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Optically Active Amines on an Industrial Scale
Ditrich, Klaus
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Over recent years, single-enantiomer drugs and drug candidates became more and
more important in the agrochemical and pharmaceutical industry. Therefore,
efficient methods for the synthesis of small, homochiral intermediates such as
optically active amines, alcohols, epoxides and carboxylic acids which are
frequently used as building blocks, resolving agents and chiral auxiliaries, are
highly desired. In the lecture, technically realized production methods for chiral
amines based on biocatalytic and “classical” chemical reactions will be discussed.

Enantioselective hydroaminations catalyzed by native and
engineered carbon-nitrogen lyases
Gerrit J. Poelarends
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Deusinglaan 1, 9713 AV Groningen, The Netherlands
E-mail: g.j.poelarends@rug.nl

This lecture will describe recent work from our laboratory aimed at the use of native and
engineered carbon-nitrogen lyases for enantioselective hydroamination reactions to yield
important noncanonical amino acids. Examples will be presented where we applied carbonnitrogen lyases for the stereoselective and step-economic synthesis of potent inhibitors of
metallo-β-lactamases[1] and glutamate transporters,[2] as well as chiral synthons for drugs[3,4]
and food additives.[5] A number of biocatalytic syntheses were performed at multigram scale,
allowing the production of biologically active amino acids in sufficient amounts for cell and
animal studies.[6] These well-characterized carbon-nitrogen lyases nicely complement the
rapidly expanding biocatalytic toolbox for asymmetric synthesis of noncanonical amino acids.
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N-heterocyclic compounds are one of the most present structural components in
pharmaceuticals.1 Of particular interest are methylated N-heterocycles such as pyrazoles, in
which the methylation pattern controls their biological activity.2,3 Methylation of N-heterocycles
is commonly performed using chemical reagents such as methyl iodide or dimethyl sulfate.4
These reagents are highly toxic and do not offer regiocontrol, which results in additional
separation/purification steps. A catalyst that controls the regioselectivity could simplify the
synthesis of methylated N-heterocycles, however, such a catalyst has not yet been
developed.3

We aim to perform mild, selective and highly efficient methylation of N-heterocycles such as
pyrazoles using a biocatalytic approach. S-adenosyl-L-methionine (SAM)-dependent Nmethyltransferases (NMTs) form a huge class of enzymes that catalyze N-methylation with
high efficiency and selectivity. In these reactions, SAM is used as a non-toxic and green methyl
donor. A challenge is to find suitable NMTs from the natural pool, as these enzymes are often
highly substrate specific and natural pyrazole-methylating NMTs are currently unknown. We
identified promiscuous NMTs that accept pyrazoles as substrate and catalyze pyrazole
methylation, yet with low activity and selectivity. With this starting point, we engineered an
enzyme family of 50 pyrazole-methylating NMTs using computational library design (FuncLib5).
We demonstrate that the engineered enzyme family is highly functional and possesses very
diverse catalytic properties. Within this pool of enzymes we identified massive activity
improvements (> factor 126) on a panel of pyrazole substrates. Importantly, many of these
enzymes are highly regioselective (up to 99.9%) which describes the first catalytic
regioselective methylation of such N-heterocycles. This study further reveals that
computational library design offers many excellent catalysts to a diverse set of substrates in
only one round of directed evolution.
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Sustainability in production processes represents a growing trend in the chemicals industry as
we become more aware of the increasingly urgent environmental issues facing our world. The
development of efficient procedures for the preparation of valuable and commodity chemicals
is of ever-increasing importance for synthetic chemists. Biocatalysis allows many complex
molecules to be prepared in a streamlined, targeted fashion, owing to the chemo-, regio- and
enantioselectivity displayed by finely-tuned enzyme catalysts. Despite these significant
advantages offered by biocatalysis, their widespread use in production is hampered due to
challenges in scalability, catalyst re-use and downstream processing.
EnginZyme’s proprietary immobilisation technology, EziGTM, is based on controlled porosity
glass, which offers a general means of reversible enzyme tethering to a solid matrix through
His-tag affinity binding. Enzyme immobilisation allows catalyst recapture and reuse following
a reaction and has been demonstrated to enable the running of biotransformations in nonaqueous reaction mediums. An immobilised enzyme as a heterogeneous catalyst can be
packed into a fixed bed reactor for application in continuous flow mode, which offers benefits
in reducing downstream processing as well as process scale-up. This talk will focus on recent
studies of immobilised transaminases used in non-aqueous reaction systems for the synthesis
of chiral amines, as well as a case example of the scalability of an EziG-immobilised
biocatalyst.

Towards a family of stable catalysts for scalable synthesis of enantiomerically and
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The efficient synthesis at scale of enantiomerically and diastereomerically pure amines towards active
pharmaceutical ingredients (APIs) still poses important challenges to the field. Recently, a small family of
enzymes called amine dehydrogenases (AmDHs) were engineered from wild amino acid dehydrogenases.1-2 AmDHs catalyze the reductive amination of prochiral ketones to form enantiomerically pure (R)amines. In the present work, we report on a broad effort to expand the utility of AmDHs by increasing
both specific activity and substrate scope of the enzymes, as well as to determine operational stability and
use in a continuous reactor system.
Two sets of three mutations each were introduced into L-AmDH.3 A triple variant (L-AmDH-TV)
including D32A, F101S, and C290V showed an average of 2.5-fold higher activity toward aliphatic ketones
and an 8.2 °C increase in melting temperature but no significant changes in relative activity for different
substrates. In contrast, L39A, L39G, A112G, and T133G in varied combinations added to L-AmDH-TV
enabled activity for straight-chain ketones as large as 2-decanone and in combination with A112G enabled
activity toward longer branched ketones including 5-methyl-2-octanone.
The chimeric cFL1-AmDH2 accepts various 2-substituted and 2,2’-disubstituted
ethylacetoacetates. Interestingly, the diastereomeric purity strongly depends on temperature: at 50 oC, the
diastereomeric purity of ethyl 2-chloro-3-(R)-aminobutyrate is nearly complete, while at 20oC, a nearly
equal mixture of both diastereomers is formed.4
Lastly, we succeeded in immobilizing cFL1-AmDH and FDH on beads and running continuous
reactions of a model aliphatic amine in a packed-bed reactor at >80% conversion and volumetric
productivities of over 100 g/L/d for several days. We will present details of the immobilization protocol
and the reaction engineering with respect to enzyme loading and variation of residence time.5
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Anilines are valuable synthons in pharmaceuticals and agrochemicals and they are commonly
produced by chemocatalytic reduction of the corresponding nitrobenzene precursors.
Nonetheless, known synthetic methods often lack sufficient activity or selectivity, which results
in low yields or the formation of a variety of undesired side products.1
We envisaged biocatalysis as a promising alternative, which enables excellent selectivities
under mild reaction conditions, even though no enzymatic approach has been described for
the complete reduction of nitrobenzene to the corresponding aniline.
FMN-dependent nitroreductases (NRs) are enzymes capable of reducing a broad range of
nitroaromatic compounds; however, have received limited attention in the synthetic organic
chemistry community because their reduction of nitro compounds is limited to the generation
of hydroxylamine2; further progression to the desired aniline is rare and results from
spontaneous but slow disproportionation.3
Herein, we demonstrate that the combination of an enzyme with vanadium overcomes this
limitation and enables the full conversion of aromatic nitro compounds to the desired aromatic
amines. The nitroreductase reduces the nitrobenzene to the corresponding hydroxylamine,
while vanadium actively disproportionates two hydroxylamine molecules to the respective
amine and nitroso compounds.

