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Scope and outline 

Amine transaminases are versatile biocatalysts for the production of pharmaceutically and 

agrochemically relevant chiral amines. They represent an environmentally benign alternative 

to waste intensive transition metal catalysed synthesis strategies, especially because of their 

high stereoselectivity and robustness. Therefore, they have been frequently used in the 

(chemo)enzymatic synthesis of amines and/or became attractive targets for enzyme 

engineering especially in the last decade, mainly in order to enlarge their substrate scope. 

Certainly, one of the most notable examples of amine transaminase engineering is the 

manufacturing of the anti-diabetic drug Sitagliptin in large scale after several rounds of protein 

engineering. Thereby, the target amine was produced in asymmetric synthesis mode which is 

the most convenient and favored route to a target chiral amine, starting from the corresponding 

ketone. The choice of the amine donor is highly relevant for reaction design in terms of 

economical and thermodynamic considerations. For instance, the use of alanine as the natural 

amine donor is one of the most common strategies for the amination of target ketones but 

needs the involvement of auxiliary enzymes to shift the reaction equilibrium towards product 

formation. In fact, isopropylamine is probably one of the most favored donor molecules since 

it is cheap and achiral but it is supposed to be accepted only by a limited number of amine 

transaminases.  

This thesis focusses on the optimization and application of amine transaminases for 

asymmetric synthesis reactions en route to novel target chiral amines using isopropylamine as 

the preferred amine donor.  

In Article I the production of various halogen substituted chiral amines is presented. Suitable 

enantiocomplementary amine transaminases were identified via molecular docking 

experiments and were applied in asymmetric synthesis mode with isopropylamine as donor.  

Article II aims the better understanding and consistency in usage of isopropylamine. Structural 

properties in the amine transaminase from Ruegeria sp. TM1040 were identified, which are 

responsible for isopropylamine acceptance. Furthermore, a systematic investigation of the pH-

value, donor-acceptor ratio and stability effects was conducted for several amine 

transaminases with the aim to find a more general guidance for reaction engineering using 

isopropylamine. 

In Article III the combination of amine transaminase activity with a chemical cross-coupling 

reaction of aryl compounds in chemoenzymatic one-pot fashion was demonstrated. The 

engineering of the transaminase from Aspergillus fumigatus was performed to generate the 

better acceptance of biaryl ketones. Isopropylamine was used as the amine donor. The 

immobilization of amine transaminases for the application in (proof-of-concept) continuous flow 

systems was subject of Articles III and IV.   
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1. Transaminases, members of PLP-dependent 

enzymes 

The majority of enzyme activity depends on co-factors, which are either inorganic ions or small organic 

compounds.[1] Pyridoxal-5’-phosphate (PLP) as derivative of the B6 vitamin (pyridoxamine) is considered 

to be one of the most relevant co-factors in nature. It plays a significant role in a great number of cellular 

processes in terms of anabolic or catabolic amino acid metabolism or even the biosynthesis of amino 

sugars.[2–4] The physiological importance of PLP-dependent enzymes is underlined by the fact that 

several drugs target the malfunction of PLP-enzymes in the therapy of e.g. epilepsy,[5] the African 

sleeping sickness[6] or even some kinds of cancer.[7] The utilization of PLP was found in various enzyme 

classes (see enzyme commission numbers, E.C.) including lyases, isomerases, hydrolases, 

oxidoreductases and transferases catalysing more than 200 distinct chemical reactions. This makes 

PLP certainly the most versatile co-factor.[1,2,8] Prominent examples for PLP-catalysed reactions are the 

transamination, decarboxylation, racemisation, α-β-elimination and retro-aldol cleavage reaction.[9,10] All 

of these mentioned reactions have one underlying principle of PLP-catalysed chemistry in common, 

namely the resonance stabilization of the formed carbanion intermediate. After Michaelis-complex 

formation the next intermediate is called external aldimine (Figure 1) in which one part of reaction 

specificity control of PLP-dependent enzymes lies. The appropriate coordination of the external aldimine 

forces an σ-π-orbital overlapping between the bond which has to be cleaved and the pyridine ring of the 

PLP by an orthogonal orientation.[1,11] That allows the subsequent stabilization of the formed negative 

charge by the co-factor after C-bond cleavage (Dunathan principle).[2,8,9,11,12] Thereby, the enzyme 

scaffold defines significantly which bond is going to be broken by the active site architecture as derived 

from crystallographic studies of PLP-enzymes.[13–15] For example, decarboxylases coordinate their 

substrate accordingly to mediate a Cα-carboxyl bond cleavage and lyases (like threonine-aldolase) 

focus on the Cα-Cβ or Cβ-Cγ bond.  

