAGCGATCCGACCTGGGAAAACCACATCGCCATTTTTGAAGGGGCTGGCTTCGAAGTAAGTACTTACCCCTGGTTTGATAAAGCCACCAACGG
CGTGCGCTTTGAGGACCTGCTGGCGACGCTGCAAACGCTGCCGGCGCGCGATATTGTGCTGCTGCACCCTTGCTGCCACAACCCGACCGGCGLC
GACCTTACGCCAGCCCAGTGGGACCGCGTGGTTGAGGTATTAAAAGCGCGTCAGCTGATCCCCTTCCTCGACATCGCCTACCAGGGCTTTGGCG
GGGGGCTGGAAGAGGATGCCTACGCTATTCGCGCCATCGCCAGCGCCGGGATGCCGATGCTGGTCAGCAACTCGTTCTCCAAAATTTTCTCGCT
GTACGGGGAGCGCGTCGGCGGTCTGTCCGTGGTCTGTGAAGACAGCGAAACCGCGGGCCGCGTGCTGGGGCAGCTGAAGGCCACCGTGCGCCGL
AACTACTCCAGCCCGCCGAGCTTTGGCGCGCAGTGGTGGCGACGGTGCTGA

Protein sequence:

MFQKVDAYAGDPILSLMERFKEDPRSDKVNLSIGLYYNDDGIIPQLQAVAEAEARLNAEPHGASLYLPMEGLSGYRQATIAPLLFGAEHTALKQN
RIASIQTVGGSGALKVGADFLKRYFPESHVWVSDPTWENHIAIFEGAGFEVSTYPWFDKATNGVRFEDLLATLOQTLPARDIVLLHPCCHNPTGA
DLTPAQWDRVVEVLKARQLIPFLDIAYQGFGGGLEEDAYATIRAIASAGMPMLVSNSFSKIFSLYGERVGGLSVVCEDSETAGRVLGQLKATVRR
NYSSPPSFGAQWWRRC
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Appendix

I1.q) w-transaminase POAB80-1

Cloning strategy

The coding region of the transaminases POAB80-1 (pQR902) was cloned by our
cooperation partner into the vector pET-21a vector (Novagen) using the Ndel
restriction sites at the N-terminus and Xhol sites at the C-terminus. The manual was
performed like described for the construction of the expression vector for the enzyme
CV2025 from Chromobacterium violaceum previously.['%!

Xhol

POAB80 (pQR902)

Ndel |
\ Amp Res

-
1000

~sam POAB80-1 (pQR902)
in pET-21a
6303 bps  *® _

4000
7

Gene sequence:

ATGGCTAGCATGACCACGAAGAAAGCTGATTACATTTGGTTCAATGGGGAGATGGTTCGCTGGGAAGACGCGAAGGTGCATGTGATGTCGCACG
CGCTGCACTATGGCACTTCGGTTTTTGAAGGCATCCGTTGCTACGACTCGCACAAAGGACCGGTTGTATTCCGCCATCGTGAGCATATGCAGCG
TCTGCATGACTCCGCCAAAATCTATCGCTTCCCGGTTTCGCAGAGCATTGATGAGCTGATGGAAGCTTGTCGTGACGTGATCCGCAAAAACAAT
CTCACCAGCGCCTATATCCGTCCGCTGATCTTCGTCGGTGATGTTGGCATGGGAGTAAACCCGCCAGCGGGATACTCAACCGACGTGATTATCG
CTGCTTTCCCGTGGGGAGCGTATCTGGGCGCAGAAGCGCTGGAGCAGGGGATCGATGCGATGGTTTCCTCCTGGAACCGCGCAGCACCAAACAC
CATCCCGACGGCGGCAAAAGCCGGTGGTAACTACCTCTCTTCCCTGCTGGTGGGTAGCGAAGCGCGCCGCCACGGTTATCAGGAAGGTATCGCG
CTGGATGTGAACGGTTATATCTCTGAAGGCGCAGGCGAAAACCTGTTTGAAGTGAAAGATGGTGTGCTGTTCACCCCACCGTTCACCTCCTCCG
CGCTGCCGGGTATTACCCGTGATGCCATCATCAAACTGGCGAAAGAGCTGGGAATTGAAGTACGTGAGCAGGTGCTGTCGCGCGAATCCCTGTA
CCTGGCGGATGAAGTGTTTATGTCCGGTACGGCGGCAGAAATCACGCCAGTGCGCAGCGTAGACGGTATTCAGGTTGGCGAAGGCCGTTGTGGC
CCGGTTACCAAACGCATTCAGCAAGCCTTCTTCGGCCTCTTCACTGGCGAAACCGAAGATAAATGGGGCTGGTTAGATCAAGTTAATCAACTCG
AGCACCACCACCACCACCACTGA