Figure 1. Proposed strategy for the dual nitroreductase/vanadium-catalysed reduction of
nitroaromatic substrates

This innovative approach was demonstrated with several NRs and different nitroaromatic and
nitropyridine compounds. Quantitative reduction was obtained for most of them, while minimal
unspecific reductions and side product formation was observed. This technology was also
proved to be scalable.
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Enzymes exist as an ensemble of different conformational states key for their catalytic
function. The intrinsic dynamism is important for essential processes such as substrate
binding, product release, and allosteric regulation.1-3 The characterization of the
conformational dynamics of enzymes is key for understanding how different enzymes
operate. In this regard, we can computationally characterize the conformational
dynamics by summarizing all the different conformational states into a three-dimensional
Free Energy Landscape (FEL) using the data obtained from Molecular Dynamics (MD)
simulations. In this work, we reconstruct the FEL of different enzymatic systems
important for chiral amine production. First, we study the conformational dynamics of
Aspergillus niger Monoamine Oxidase (MAO-N), a homodimeric enzyme responsible for
the oxidation of amines into the corresponding imine. Our work reveals how distal
mutations regulate MAO-N activity by stabilizing some hidden catalytically important
conformational states, but also by modulating the communication pathway between both
MAO-N subunits.4-5 Second, we characterize and compare the conformational dynamics
of an Imine Reductase (IRED) from Streptosporangium roseum (IRED-sr) and the
Reductive Aminase (RedAm) from Aspergillus terreus (AtRedAm) to unveil their
differences in reactivity and conformational dynamics.
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Biocatalytic amine synthesis: from single step reactions to enzyme cascades
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We are interested in using biocatalytic single step reactions and multi-enzyme
cascades for the preparation of primary and secondary single-isomer amines. For
this, enzymes with the required activities and stereoselectivities are needed. In this
presentation, enzyme discovery using a metagenomics-based approach will be
described to generate new transaminases for applications including the upgrading of
low cost biomass-derived compounds.[1-4] In addition, we are using the PictetSpenglerase norcoclaurine synthase (NCS) to catalyse the formation of
tetrahydroisoquinoline alkaloids that exhibit many pharmacological activities. To
expand the range of phenethylamines and aldehydes accepted by NCS, mechanistic
studies were performed followed by enzyme mutagenesis to enable access to a
diverse range of alkaloids in high stereoselectivities.[5-7] Moreover, several NCS
mutants were noted to accept ketones and we will present recent reactions with
sterically challenging ketone substrates.[8] The incorporation of transaminases and
NCSs into efficient in vitro enzymatic and chemoenzymatic cascades will then be
presented.[9,10]
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The synthesis of enantiomerically pure amines has turned out as a task being very
successfully addressed by biocatalysis. It is noteworthy that various different approaches
being complementary to each other have been developed and also applied already on industry
scale, thus demonstrating the high process efficiency of such enzyme-catalyze
methodologies. The most prominent technologies in this field are the lipase-catalyzed
resolution of amines via acylation and the reductive amination of a ketone using
transaminases and amine dehydrogenase. In this presentation at first an example from an
industrial collaboration project with the company PharmaZell will be given demonstrating how
such existing tools such as enzymatic resolution and transamination can be integrated in a
novel retrosynthetic pathway toward a chiral intermediate of the pharmaceutical compound
Ozanimod. The second part of the presentation will then focus on general alternative concepts
to synthesize chiral amines by means of biocatalysis. In detail, the chemoenzymatic synthesis
of chiral amines based on nitroalkene reduction with an ene reductase and nitrile formation
with an aldoximes dehydratase as key steps will be presented.

Applying Biocatalysis to Synthesize Chiral Amines and
Application to the Pfizer Portfolio
Michael Karmilowicz
Pfizer WRD
CT, USA
michael.j.karmilowicz@pfizer.com

Biocatalysis has transformed the way in which pharmaceuticals are currently produced.
Higher selectivity, mild reaction conditions, enhanced control strategies and recent
advances in enzyme engineering have made biocatalysis an integral component of
pharmaceutical manufacturing at Pfizer. In addition, biocatalysis is a green technology that
offers an environmentally sustainable and safe process for the synthesis of complex
pharmaceutical intermediates and active pharmaceutical ingredients (API’s).
The incorporation of new technologies and the development of advanced workflows for
enzyme engineering, coupled with process development improvements, have enabled the
commercial scale synthesis of multiple API’s, requiring chiral amine synthesis. This
presentation will provide an overview of Pfizer’s Biocatalysis program, for chiral amine
synthesis, and will include several case studies, in which either engineered transaminase
or IRED enzymes were utilized.

New thermostable β3-amino acid transaminase from an Icelandic
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Amine transaminases (ATAs) are interesting biocatalytic tools for the preparation of optically pure
chiral amines, those making the discovery of new enzymes still a hot topic.
In this work we exploited culture enrichment to find new ATAs starting from environmental
samples collected in hot springs in Southwest-Iceland at temperatures ranging from 50 to 90°C.
In particular, a Meiothermus strain that can use β3-phenylalanine as a sole nitrogen source for
growth was isolated. The genome of the isolated Meiothermus strain was sequenced and genome
annotation revealed the presence of 22 putative amine transferases sequences. Among these 22
sequences by bioinformatic search we found one sequence (Ms-TA) that resulted to be
phylogenetically related to known ATAs active toward β3-amino acids and curiously it showed a
fingerprint of active site residues different from the one of the ATA described to date. The selected
sequence was successfully cloned and overexpressed in E. coli BL21(DE3), obtaining 70 mg of
pure protein from 1 L culture after purification. Ms-TA showed high activity toward (S)-β3phenylalanine and some other (S)-β3-amino acids and showed a preference for α-ketoglutarate
and aromatic aldehydes as amino acceptors. Moreover, Ms-TA resulted to be a quite
thermostable enzyme maintaining about 60% of the starting activity after 3 h incubation at 50 °C
and showing a melting temperature of about 73°C. Finally, a homology-based structural model of
Ms-TA was built to analyze the stereo-electronic features of the active site by docking of substrate
β3-phenylalanine and PLP cofactor.
This work has been carried out in the framework of the HOTRAM project, a FP7 Marie Curie IEF
post-doctoral program (grant agreement PIEF-GA-2013-622732). Additional support from Cariplo
Foundation (grant 2016-0731) is kindly acknowledged.
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N-heterocycles are valuable precursors for the synthesis of various pharmaceuticals [1]. Up
to date, only a few chemical and biological strategies exist for the selective synthesis of
saturated N-heterocycles. We designed an enzymatic cascade to synthesis methylated Nheterocycles consists of an engineered putrescine oxidase (PuOE203G) [2], an imine reductase
(IRED) [3] and a NADP+-reducing hydrogenase derivative (SH) from Ralstonia eutropha [4].
The O2-dependent PuOE203G oxidizes diamines to the corresponding imines, which are
subsequently reduced by the NADPH-dependent IRED to the saturated N-heterocycles
(Figure 1). The O2-tolerant SH derivative catalyses the H2-driven recycling of NADPH [4]. The
R- as well as the S-enantiomer of various methylated N-heterocycles were synthesized with
up to >73% ee and 97% conversion yield [2]. Additionally, we developed a mini flow reactor,
where O2 and H2 are supplied by the electrolysis of water and the enzymes are immobilised
on suitable carriers. The electro-driven cascade produced deuterated N-heterocycles with up
to 98 % conversion yield [5]. These deuterated N-heterocycles can be utilised for
spectroscopy, in pharmaceuticals or as analytical tracers. Furthermore, the described
enzymatic cascade avoids the consumption of any organic solvents or toxic compounds
demonstrating the sustainability and greenness of this approach.