 

Figure 1. Illustration of the external aldimine, modified after reference[9]. The targeted bond for cleavage is 

weakened by the PLP π-electron system which is perpendicular orientated. The two nitrogens in the intermediate 

act as ‘electron sink’ and are responsible for the charge delocalization of the formed carbanion. For transaminases, 

acidic amino acids in proximity of the pyridine nitrogen are highly conserved for the control of its protonation state.[8] 

Pi = phosphate group. 



2 

 

In contrast, a large number of PLP-catalysed reactions are initiated by Cα-proton abstraction which is 

also crucial for the transamination, racemization and α-β-elimination reaction (Figure 1).[9] The actual 

degree of resonance stabilisation is the other determining part for reaction specificity control and 

separates the latter reaction types as well. In literature, the term electron sink[1] has been established to 

address the mechanistic reason for the charge delocalisation effect. Here, the involvement of two 

nitrogens in the intermediate molecule – the protonated imine nitrogen of the Schiff’ base and the 

(protonated or not) pyridine nitrogen – is relevant. The phenolic oxygen of PLP interferes with the Schiff’ 

base nitrogen via a keto-enol-tautomerism and favours the ketoenamine form as well as planarity of the 

imine and pyridine ring.[16] So, the protonated form of the imine maintaines the electron sink character 

of the Schiff’ base and therefore is capable to stabilize reaction transition states. The protonation state 

of the pyridine nitrogen modulates the electrophilic strength of the Schiff’ base-pyridine-π-electron 

system and determines the actual reaction type significantly. In racemases the pyridine nitrogen is 

uncharged, limiting the carbanion intermediate stabilisation via the Schiff’ base nitrogen only. If however 

the pyridine nitrogen is kept protonated (and therefore charged) by acidic amino acid residues, the 

stabilisation of the carbanion over the entire molecule becomes possible and allows the formation of the 

quinoid intermediate which is the key intermediate step in e.g. transamination and α-β-elimination 

reactions.[9] Again, the enzyme scaffold determines the actual reaction type by controlling the pyridine 

protonation state.[8,11] However, despite the multitude of reaction types PLP-enzymes can catalyse, they 

are solely grouped in seven fold classes based on their three-dimensional structures.[10,17] In these fold 

types of PLP-dependent enzymes, transaminases (TA, E.C. 2.6.1.x) are members of the fold types I 

and IV and are additionally divided into six subclasses based on sequence homologies.[8,18] TAs (or 

synonymously called aminotransferases) catalyse the transfer of an amine group from an amine donor 

to an acceptor molecule, following a Ping-Pong Bi-Bi-reaction mechanism (Scheme 1A, see Chapter 

1.1 for more details). They are sharing an overall quaternary protein structure consisting of a functional 

homo dimer (or sometimes even higher-ordered oligomers) and often a small and large domain per 

monomer.[2,12] The active site is located at the interface between both subunits, composed of amino 

acids from each monomer.  

 

 

Scheme 1. A Scheme of a transaminase catalysed reaction. B Illustration of the different 

classes of transaminases with their natural substrates. Redrawn from reference[19].  

 

The substrate scope of TAs is another approach for a classification, mainly referring to the presence 

and position of the transferred amine group and/or carboxyl moiety of natural substrates (Scheme 1B).[19] 

Due to the latter classification α-TAs, ω-TAs and Amine-TAs (ATA) are categorized. ATAs (subclass II 
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and III of the transaminase family) are of special interest for the (chemo)enzymatic application, since 

they tolerate substrates without a carboxyl moiety and therefore a wide range of amines, ketones or 

aldehydes.[8,17] The ATA from the bacteria Vibrio fluvialis was first described[20,21] and became one of the 

best investigated representatives of this enzyme class through the years.[22–25]  

 

1.1. Transamination reaction mechanism  

The reaction chemistry of PLP-dependent transamination was extensively studied on aspartate amino 

transferases and aromatic amino acid transferases[26,27] by crystallographic investigations of enzyme-

substrate complexes. Recently, Cassimjie et al. proposed a detailed mechanism of the deamination of 