Protein sequence:

MASMTTKKADY IWFNGEMVRWEDAKVHVMSHALHYGTSVFEGIRCYDSHKGPVVFRHREHMORLHDSAKIYRFPVSQSIDELMEACRDVIRKNN
LTSAYIRPLIFVGDVGMGVNPPAGYSTDVIIAAFPWGAYLGAEALEQGIDAMVSSWNRAAPNTIPTAAKAGGNYLSSLLVGSEARRHGYQEGIA
LDVNGYISEGAGENLFEVKDGVLEFTPPFTSSALPGITRDAIIKLAKELGIEVREQVLSRESLYLADEVFMSGTAAEITPVRSVDGIQVGEGRCG
PVTKRIQQAFFGLFTGETEDKWGWLDQVNQLEHHHHHH
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Appendix

IL.r) w-transaminase POAB80-2

Cloning strategy

The coding region of the transaminases POAB80-2 (pQR907) was cloned by our
cooperation partner into the vector pET-21a vector (Novagen) using the Ndel
restriction sites at the N-terminus and Xhol sites at the C-terminus. The manual was
performed like described for the construction of the expression vector for the enzyme
CV2025 from Chromobacterium violaceum previously.['%!

Xhol
\

POAB80 (pQR907)
Ndel

I
Amp Res

e

POAB80-2 (pQR907)
in pET-21a
6303 bps

~
5000

Gene sequence:

ATGGCTAGCATGACCACGAAGAAAGCTGATTACATTTGGTTCAATGGGGAGATGGTTCGCTGGGAAGACGCGAAGGTGCATGTGATGTCGCACG
CGCTGCACTATGGCACTTCGGTTTTTGAAGGCATCCGTTGCTACGACTCGCACAAAGGACCGGTTGTATTCCGCCATCGTGAGCATATGCAGCG
TCTGCATGACTCCGCCAAAATCTATCGCTTCCCGGTTTCGCAGAGCATTGATGAGCTGATGGAAGCTTGTCGTGACGTGATCCGCAAAAACAAT
CTCACCAGCGCCTATATCCGTCCGCTGATCTTCGTCGGTGATGTTGGCATGGGAGTAAACCCGCCAGCGGGATACTCAACCGACGTGATTATCG
CTGCTTTCCCGTGGGGAGCGTATCTGGGCGCAGAAGCGCTGGAGCAGGGGATCGATGCGATGGTTTCCTCCTGGAACCGCGCAGCACCAAACAC
CATCCCGACGGCGGCAAAAGCCGGTGGTAACTACCTCTCTTCCCTGCTGGTGGGTAGCGAAGCGCGCCGCCACGGTTATCAGGAAGGTATCGCG
CTGGATGTGAACGGTTATATCTCTGAAGGCGCAGGCGAAAACCTGTTTGAAGTGAAAGATGGTGTGCTGTTCACCCCACCGTTCACCTCCTCCG
CGCTGCCGGGTATTACCCGTGATGCCATCATCAAACTGGCGAAAGAGCTGGGAATTGAAGTACGTGAGCAGGTGCTGTCGCGCGAATCCCTGTA
CCTGGCGGATGAAGTGTTTATGTCCGGTACGGCGGCAGAAATCACGCCAGTGCGCAGCGTAGACGGTATTCAGGTTGGCGAAGGCCGTTGTGGC
CCGGTTACCAAACGCATTCAGCAAGCCTTCTTCGGCCTCTTCACTGGCGAAACCGAAGATAAATGGGGCTGGTTAGATCAAGTTAATCAACTCG
AGCACCACCACCACCACCACTGA

Protein sequence:

MASMTTKKADY IWEFNGEMVRWEDAKVHVMSHALHYGTSVFEGIRCYDSHKGPVVFRHREHMQRLHDSAKIYRFPVSQSIDELMEACRDVIRKNN
LTSAYIRPLIFVGDVGMGVNPPAGYSTDVIIAAFPWGAYLGAEALEQGIDAMVSSWNRAAPNTIPTAAKAGGNYLSSLLVGSEARRHGYQEGIA
LDVNGYISEGAGENLFEVKDGVLFTPPFTSSALPGITRDAIIKLAKELGIEVREQVLSRESLYLADEVFMSGTAAEITPVRSVDGIQVGEGRCG
PVTKRIQQAFFGLFTGETEDKWGWLDQVNQLEHHHHHH
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Appendix

I.s) w-transaminase POAB80-3

Cloning strategy

The coding region of the transaminases POAB80-3 (pQR908) was cloned by our
cooperation partner into the vector pET-21a vector (Novagen) using the Ndel
restriction sites at the N-terminus and Xhol sites at the C-terminus. The manual was
performed like described for the construction of the expression vector for the enzyme
CV2025 from Chromobacterium violaceum previously.['%!

Xhol

POABS80 (pQR908)
Ndel
\ I

Amp Res

1000

~ .0 POAB80-3 (PQR908)

in pET-21a
6303 bps

Gene sequence:

ATGGCTAGCATGACCACGAAGAAAGCTGATTACATTTGGTTCAATGGGGAGATGGTTCGCTGGGAAGACGCGAAGGTGCATGTGATGTCGCACG
CGCTGCACTATGGCACTTCGGTTTTTGAAGGCATCCGTTGCTACGACTCGCACAAAGGACCGGTTGTATTCCGCCATCGTGAGCATATGCAGCG
TCTGCATGACTCCGCCAAAATCTATCGCTTCCCGGTTTCGCAGAGCATTGATGAGCTGATGGAAGCTTGTCGTGACGTGATCCGCAAAAACAAT
CTCACCAGCGCCTATATCCGTCCGCTGATCTTCGTCGGTGATGTTGGCATGGGAGTAAACCCGCCAGCGGGATACTCAACCGACGTGATTATCG
CTGCTTTCCCGTGGGGAGCGTTACTGGGCGCAGAAGCGCTGGAGCAGGGGATCGATGCGATGGTTTCCTCCTGGAACCGCGCAGCACCAAACAC
CATCCCGACGGCGGCAAAAGCCGGTGGTAACTACCTCTCTTCCCTGCTGGTGGGTAGCGAAGCGCGCCGCCACGGTTATCAGGAAGGTATCGCG
CTGGATGTGAACGGTTATATCTCTGAAGGCGCAGGCGAAAACCTGTTTGAAGTGAAAGATGGTGTGCTGTTCACCCCACCGTTCACCTCCTCCG
CGCTGCCGGGTATTACCCGTGATGCCATCATCAAACTGGCGAAAGAGCTGGGAATTGAAGTACGTGAGCAGGTGCTGTCGCGCGAATCCCTGTA
CCTGGCGGATGAAGTGTTTATGTCCGGTACGGCGGCAGAAATCACGCCAGTGCGCAGCGTAGACGGTATTCAGGTTGGCGAAGGCCGTTGTGGC
CCGGTTACCAAACGCATTCAGCAAGCCTTCTTCGGCCTCTTCACTGGCGAAACTGAAGATAAATGGGGCTGGTTAGATCAAGTTAATCAACTCG
AGCACCACCACCACCACCACTGA

Protein sequence:

MASMTTKKADY IWEFNGEMVRWEDAKVHVMSHALHYGTSVFEGIRCYDSHKGPVVFRHREHMOQRLHDSAKIYRFPVSQSIDELMEACRDVIRKNN
LTSAYIRPLIFVGDVGMGVNPPAGYSTDVITAAFPWGALLGAEALEQGIDAMVSSWNRAAPNTIPTAAKAGGNYLSSLLVGSEARRHGYQEGIA
LDVNGYISEGAGENLFEVKDGVLEFTPPFTSSALPGITRDAIIKLAKELGIEVREQVLSRESLYLADEVFMSGTAAEITPVRSVDGIQVGEGRCG
PVTKRIQQAFFGLFTGETEDKWGWLDQVNQLEHHHHHH
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