Figure 1: H2-driven biosynthesis of methylated N-heterocycles
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Chemoselective biocatalytic reduction of the C=N bond of enimines (α,β-unsaturated
imines) in the presence of a conjugated C=C bond has been exploited using imine
reductase (IRED) for the preparation of pharmaceutically important bioactive
piperidinesi and morphinansii (Scheme 1).

Scheme 1. Biocatalytic reduction of enimines

In this work we explore the complementary process, namely enzymatic reduction of the
C=C bonds of enimines and combine this with IRED-mediated C=N reduction to develop a
reaction procedure for the preparation of diastereomerically enriched heterocyclic amines.
Preliminary studies have been carried out in order to define the true substrate.
i
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Biocatalytic routes to fatty amines from renewable sources
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Commodity chemicals are present in every field of modern life. In particular, surface active
molecules such as fatty amines play an important role as detergents, emulsifiers, corrosion
inhibitors, fabric softeners, and crop protectors among others. Conventional synthesis of
fatty amines is often carried out with renewable fats and oils as starting materials. However,
toxic catalysts and harsh reaction conditions are often used through the manufacturing
process [1].
Biocatalysis has emerged as a suitable alternative to current chemical synthesis of
commodity chemicals owing to the mild reaction conditions and exquisite regio- and chemoselectivity that it can impart [2].
In the present work, we show advances on alternative biocatalytic approaches for the
synthesis of fatty amines from renewable sources. Screening of current enzyme libraries and
new enzyme discovery together with combination of the biocatalysts in tandem cascades
could lead to fully enzymatic routes for the production of these molecules.
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The production of chiral amines has become a challenge for the pharmaceutical
industry. They are essential building blocks for the manufacture of a huge number of
drugs, which are hardly affordable by traditional methods.[1] In this context, Imine
Reductases (IREDs) became promising biocatalysts for the obtention enantiomerically
pure amines. They are able to enantioselectively reduce different imine substrates by
transferring a hydride from their NADPH cofactor. In parallel, the Reductive Aminases
(RedAms) class of enzymes emerged as a special kind of IRED with a peculiar
reactivity. Whereas IREDs are only able to selectively reduce imines to form chiral
amines, RedAms can also produce the imine intermediate, utilizing ketone and amine
substrates (Figure 1A).[2] The distinctive reactivity of RedAms can come from either
different conformational features and flexibility or distinct active site architectures. Both
class of enzymes present high percentages of structure similarity, sharing a common
Rosmann fold, and a mobile H2 helix (Figure 1B) exhibiting minor differences in the
active site machinery. Therefore, the differences in reactivity can arise from distinct
conformational dynamics displayed by IREDs and RedAms (Figure 1C), as various
conformations of the H2 helix were identified in the crystal structures of a Aspergillus
terreus RedAm enzyme.[3]
To elucidate the conformational features that can drive the reactivity towards imines
reduction or reductive amination, we computationally explore the conformational
landscape of IREDs and RedAms by means of Molecular Dynamics (MD) simulations.
We will compare the dynamic behavior of one IRED from Streptosporangium roseum
(IRED-sr), and another one from Amycolatopsis orientalis (AoIRED), and two different
RedAms, from Aspergillus terreus (AtRedAm) and Aspergillus oryzae (AspRedAm),
Moreover, to determine if the differences in the active site architectures can also
contribute to control the RedAm/IRED activity, Quantum Mechanical (QM) calculations
will be performed to decipher the reaction mechanisms for each system.

Figure 1. A) Reaction scheme for the different IREDs and RedAms B) Structural features
identified in both IREDs and RedAms, showing the Rossman fold in teal, the H2 helix in orange
and the NADPH cofactor in purple C) Structural overlay of AtRedAm (PDB: 6EOI, in grey) and
IRED-Sr (PDB: 5OCM, in blue).
[1]
[2]
[3]

D. Ghislieri, N. J. Turner, Topics in Catalysis 2014, 57, 284-300.
G. A. Aleku, S. P. France, H. Man, J. Mangas-Sanchez, S. L. Montgomery, M. Sharma, F. Leipold, S. Hussain,
G. Grogan, N. J. Turner, Nature Chemistry 2017, 9, 961.
M. Sharma, J. Mangas-Sanchez, S. P. France, G. A. Aleku, S. L. Montgomery, J. I. Ramsden, N. J. Turner, G.
Grogan, ACS Catalysis 2018, 8, 11534-11541.
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The transaminase from H. elongata (HeAT), a halo-adapted bacterium, has shown excellent
substrate scope and stability. Its immobilisation on solid supports has enabled even further
stabilisation and recovery from the reaction mix. We have adapted transaminase mediated
chemistry in continuous systems by trapping the catalyst in packed bed reactor. The move
from batch to flow set up showed excellent improvements in reaction times and operational
stability of the enzyme. Here the evolution and implementation of HeTA will be presented
through several examples developed in our laboratory one the last three years

Development of a Biocatalytic Route for the Effecient Synthesis of Iminosugars
Elaine O´Reilly
School of Chemistry, University College Dublin, Science Centre – South Belfield, Dublin 4,
Ireland
elaine.oreilly@ucd.ie
Iminosugars have been identified as important pharmaceutical targets for a range of diseases
involving carbohydrate processing enzymes. However, difficulties associated with
synthesising structurally diverse templates has limited the development of these important
therapeutics and has meant the vast majority of biologically evaluated iminosugars have been
limited to parent natural compounds or close derivatives.1 The direct amination and
subsequent selective oxidation of readily available carbohydrates, such as glucose, mannose
and fructose, represents an ideal approach for the synthesis of chiral amino alcohols that can
be readily converted to iminosugars, and circumvents the need to rely on petrochemical
derived feedstocks. However, the multiple hydroxy groups decorating simple sugars have
similar reactivity, meaning that modification of this feedstock using traditional chemical
strategies can be extremely challenging to achieve selectively.
We are focusing on the development of an enzymatic cascade for the synthesis of iminosugars
from monosaccharides, relying on a key transamination2,3 followed by selective biocatalytic
oxidation.
[1] G. Horne, Drug Discovery Today, 2011, 16, 107.
[2] R. Cairns, A. Gomm, J. Ryan, T. Clarke, E. Kulcinskaja, K. Butler, E. O’Reilly, ACS
Catal., 2019, 9, 1220.
[3] H. C. Hailes, F. Subrizi, L. Benhamou, J. Ward, T. Sheppard, Angew. Chemie, 2019, 58,
3854.

Enzymatic Pictet-Spengler Reactions
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An efficient chemical approach for the synthesis of 1-substituted -carbolines represents the PictetSpengler reaction, in which a 2-aryl-ethyl amine reacts with an aldehyde/ketone. In nature the PictetSpengler reaction is catalysed by enzymes [1] which are distinguished according to their substrate. In
this project we investigated a set of Strictosidine Synthases from different origins with the aim of
broadening the substrate scope of these enzymes.

[1]

a) T. Mori, S. Hoshino, S. Sahashi, T. Wakimoto, T. Matsui, H.Morita, I. Abe, Chem. Biol. 2015, 22, 898–906; b) Q. Chen, C. Ji, Y. Song, H. Huang, J. Ma, X.
Tian, J. Ju, Angew. Chem. Int. Ed. 2013, 52, 9980–9984; Angew. Chem. 2013, 125, 10164–10168; c) K. Koketsu, A. Minami, K. Watanabe, H. Oguri, H.
Oikawa, Curr. Opin. Chem. Biol. 2012, 16, 142–149; d) Lichman, B., Zhao, J., Hailes, H. et al. Enzyme catalysed Pictet-Spengler formation of chiral
1,1’-disubstituted- and spiro-tetrahydroisoquinolines. Nat Commun 8, 14883 (2017).