1-phenylethylamine on the basis of simulation aided quantum mechanical studies using an active site 

model of the ATA from Chromobacterium violaceum.[28] However, generally all TAs are supposed to 

follow the same reaction mechanism but differing drastically in substrate specificity.[29] TAs catalyse the 

oxidative deamination of an amine donor and the reductive amination of an amine acceptor in two 

distinct half reactions.[2,12,19,26] The first one consists of the conversion of the amine donor to its 

corresponding ketone whereas in the second half-reaction the (ketone) amine acceptor is converted to 

the final amine product. During one complete cycle of transamination the co-factor PLP alters between 

its aldehyde and amine form (pyridoxamine-5’-phosphate – PMP), respectively and acts as an ‘amine 

group shuttle’. Due to the regeneration of PLP by a second substrate (and because dealing with in total 

four substrates/products), TAs exhibit a Ping-Pong Bi-Bi reaction mechanism.[19] In the enzyme resting 

state the co-factor is bound covalently to the ε-amino group of the highly conserved catalytic lysine 

forming the internal aldimine (or internal Schiff’ base). As first step of the catalytic cycle the amino group 

of the donor molecule undertakes a nucleophilic attack at the iminium carbon (C4’, see Figure 1) of PLP 

and undergoes a transaldimination reaction with a geminal diamine intermediate (Michaelis-complex).[30] 

Thereby, a coordinated water molecule in the active site is supposed to take the role of a proton shuttle 

during attack from the substrate amino group to the phenolic oxygen of PLP. The subsequently formed 

PLP-substrate complex is called external aldimine and is common for all PLP-dependent enzymes.[1] As 

described above, substrate coordination defines significantly the following reaction type by the principle 

of stereoelectronic control (Dunathan principle): By the perpendicular orientation of the Cα-H bond of 

the bound substrate (Figure 1) and the π-electron system of PLP an σ-π-orbital overlapping is forced in 

order to weaken the bond of interest by lowering the pKa of the α-carbon and so facilitating proton 

abstraction by the catalytic lysine. The proton abstraction on Cα causes the planar quinoid intermediate 

in which the formed carbanion is resonance stabilized over the entire intermediate molecule (electron 

sink effect), dispending electrons for the formulation of new bonds.[1] Here, this new bond is formed with 

an incoming proton at C4’, transferred by the catalytic lysine and resulting in the ketimine intermediate. 

This proton transfer (from Cα to C4’) is characteristic for enzymatic transamination and at the same time 

the rate-limiting step.[31–34] This makes the resonance stabilization character of the pyridine/Schiff’ base 

system the key feature in the transamination reaction and thus the tautomeric conversion of the aldimine 

to the ketimin via the quinoid intermediate becomes possible (Scheme 2).[31]  
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Scheme 2. Schematic overview of the first transamination half-reaction. The geminal diamine and the carbinolamine 

intermediate are omitted for clarity. After forming the external aldimine as first intermediate after substrate binding, 

a proton transfer occurs by the catalytic lysine from the Cα of the bound substrate to C4’ of the co-factor PLP (see 

Figure 1). The formed carbanion after proton abstraction is resonance stabilized via the planar quinoid intermediate. 

This quinoid intermediate is central for each half-reaction, since the dearomatized character of the pyridine ring 

generates a charge delocalization effect over the entire molecule which is significantly mediated by the protonated 

pyridine nitrogen. The protonation state is controlled by conserved acidic amino acid residues in the active site. This 

overall constellation therefore allows hydration at C4’ and subsequently rearomatization of the pyridine ring. After 

hydrolysis of the following ketimine intermediate the ketone product releases and PMP is formed. Pi = phosphate 

group.  

 

Notably, the keto-enol-tautomerism between the imine nitrogen and the phenolic oxygen of PLP is also 

supposed to have an influence on quinoid reactivity.[16,28] Finally, the ketimine intermediate is hydrolysed 

to PMP and the ketone product is released via a carbinolamine intermediate step. Again, the catalytic 

lysine is supposed to have its participation as proton carrier during hydrolysis.[28] Thus, one half-reaction 

is complete, followed by the second consisting of the same intermediates in reversed order and yielding 

the amine product as well as the regenerated co-factor. 

 

1.2. Amine Transaminases (ATAs) generate enantioselectivity by 

a two-pocket-active site  

The excellent enantioselectivity of ATAs is certainly one of their most significant features.[26] Depending 

on the accepted enantiomer of a regarded substrate (S)-selective ATAs (fold class I of PLP-dependent 

enzymes) and (R)-selective ATAs (fold class IV) are distinguishable. Up to 2010 a large number of (S)-

selective ATAs had been identified but only two (R)-selective ones.[35,36] Then, Höhne et al.[37] were able 

to mine putative (R)-ATA candidate protein sequences from databases by identification of sequence 

motives for ATA activity. The discovery of 17 novel (R)-ATAs revealed that all are belonging to the 

subclass IV of the transaminase family (D-amino acid aminotransferase superfamily).[12,38] The high 

enantioselectivity of ATAs already has been noticed from substrate scope investigations at a stage when 

no structural information about this enzyme group existed (e.g.[22,23,39]). From those experiments active 

site models for a few ATAs were concluded. The postulated two-pocket-model – consisting of a small 

and a large binding pocket – was later confirmed by various crystal structures[40,41] proving that the small 

binding pocket naturally accommodates only a methyl or ethyl group relating to the Cα atom of the 

substrate. In contrast, the large one has space for a phenyl or a carboxyl moiety. Thus, an inverted 
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substrate would not fit appropriately in the active site. This strict allocation of substrate moieties is 

considered as fundamental basis for the excellent ATA stereoselectivity (Figure 2A). Besides that, the 

mirrored active site architecture of these enantiocomplementary enzymes on the one hand forces the 

coordination of the small substituent of the substrate to the P-side of PLP and the large one to the O-

side (referring to the phosphate group and phenolic oxygen of PLP).[42] Additionally, the topographical 

arrangement of the catalytic lysine in (S)- and (R)-selective ATAs allows the proton transfer from C4’ to 

Cα during catalysis only from opposite sites, respectively (see Figure 2B and C).[30,43] In (R)-ATAs the 

catalytic lysine is located at the re-face of the intermediate, relating to the PLP-C4’, so the si-face is 

solvent exposed, and vice versa in (S)-ATAs. Only with the ‘right’ enantiomer a productive binding mode 

and therefore chiral product formation is achievable. Consequently, the inclusion of PLP coordination 

and the topology of catalytically key amino acid residues play an important role in determining chirality 

of the newly formed product.  

 

 

Figure 2. A Schematic presentation of the two-binding pocket model. The active site of Aspergillus fumigatus’ ATA 

was taken as example.[38] Stars indicate the contribution of the other monomer. The catalytic lysine is omitted for 

clarity. B and C Active sites of the two enantiocomplementary ATAs from Silicibacter pomeroyi[44] (B) and 

Aspergillus fumigatus (C). The catalytic lysine (green sticks) is located at two different sides of the intermediate 

molecule in both ATAs and conducts the characteristic suprafacial proton transfer[30] on either the re or si side, 

respectively. The quinoid intermediate consisting of 1-phenylethylamine is shown (yellow sticks). Pi = phosphate 

group. 
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2. Application of enzymes in organic chemistry – 

biocatalytic versus chemical synthesis 

In the last few decades, enzymes in general have been established as considerable catalysts in organic 

synthesis and industrial processes for the production of a broad range of pharmaceuticals, fine 

chemicals, food additives or polymers.[45,46] Indeed, a large number of compounds in the pharmaceutical 

or agrochemical field, which were marketed since years, contain key intermediates produced by 

biocatalysts.[47] While in the 1990s, biocatalysis was narrowed to a couple of reaction types using 

hydrolases and a few reductases[45,48] meanwhile science in the field of (industrial) application of 

enzymes created a huge number of organic synthesis processes including alcohol dehydrogenases, 

lyases, Baeyer-Villiger monooxygenases (BVMO) and transferases for the synthesis of alcohols, 

amines, amides, amino acids and carboxylic acids, to name only a few.[48,49] Undoubtedly, the driving 

force for this enormous progress was the influence of several factors, like meaningful achievements in 

molecular biology, biotechnology, bioinformatics, enzyme discovery and engineering (see Chapter 3) as 

well as high-throughput screenings.[46,50] Biocatalysed reactions have indeed several strengths over their 

chemical counterparts, for instance the high reaction specificity of enzymes, the fact of less waste 

production or the operation under mild reaction conditions in terms of temperature and pH, but not least 

due to the ability of enzymes to introduce chirality into molecules with very high regio- and 

enantioselectivity.[51,52] Around 80% of all commercialized compounds are chiral with rising trend[53] and 

chemical synthesis strategies for chiral compounds usually utilize toxic transition or heavy metals in 

conjunction with chiral ligands or protection/de-protection strategies under harsh reaction conditions. 