Application of a donor amine salt for the in situ-product
crystallization in amine transaminase catalyzed reactions
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Over the past years transaminases became a powerful synthetic tool for the efficient synthesis
of chiral amines, which are important intermediates for a variety of pharmaceuticals, food
additives, cosmetics and agrochemicals. The enantiomerically pure amines can be either
obtained by kinetic resolution of a racemic amine mixture or asymmetric synthesis from a
prochiral substrate.[1] Unfortunately, a major limitation of the asymmetric synthesis is the
unfavorable reaction equilibrium, which requires an additional effort to shift the reaction to the
product side, e.g. tailor-made amine donors or enzyme cascades.[2]
As a powerful alternative we investigate the selective in situ-product crystallization (ISPC) of
the product amine, which shifts the reaction equilibrium to the product side and requires just a
simple addition of a suitable carboxylic acid.[3]

Figure 1, Combination of an amine transaminase catalyzed reaction with an in situ-product
crystallization using a donor amine salt

The productivity of the ISPC method can be further increased by the direct use of a solid donor
amine salt in the sense of a continuous fed-batch reaction (Figure 1). In addition, an undesired
pH shift is prevented, while simultaneously very low amine concentrations are present in
solution. Space-time yields of >24 g·L-1·d-1 were achieved.
[1] F. Guo und P. Berglund, Green Chem. 2017, 19, 333-360
[2] I. Slabu et al., ACS Catal. 2017, 7, 8263-8284.
[3] a) D. Hülsewede et al., European Patent Application 17202282.4, submitted on 17.
November, 2017; b) D. Hülsewede et al., Eur. J. Org. Chem. 2018, 18, 2130-2133; c)
D.Hülsewede et al., Adv. Synth. Catal., 2019, 361, 2727-2733.
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Scheme 1. Chemoenzymatic dynamic kinetic resolution of amines in continuous flow
operation
Enantiomerically pure chiral amines are valuable bulding blocks for the synthesis of
pharmaceutical drugs and agrochemicals in the life-science industry. It is estimated, that
approximately 40% of pharmaceuticals contain a chiral amine component in their structure. 1 So
these moieties play an important role as building blocks, chiral auxiliaries or advanced
intermediates.
Chemical synthesis of these enantiopure amines are a challenging task as it requires
harsch reaction conditions. However, biocatalysis as an alternative synthetic approach to
amines offers mild reaction conditions and high stereoselectivity. Although, lipased catalyzed
dynamic kinetic resolution (DKR) of benzylic amines (rac-1d) has already been solved in
continuous-flow operation2, DKR of nonbenzylic amines (rac-1a-b, cis,trans-1c) has still
challenges. Among naturally occuring enzymes, transaminases (TA) can be capable of making
this procuders easier. 3

Consequently we envisioned a cascade reaction system including immobilized
transaminase activity biocatalyst and Pd-based heterogeneous catalyst. Fulfilling the
requirements of sustainable industry and safety regulations this cascade system was performed
in miniaturized packed bed reactor system installed with back pressure regulator. Flow reactor
technology consisting of packed-bed reactors filled with immobilized transaminase and
chemocatalyst can significantly improve efficacy of biotransformations. (Scheme 1.)
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E. Farkas; M. Oláh; A. Földi; J. Kóti; J. Éles; J. Nagy; C. A. Gal; Cs. Paizs; G. Hornyánszky; L. Poppe; 2018.
Org. Lett., 20, 8052-8056.
3
D. Koszelewski; K. Tauber; K. Faber; W. Kroutil; 2010. Trends Biotechnol. 28, 324-332.
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Biomimetic amino donors for transaminase enzymes
Catherine A. McKenna, Andrew L. Lawrence, Dominic J. Campopiano
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The synthesis of chiral amines using transaminase enzymes necessitates the use of a
sacrificial amino donor. Ideally, amino donors should be readily accessible compounds that
provide a thermodynamic driving force that pushes the transamination equilibrium to the
desired product.1 The development of amino donors applicable for wild-type transaminases
would be particularly desirable as an alternative to directed evolution strategies. This poster
will describe our development of new biomimetic amino donors, inspired by the natural product
incargranine B.2

Figure 1: Overview of the use of new biomimetic amino donors with an inherent chemical driving force
to overcome the challenging equilibrium to produce chiral amines.

1)P. Tufvesson, J. Lima-Ramos, J.S. Jensen, N. Al-Haque, W. Neto and J. M. Woodley, Biotech.
Bioeng., 2011, 108, 1479-1493. 2) P. D. Brown, A. C. Willis, M. S. Sherburn and A. L. Lawrence,
Angew. Chem. Int. Ed., 2013, 52, 13273-13275.
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As part of the Bioeconomy Science Center, the HyImPAct project targets the production of
active pharmaceutical ingredients such as metaraminol and tetrahydroisoquinolines from
renewable precursors (Figure 1). The targeted compounds are synthesized in a chemoenzymatic cascade by combining a carboligation, a reductive amination and a chemical
addition step (Figure 2).[1] Major advantages of the presented chemo-enzymatic cascade are
excellent stereoselectivities and the possibility of an integrated pyruvate recycling when using
alanine as amine donor. As typical for alanine, the equilibrium of the reductive amination step
lays predominantly on the substrate side.[2]. This leads to low conversion rates and reduced
efficiency of the cascade. To overcome this disadvantage, in-situ product removal (ISPR) is
applied.
Here, we present an in-situ liquid-liquid extraction (LLE) as a mean to shift the reaction
equilibrium in order to achieve higher conversion rates. In a first step, we screened different
groups of organic solvents and their effect on the activity and stability of the transaminase
Cv2025 The best solvent candidates were determined and used to measure distribution
coefficients of the physical LLE system for substrates and products at different pH levels.
Suitable solvent-pH combinations were then tested in small-scale batch experiments and
improved conversion for the reductive amination reaction compared to solvent free systems
was shown. Furthermore, continuous physical LLE coupled with product recovery was
performed using a membrane contactor. The results showed that even higher conversion rates
are possible. To further shift the reaction equilibrium, we also investigated reactive LLE [3,4],
which allows for increased distribution coefficients of metaraminol compared to physical LLE.
Both techniques are then compared to each other and their applicability is shown.
In our contribution, we prove that continuous extraction of metaraminol is possible applying
alanine as amine donor. Furthermore, we show that enzymatic conversion can be improved
by the two ISPR concepts.

Figure 1: Hybrid process to be established within the HyImPAct project, combining biotransformation,
enzyme catalysis and chemical synthesis from renewable precursors.

Figure 2: Three-step chemo-enzymatic cascade starting from 3-hydroxy-benzaldehyde and pyruvate,
applying the enzymes ApPDC E469Q and Cv2025 while making use of the amine donor alanine.

[1] V. Erdmann et al. Angew.Chem. Int. Ed. 2017,56,12503–12507
[2] P. Tufvesson et al. Biotechnology and Bioengineering 2011, 108, 1479-1493
[3] A. Bednarz et al. J. Chem. Technol. Biotechnol 2017, 92, 1817-1824
[4] D. Cascaval et al. Biochemical Engineering Journal 2001, 7, 171-176

Reactivity of transaminases with halogenated substrates
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Catalytic promiscuity consists of enzymatic transformations which involves reaction
mechanisms different from that of the natural pathways. This is often used in biocatalysis to
develop new reaction pathways transforming non-natural substrates.1
On the other hand, halogenated compounds are valuable precursors of biologically active
natural products and synthetic drugs, and especially fluorinated compounds have been found
to modulate important activities.2 It is well known that the C‒F bond cleavage to form a C‒H
bond is particularly difficult. This methodology was developed in aromatic derivatives
employing transition metals under harsh conditions.3 Transaminases (TAs) are enzymes
capable to perform kinetic resolutions of racemic β-fluoroamines through a
hydrodefluorination-deamination process.4 This unexpected promiscuous activity was
exploited from a biological point of view, but it has not been approached from a synthetic
perspective since recently. Adding a stoichiometric amount of an amine donor, the
(regio)selective dehalogenation of halogenated ketones under mild conditions in aqueous
media can also be performed (Scheme 1).

Scheme 1: Dehalogenation reaction of α-halo ketones catalyzed by transaminases.
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Insight into the inactivation process of (S)-selective transaminases
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Transaminase-based processes for the synthesis of enantiopure amines are often limited by
a low storage and operational stability of the enzyme. We have explored the frequently used
homodimeric (S)-selective transaminase from Chromobacterium violaceum (Cv-TA).1,2 Cv-TA
is a fold type I PLP-dependent enzyme and we recently proposed a model for the inactivation
process of this enzyme.3 The cornerstone of the model, supported by structural, computational,
mutagenesis and biophysical data, is the central role of the catalytic lysine (K288) as a
conformational switch. Rearrangement of the catalytic lysine triggers a cascade of
conformational changes culminating in dimer dissociation.
MD simulations and experimental results showed, in agreement with previous reports,4 that
the coordination of a phosphate-containing species in the phosphate group binding cup located
at the dimer interface can hinder the rearrangement of K288 to the backward conformation
and contribute to improve the stability of the dimeric assembly. Nonetheless, as shown
experimentally, the largest contribution to the thermal stability of the holo-Cv-TA is the
presence of the K288-PLP Schiff base linkage. Our mutagenesis studies demonstrated that
increasing the available space for K288 mobility leads to drastically improved holo-Cv-TA
thermal stability and significantly reduces the importance of the Schiff base for protein stability.
Similar PLP-dependent inactivation models verified using different methods for other nontransaminase PLP-dependent enzymes exist in the literature.5-7 The validity of the lysinedependent inactivation model presented here might therefore extend to other fold type I PLPdependent enzymes of interest for biocatalytic applications, even outside of the transaminase
enzyme class.

1. Guo, F.; Berglund, P. Green Chem. 2017, 19, 333-360.
2. Land, H.; Campillo-Brocal J. C.; Humble, M. S.; Berglund, P. ChemBioChem, 2019, 20,
1297-1304.
3. Ruggieri, F.; Campillo-Brocal, J. C.; Chen, S.; Humble, M. S.; Walse, B.; Logan, D. T.;
Berglund, P. 2019, Submitted manuscript
4. Chen, S.; Berglund, P.; Humble, M. S. Mol. Catal. 2018, 446, 115-123.
5. Cai, K.; Schirch, D.; Schirch, V. J. Biol. Chem. 1995, 270, 19294-19299.
6. Bertoldi, M.; Cellini, B.; Laurents, D. V.; Borri Voltattorni, C. Biochem. J. 2005, 389, 885898.
7. Malerba, F.; Bellelli, A.; Giorgi, A.; Bossa, F.; Contestabile, R. Biochem. J. 2007, 404, 477485.
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The acylation of amines to form amides is one of the most widely conducted reactions in
synthetic medicinal chemistry, yet traditional methods often involve coupling agents
resulting in processes that are far from atom efficient.
Biocatalytic routes to amides [1] have included lipases and pencillin acylases, but each also
has disadvantages with respect to substrate specificity in the synthesis of bulky
pharmaceutical-type amide compounds.
In our recent work we have evaluated the potential of ATP-dependent amide ligases from
natural product pathways for the acylation of amines to form pharmaceuitical amides. The
enzyme McbA, from the biosynthetic pathway to the marinacarbolines [2],
was found to possess surprisingly promiscuous activity towards a range of amines, but also
carboxylic acid partners [3], suggesting potential for the synthesis of a range of valuable
amide compounds from readily available precursors.
[1] Petchey and Grogan (2019) Adv. Synth. Catal., 361, 3895.
[2] Ji et al. (2014) Tetrahedron Lett., 55, 4901.
[3] Petchey et al. (2018) Angew. Chem. Int. Ed. 57, 11584.

Biocatalytic synthesis of chiral amines and N-functionalised amino acids in GSK
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Biocatalysis offers a safe, sustainable and highly selective way to synthesize chiral amines - a
ubiquitous moiety in pharmaceuticals and fine chemicals. In GSK, the application of enzymes has
enabled the generation of chiral amines that would otherwise be either impossible or impractical to
synthesise. This success has been triggered by efforts of the Synthetic Biochemistry community to
investigate new opportunities and generate new enzyme panels. In my talk I will highlight the use of
established biocatalyst classes such as transaminases or imine reductases as well as new enzymatic
ways to prepare N-functionalised amino acids.

Metagenomic mining for Amine Dehydrogenase discovery
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The access to a wider diversity of enzymes for biocatalytic applications is essential to reach
the whole potential of biocatalysis. Among others, metagenomic technology is now recognized
as a tool for uncovering novel biocatalysts, assisted by recent massive sequencing of several
metagenomes. Nevertheless novel enzymes discovered through metagenomics approaches
are currently mainly restricted to hydrolases1 even if some other classes of enzymes have
been studied like transaminases or transketolases.2 Searching for amine dehydrogenases by
metagenomic mining can greatly increase the chances of finding novelty with original features.
The goal of the presented work is to demonstrate that some representatives of the recently
discovered Amine Dehydrogenase (AmDH) family3 can be found among metagenomics
samples, thus widening the pool of research and so their biocatalytic applications.4 A sub-set
of candidates recovered from two metagenomics databases (Ocean Gene Atlas5 and the
Integrated Gene Catalog of human gut microbiome (IGC)6) were tested for their AmDH activity
after cloning and overexpression in Escherichia coli. Some validated AmDHs were further
explored through kinetic analysis, substrate spectrum, conversion in amines and structural
studies to gain insight into this recently discovered family. The protein sequence diversity
among the new enzymes described showed the benefit to screen metagenomics databases
for biocatalytic purposes.

Figure 1.

Biocatalytic reductive amination of ketones and aldehydes by native NAD(P)H-AmDHs
found among metagenomics databases

(pictures: http://tara-oceans.mio.osupytheas.fr/ocean-gene-atlas and http://meta.genomics.cn/meta/home)

(1) Madhavan, A et al. Appl Biochem Biotechnol 2017, 183 (2), 636-651.
(2) (a) Baud, D. et al. Green Chemistry 2017, 19 (4), 1134-1143; (b) Leipold, L. et al. Green
Chemistry 2019, 21 (1), 75-86 ; (c) Jeffries, J. W. E et al. ChemistrySelect 2016, 1 (10), 2217-2220
(3) Mayol, O. et al. Nature Catalysis 2019.
(4) Patil, M. D. et al. ACS Catalysis 2018.
(5) Villar, E. et al. Nucleic Acids Res 2018, 46 (W1), W289-W295.
(6) Li, J. et al. Nat Biotechnol 2014, 32, 834
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The selective hydroxylation of aromatic compounds is among the most challenging and
sought-after chemical reactions in synthetic chemistry, due to the fact that mono- and
dihydroxylated chiral aromatic compounds are often used as precursors for pharmaceuticals
and complex target structures.1,2 Especially the functionalization of N-heterocyclic aromatic
compounds is of great interest for the generation of valuable drug synthons.3
Although there are several chemical progresses reported using metal catalysts and hydrogen
peroxide or nitrous oxide for the oxidation of selected aromatic compounds, the application of
these reactions for organic chemistry is rather limited.4 Compared to chemical synthesis, the
enzymatically catalyzed dihydroxylation by dioxygenases is an attractive alternative. These
multicomponent enzyme systems play an important role in the biodegradation of aromatic
pollutants by incorporating molecular oxygen into aromatic compounds to generate chiral cisdihydrodiols5. Furthermore, the dihydroxylation proceeds under mild reaction conditions with
concomitant high chemo-, regio- and stereoselectivity.
Herein, we show the selective dihydroxylation of hetero aromatic compounds using various
dioxygenase enzymes. The study of the substrate spectrum indicated that the toluene
dioxygenase from Pseudomonas putida was capable of hydroxylating many of the tested
substrates. To improve the selectivity and activity towards the hydroxylation of N-heterocyclic
arenes, a semi-rational engineering of 46 active site and substrate channel residues was
performed.

Figure 1: Toluene dioxygenase catalyzed hydroxylation of the
heteroaromatic
compounds
2-phenylpyridine
(A)
and
1,2,3,4-tetrahydroquinoline (B). The oxygenase unit of the toluene
dioxygenase from P. putida can be seen in the background.
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EnzymeML – a XML-based exchange format for biocatalytic data
Jürgen Pleiss, Institute of Biochemistry and Technical Biochemistry, University of Stuttgart

The design of biocatalytic reaction systems is highly complex due to the size of protein
sequence space and the dependency of enzymatic properties on the protein sequence and on the
reaction conditions. Because of this complexity, reproducibility of biocatalytic experiments and
re-usability of biocatalytic data are a challenge. To guarantee completeness of data, standards
for reporting enzymology data (STRENDA) have been proposed [1]. However, an empirical
analysis of published enzymology papers illustrates that in all investigated papers critical
information on reaction conditions is missing [2]. As a consequence, biocatalytic research
suffers from the lack of reproducibility and the limited re-usability of biocatalytic data.
To enable storage, retrieval, and exchange of biocatalytic data such as reaction conditions, time
course of substrate and product, kinetic parameters, and the kinetic model, the XML–based
markup language EnzymeML has been developed. EnzymeML incorporates widely accepted
technical standards such as SBML and MathML, and was extended by community standards
such as the STRENDA Guidelines. EnzymeML will support the science community to make
biocatalytic data findable, accessible, interoperable, and reusable in correspondence to the
F.A.I.R. principles. EnzymeML serves as a communication channel between experimental
platforms, laboratory information and management systems, tools for modelling of enzyme
kinetics, and public databases such as STRENDA-DB and SABIO-RK.
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The Development of a Comprehensive Quantitative Assay for
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When undertaking a protein engineering endeavour, it is crucial to have an effective highthroughput screening protocol for the rapid identification of variants with desired activity within
large mutant libraries.1 However, previous amine transaminase (ATA) screening approaches
have been limited in that they are either not quantitative, have poor donor/acceptor tolerance
or require the use of expensive recycling systems/robotics suites.
We have recently reported a general and operationally simple end‐point assay for ATAs that
enables the screening of both amine donors and acceptors in liquid phase.2 This
spectrophotometric screen exploits the novel amine donor 2‐aminoethylaniline (2‐AEA) (1)
and the subsequent reaction of in situ generated indole (2) with Ehrlich's reagent, a common
reagent to test for the presence of indole in biochemistry (Scheme 1).3 A modification of this
method

also

allowed

for

the

screening

of

amine

acceptors,

utilising

4‐

dimethylaminobenzaldehyde (4‐DMAB) (3) as an amine donor, whereby indole is added
exogenously and its subsequent depletion measured using spectrophotometric analysis. This
assay proved to be fully quantitative and qualitative, it also allowed for the facile determination
of ATA enantiopreference. To increase the throughput, an engineered expression strain (E.
coli BL21(DE3) ΔtnaA) lacking tryptophanase activity, was generated to enable reliable and
direct evaluation of individual colonies on the solid phase.

Scheme 1 – The transamination of 2‐aminoethylaniline (2‐AEA) (1) to generate indole (2), followed by
reaction of 2 with Ehrlich's reagent (including 4-dimethylaminobenzaldehyde (3)) generating a highly
coloured species 4.
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Enantioselective Synthesis of Chiral Vicinal Amino Alcohols Using Amine
Dehydrogenases
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Chiral vicinal amino alcohols are an important class of structural motif found in many
biologically active molecules.[1] In this study, biocatalytic reductive amination of α-hydroxy
ketones with ammonia was investigated using engineered amine dehydrogenases (AmDHs)
derived from the leucine amino acid dehydrogenase (AADH) from Lysinibacillus fusiformis.[2]
The AmDH variants thus identified enabled the synthesis of (S)-configured vicinal amino
alcohols from the corresponding α-hydroxy ketones in up to 99% conversions and >99% ee.
One of the AmDH variants was employed to prepare a key intermediate for the antituberculosis pharmaceutical ethambutol.
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Imine reductase-catalised cascade for the synthesis of Nalkylated pyrrolidines from diketones
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Pyrrolidine alkaloids are an important group of secondary metabolites showing diverse
biological activities. Their biosynthesis can follow two main routes: via L-ornithine as
amino acid precursor and N-methylpyrrolium as key intermediate (true alkaloids route),
or via transamination of keto-compounds (pseudo-alkaloids route). Inspired by both
biosynthetic routes, we envisaged an enzymatic cascade for the direct conversion of
diketone substrates into N-alkylated pyrrolidine alkaloids (Figure 1).

Figure 1. General enzymatic cascade reaction applied to the synthesis of N-alkylated 2,5dissubstituted pyrrolidines.

In order to investigate the applicability and the substrate scope of the described
cascade, 30 IREDs from genomic and metagenomic sources were screened against
two 1,4-diketone substrates (2,5-decadione and 1-phenylpentane-1,4-dione) and four
amine partners (methylamine, allylamine, propargylamine and cyclopropylamine).
Following this biocatalytic cascade approach, eight different N-alkylated 2,5dissubstituted pyrrolidines were obtained. High conversions and good to excellent
stereoselectivities were achieved within 24 hours of reaction.
This is an ambitious cascade, requiring the perfect orchestration of regio- and
stereoselectivities to afford a final enantiopure product and, to the best of our
knowledge, there is no previous report in the literature regarding a similar process. The
results obtained so far are remarkably promising, opening a completely new route to
the synthesis of N-alkylated alkaloids.
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A biocatalytic cascade for the synthesis of mono- and disubstituted
N-alkylated piperidines
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Manchester Institute of Biotechnology (MIB), School of Chemistry, Manchester, United Kingdom.
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Enantiomerically pure chiral N-heterocycles are frequently encountered in many biologically
active natural products and pharmaceuticals. A recent study found piperidines to be one of
the most prevalent N-heterocycles in pharmaceutical compounds.1 Current asymmetric
approaches to 3-substituted and 3,4-disubstituted piperidines are challenging, and many
include techniques based upon diastereoselective metalation/cross-coupling2, ring closure,
and metal catalysed pyridine reductions.3, 4
This work describes a one-pot biocatalytic cascade utilising amine oxidase (AO) and imine
reductase (IRED). The cascade was applied to the preparation of 3-substituted, 4substituted and 3,4-disubstituted N-alkylated piperidines with excellent enantioselectivity and
yields at preparative scale. A bespoke panel of substrates were also synthesised in excellent
yields to showcase the utility of this cascade.
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(R)-Selective Transaminases: Stabilizing the Tetrameric
Form
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Chiral amines are features of many important molecules, yet their synthesis can often be
challenging. Transaminases offer a great alternative route, bypassing the need for high pressures,
transition metal catalysts, and protecting groups. While many (S)-selective transaminases exist and
many structures have been solved, (R)-selective transaminases have been much more elusive, and
their characterization has been much less extensive. While it is known that (S)-selective
transaminases can be dimeric or tetrameric, and the differences, in particular with regard to
stability, between the two have been investigated,1 the quaternary structure of (R)-selective
transaminases has been less explored and is commonly accepted to be dimeric.
Gel filtration chromatography revealed that the (R)-selective Transaminase (RTA) from Aspergillus
Terreus (AtRTA),2 as well as a homologue from a thermotolerant fungus (TsRTA) exists in solution
predominantly in the tetrameric form. A crystal structure of TsRTA was obtained and compared to
the crystal structures of AtRTA (PDB: 4ce5)3 and ATA117-Rd11 (PDB: 5fr9).4 This revealed the likely
interface of dimer-dimer interaction, which is stabilized by two disulfide bridges in ATA117-Rd11
(introduced during the directed evolution of ATA1175; G215C). Introduction of the corresponding
mutation into both AtRTA and TsRTA stabilized both enzymes; in particular in the case of TsRTA,
which retained 80% activity after 7 days at 50 °C, compared to complete loss of activity within 30
min for the wild type.
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Enantioselective synthesis of amines via reductive amination

Luisa Koch, Jana Löwe, Aaron A. Ingram, Harald Gröger
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University, Universitätsstraße 25, 33615 Bielefeld, Germany

The enantioselective preparation of amines starting from ketones via reductive amination with
an amine dehydrogenase represents an attractive synthetic strategy. For the enzymatic
reductive amination a ketone as substrate, an ammonia source, a reducing reagent and a
cofactor are used. The cofactor is recycled in situ by means of a second enzyme.[1]

Scheme 1: Reductive amination of ketones and aldehydes with in situ cofactor recycling.

The amine dehydrogenase EsLeuDH-DM as a mutant of the leucine dehydrogenase from
Exigobacterium sibiricum was utilized in this contribution. Thereby the substrate scope was
enlarged by using aryl-substituted ketones and aldehydes as substrate components, thus
indicating to a high substrate tolerance. The activity towards aromatic aldehydes and the
suitability of using an immobilized enzyme for synthetic purpose were also studied. In such
experiments, good activities for aromatic aldehydes were found and good conversions were
achieved when using such an immobilized enzyme.
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An in situ-Product Crystallization Concept to Shift the Reaction Equilibria of Selected Amine
Transaminase-Catalyzed Reactions
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The synthesis of enantiopure amines via amine transaminases (TA) involves several challenges
including unfavorable reaction equilibria and product inhibition. Described here is a non-catalytic
approach to overcome such problems by using an in situ-product crystallization (ISPC) to selectively
remove a targeted product amine from an amine transaminase-catalyzed reaction. The continuous
removal of the product amine from its reaction solution as a barely soluble salt effectively yields a
displacement of the reaction equilibrium towards the products and facilitates a simple downstream
processing (DSP) approach via filtration. The unique screening system feasible for automated
identification of a suitable crystallisation agent will become available at Enzymicals AG soon, and the
TA biocatalysis using the optimal crystallisation agent yields industrially relevant product
concentrations > 500 mM.

BioCatHub, an online platform for standardised data acquisition in biocatalysis.
Malzacher S.1,2, Range J. 3, Halupczok C. 3, Pleiss J. 3, Rother D. 1,2
1Forschungszentrum Jülich, IBG-1, Jülich, Germany
2RWTH Aachen University, Aachen Biology and Biotechnology, Aachen, Germany
3Universität Stuttgart, Institute of Biochemistry and Technical Biochemistry, Stuttgart,
Germany
The production of chemicals, such as active pharmaceutical ingredients (API), often requires
molecules in a specific stereoisomeric conformation that are difficult to produce and purify.
This challenge can be overcome by using single or multistep biocatalysis. [1]. New insights in
biocatalysis are often based on results from a multitude of experiments and data derived from
negative experiments are usually not collected at all. Since data archiving in biocatalysis is not
yet sufficiently established, many cost and time-consuming experiments are carried out
redundantly.
To improve this, BioCatHub is beeing established. The purpose of this web-based application
is to enable standardised acquisition of data derived from positive as well as negative
experiments in biocatalysis. Specific parameters needed for different experimental setups can
be collected in many different forms together with measurement data according to the FAIR
principles (Findable, Accessible, Interoperable, and Re-usable). The acquired data can then be
exported to a large number of different file formats. Furthermore, sharing data between
scientists is enabled by the Enzyme Markup Language (EnzymeML). This extensible file format
(XML) is based on the Systems Biology Markup Language (SBML) [2] and is continuously
developed to store reaction conditions, time course data, and kinetic modelling results from
enzyme-catalyzed reactions. BioCatHub is a web-based user interface for standardised and
retrievable collection of experimental data from both positive and negative experiments.
EnyzmeML an extension allows the exchange these data in the biocatalysis community.
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Synthesis of a chiral amine by imine reduction using a
superabsorber-immobilized imine reductase in organic medium
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Chiral amines are common structural elements in biological active molecules and thus,
represent important building blocks in pharmaceutical and agricultural industry.[1] Recent
investigations revealed the valuable potential of imine reductases (IREDs) for the sustainable
synthesis of enantiomerically pure cyclic and acyclic amines.[2] Despite the various advantages
offered by IREDs in such amine syntheses, their application in pure organic media remains a
challenge. The use of such a reaction medium could be advantageous as often the utilized
imines represent hydrophobic substrates. The suitability to run IRED-catalyzed transformations in pure organic media could also contribute to the development on one-pot processes
combining chemo- and biocatalytic reactions.[3] The aim of this work was to find a way of
applying IREDs in organic medium to facilitate the combination with chemocatalysis. The
reduction of 1-methyl-3,4-dihydroisoquinoline by using the IRED of Streptomyces
viridochromogenes[4] was chosen as a model reaction.
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Figure 1. Reaction set-up of the biotransformation of 1-methyl-3,4-dihydroisoquinoline by the
superabsorber-immobilized enzyme system consisting of IRED, NADPH/NADP+ and ADH.

As IREDs are cofactor-dependent enzymes, their utilization usually goes along with in situ
cofactor regeneration, commonly through the oxidation of glucose by glucose dehydrogenase
(GDH). Since glucose is poorly soluble in most organic media, the first step was the application
of the oxidation of isopropyl alcohol by alcohol dehydrogenase (ADH) as an alternative
cofactor-regeneration method. The next step was to find a solution to perform the reaction in
organic medium. Therefore, the entire aqueous phase containing IRED, cofactor and ADH was
immobilized in a superabsorbent polymer. High conversion (up to full conversion) of the imine
could be observed when applying such an immobilized enzyme system in selected organic
media.
[1] M. Breuer, K. Ditrich, T. Habicher, et al., Angew. Chem. Int. Ed. 2004, 43, 788-824; Angew. Chem. 2004, 116,
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An Investigation into the Reactivity and Selectivity of Imine
Reductases and Reductive Aminases
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Chiral amines are an important functional group that can be found in a variety of biologicallyrelevant molecules, with around 40% of active pharmaceutical ingredients (APIs) and 20% of
agrochemicals containing some form of chiral amine moiety.1,2 Within the portfolio of
enzymes to prepare chiral amines, Imine Reductases (IREDs) have emerged as a powerful
tool in the last decade.3 These enzymes catalyse the reduction of imines to the
corresponding amines and a subclass termed Reductive Aminases (RedAms) can catalyse
both the formation of the imine and the subsequent reduction.4,5 Through the use of sitedirected mutagenesis, we have been able to gain an understanding of the role of key
residues involved in catalysis and propose a mechanism for the reductive amination
pathway. By investigating other residues within the active site, we will try to understand the
mechanism behind imine reduction as well as the selectivity and substrate scope of both
IREDs and RedAms, allowing for the access to a wider range of synthetic applications.
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Despite the ubiquity of amines, the most applied chemical methods1 for their alkylation are
limited by serious flaws. Alkyl halide reagents are highly genotoxic and prone to overalkylation, whilst reductive amination utilises aldehyde reagents that are unstable, nonrenewable and often require prior synthesis. These limitations have influenced the
development of more sustainable chemical methods in which redox surrogate reagents to
aldehydes are used for N-alkylation, such as “borrowing hydrogen” catalysis and the
reductive amination of carboxylic acids. Despite requirements for forcing conditions and long
reaction times, these methodologies have found application on the process scale,
highlighting the value of renewable synthesis to chemical industry.

Figure 1: Example Transformations from this Work.

In 2017, the Turner group reported the discovery of a sub-class of imine reductase (IRED)
enzyme with the ability to catalyse the challenging step of aqueous imine formation, terming
these enzymes reductive aminases (RedAms).2 In this work, RedAms are combined with
both a mutant alcohol oxidase engineered through directed evolution (AcCO6)3 and a wildtype carboxylic acid reductase (CARsr) to achieve amine N-alkylation using both alcohol and
carboxylic acid substrates.4 Through one-pot enzymatic cascades, these challenging and
valuable transformations are achieved at ambient temperature in water. Applying this work
on a preparative scale also reveals further advantages over traditional synthetic methods,
such as simple work-up procedures and no overalkylation.
Furthermore, through newly discovered RedAm reactivity these cascade reactions may be
extended to heterocyclic synthesis through the sequential inter-intramolecular reductive
amination of dicarbonyl substrates, such as keto-aldehydes and dialdehydes, which may be
generated in situ through cascade biocatalysis. This novel chemistry, in combination with an
innate condition complementarity with other enzymes, underlines the huge synthetic
potential of these exciting new biocatalysts.
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[2] Aleku, G. A. et al. Nat. Chem. 9, 961–969 (2017).
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Trifluoromethyl amine production using a transaminase
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Molecules containing amine groups are important building blocks for the development
of new drugs. The trifluoromethyl (CF3) group, presenting high lipophilicity and
electron-withdrawing character, may improve the efficacy of drugs. The combination of
both amine and CF3 could be very important for the pharmaceutical and agrochemical
industries.
We studied the production of trifluoromethyl amines using a biocatalytic process. A
transaminase (TR8) isolated from a marine source1 was used to transfer the amine
group from a cheap amine donor to a trifluoromethyl ketone, instead of the addiction of
CF3 to secondary amines as described by chemical catalytic processes2.
The process was developed in 10 mL bioreactors containing 1 mL of reaction mixture.
After the determination of the enzyme concentration allowing a constant rate, the effect
of different parameters on TR8 activity was assessed. Maximum transaminase activity
was observed for isopropylamine (IPA) concentrations of 50-75 mM, whilst inhibitory
effects were observed for ca. 100 mM of this amine donor. Using the IPA concentration
of 75 mM, no major changes in enzyme performance were observed for 10-300 mM of
ketone. The screening for organic solvents to be used as substrate reservoir was
carried out with DMSO, methanol, n-hexane, n-dodecane and dodecanol. The highest
enzyme activity was observed when DMSO was used. The enzyme performed the
biotransformation in the presence of 5 to 50% (v/v) of DMSO, with the highest activities
being achieved when the reaction system contained 25-30% DMSO. Furthermore, TR8
was able to retain 38.5% of activity when exposed to 50% DMSO. This indicates that
TR8 is one of the most tolerant transaminases with respect to IPA and DMSO. Using
the best previously selected conditions, the TR8 was able to convert 50% of 4'(trifluoromethyl)acetophenone within ca. 15h of reaction. Different strategies to convert
higher percentages of substrate are currently being tested.
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Biocatalytic reductive amination for the synthesis of aliphatic amino alcohols
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Reductive amination of carbonyl compounds provides for single-step access to amines, which
thereby makes it a valuable tool for the synthesis of, among others, pharmaceuticals.
Aminocyclohexanols are of particular importance as building blocks for a large number of
drugs including vernakalant, SB239063 and ambroxol. The use of enzymes for performing
reductive amination allows for the synthesis of non-racemic amines from pro-chiral ketones
and aldehydes. Traditionally, enzymatic reductive amination has been conducted using
transaminases. Recently, a novel class of imine reductases was observed to also have reductive
aminase activity, these enzymes were designated reductive aminases.1 Thus far, however,
biocatalytic synthesis of a wide variety of alkylated amino alcohols from pro-chiral starting
materials remained elusive.
Screening of a metagenomic panel of 384 putative imine reductases (Prozomix Ltd) resulted in
the selection of a single enzyme (RedAmTUD) capable of performing reductive amination
towards the synthesis of alkylated amino alcohols. The enzyme was characterized to have a
similar amine substrate scope to that of other reductive aminases. Apart from the conversion
of unfunctionalized ketones such as cyclohexanone, this enzyme, however, was also capable
of converting a range of hydroxylated ketones. The enzyme’s broad substrate scope could be
exploited for the preparative-scale synthesis of several alkylated aminocyclohexanols. We are
currently exploring the potential of this enzyme for widening its substrate scope towards a
variety of applications.
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Creation of (R)-ATA activity into a D-amino acid transaminase
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The use of transaminases to access pharmaceutically relevant chiral amines is an
attractive alternative to asymmetric chemical synthesis. However, one major
challenge is their limited substrate scope.1 Furthermore, we believe that related
proteins with similar overall scaffolds have the potential to catalyze a variety of
different chemical transformations. In addition, it is so far unclear how the rather rare
amine transaminase (ATA) evolved from the common -amino acid transaminases. In
this project, we introduced an (R)-ATA activity into an -amino acid aminotransferase
(DATA) with only subtle changes in the enzyme’s active site. Bioinformatic studies of
the DATA enzyme led to the identification of a quintuple variant having a specific
activity of 0.2-0.4 U/mg activity towards (R)-phenylethylamine (PEA) with pyruvate,
which is about 2,000-fold higher compared to the wild-type activity. Interestingly, none
of these five mutations caused significant (R)-amine acceptance on its own, but their
combinatorial impact was predicted by a bioinformatic analysis employing Rosetta.
These results substantially expand our knowledge about the relationship between
amine transaminase and -amino acid transaminases and adds new candidates to
the toolbox of suitable transaminases.

Figure 1. Comparison of the activities of the DATA and (R)-ATA.

Modification of amine dehydrogenase to overcome the catalytic limitation on
bulky aromatic substrates
Dong-Hao Wang and Gao-Wei Zheng*
State Key Laboratory of Bioreactor Engineering, Shanghai Collaborative Innovation Center for
Biomanufacturing, East China University of Science and Technology, 130 Meilong Road, Shanghai
200237, China
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The asymmetric reductive amination of ketones with ammonia using engineered amine
dehydrogenases (AmDHs) is a particularly attractive and environmentally friendly method for
the synthesis of chiral amines.[1] However, one major challenge for AmDHs is their limited
capacity of transforming bulky ketone substrates. In order to solve this problem, great efforts
have been dedicated to solve the problem of AmDHs for accepting bulky aliphatic ketones.[2]
Nevertheless, to date, bulky aromatic ketones still can’t be accommodated well by AmDHs.
In this work, based on computational analysis, we identified key residues at the active site of
a thermostable AmDH Gk-AmDH (engineered from a phenylalanine dehydrogenase from
Geobacillus kaustophilus) that may have a great impact on the binding of bulky aromatic
substrates. By modifying the key residues, a better mutant Gk-AmDH-M3 has been
developed with a 10-fold increase in catalytic efficiency to bulky model substrate 4-phenyl-2butanone. In addition, further investigation show that the mutant achieved new reactivity to
other bulky aromatic substrates. The mutant thus created provide a potentiality for the further
modification and application of AmDHs.

References
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