And finally the chiral product is often obtained in moderate yield and enantiomeric excess what entails 

further purification steps.[26,46,54–57] Thus, the scientific community claimed alternative strategies for 

synthetic routes to optically active compounds or building blocks, also against the background of 

increasing regulations by government institutions regarding environmental protection and product 

impurities after downstream processing.[46,47,53,54,58] One particular example for the latter was the 

announcement of European and American drug regulation instances in 1992 which approved strict limits 

regarding racemic mixtures of pharmaceutical compounds, since the physiological activity is often linked 

to the absolute configuration of a molecule.[53,59] Consequently, biocatalysis gained increasing attraction 

over the last years and became more and more a considerable and environmentally benign alternative 

to classic chemical routes, especially when a high chemo-, regio- and enantioselectivity is 

demanded.[45,48,50,52,60,61] Over time milestones in the field of biocatalysis were achieved by the 

production of several active pharmaceutical ingredients (APIs, or intermediates thereof) in large scale 

and high yield utilizing various enzyme classes, for instance by marketing of pregabaline and psymberin 

(anti-epilepsy and cytotoxin, lipase-catalysed), montelukast and pseudoephedrine (anti-asthma and 

sympathomimetica, reductase-catalysed), telaprevir (anti-hepatitis C, mono amine oxidase-catalysed), 

armodafinil (psychostimulant, BVMO-catalysed) or sitagliptin (diabetes type II treatment, TA-

catalysed).[45,62] Certainly, in some cases one of the main enhancements was the significant shortened 

synthesis route by introduction of biocatalytic steps. Additionally, biocatalytic routes sometimes even 

facilitate the operation in one-pot fashion which avoids chromatography steps and often means higher 

overall yield, like it was shown for the synthesis of ε-caprolactam when employing an alcohol 
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dehydrogenase, a BVMO, a TA and an esterase in a sequential multi-enzyme cascade reaction.[63] The 

given examples show insistently that the access to a number of relevant compounds in agrochemical, 

food and pharmaceutical industry by biocatalysis is a considerable alternative. In order to generate and 

maintain the industrial relevance of a biocatalyst, in some of the mentioned cases enzyme-characteristic 

limitations in stereo-/regioselectivity, substrate scope, product or substrate inhibition and process 

stability had to be overcome. Protein engineering became a highly relevant field in the biocatalytic 

application of enzymes to address those limitations.  
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3. Protein engineering 

Protein engineering is a valuable tool for biocatalyst improvement, especially when alteration of reaction 

conditions or the identification of new, more suitable enzymes failed.[56] The advances in recombinant 

DNA technology were certainly the major driving force for developing of innovative techniques in protein 

engineering.[45] Essentially, there are two main strategies in enzyme engineering, the rational design 

and directed evolution. Rational design highly depends on information about the protein structure and 

catalytic mechanism in order to predict changes in protein structure or amino acid sequence to induce 

or alter a certain enzyme activity or property.[64] Herein, certain strategically crucial points or regions of 

the protein are targeted in order to achieve significant improvements within a few steps of site-directed 

mutagenesis. In rational design the availability of protein crystal structures play a special role, which are 

a fundamental basis of the scientist’s knowledge about the protein. Indeed, the early works of rational 

design were hampered by the limited amount of published crystal structures.[65] However, in the last 

decade rational design got a massive input by the rising number of published protein crystal structures 

and the intensive development of a vast number of in silico tools.[45,56,66] Meanwhile, a large number of 

software supports the scientist in creation and evaluation of protein variants which increased the 

probability of beneficial mutations significantly.[65,67,68] Molecular modelling emerged to a very powerful 

tool in rational design.[64] It mimics protein behaviour in silico on the bases of experimental data and 

therefore aims a more precise prediction of mutational effects.[69–71] Incidentally, a very interesting and 

promising approach is the de novo enzyme design, therefore the introduction of a novel enzyme activity, 

very often without a starting sequence scaffold.[65] A deep knowledge of the desired reaction and 

transition states is mandatory for a prediction of a possible active site by molecular modelling or a library 

based search for appropriate protein scaffolds via fitting algorithms.[72] A few reports are known in which 

enzyme activity is de novo generated by computational design catalysing for instance a Kemp 

elimination,[73] a Diels-Alder reaction[74] or a Retro-Aldol reaction[75] but at extremely low reaction rates. 

In contrast to the distinct structure-function analysis by rational design, directed evolution bases on 

random mutagenesis. The pioneer work was performed by Stemmer and Arnold,[76–79] introducing the 

basis of a necessary repertoire of molecular biology methods in order to modify the respective 

biocatalyst via an in vitro version of evolution.[45] Regarding a certain DNA sequence the random 

introduction of mutations is nowadays accomplished by e.g. using a DNA polymerase with significantly 

increased error-rate by applying non-optimal reaction conditions (error-prone PCR, epPCR). Usually, 

the Taq DNA polymerase is used because it lacks proofreading. The major advantage of direct evolution 

is that no (structural) information about the protein is required. Changes are rather made over the entire 

gene sequence which generates an enormous amount of protein variants (which are obtained in 

libraries). Those variants are screened towards the desired activity or property to identify a beneficial 

mutation which itself serves as template of the next round of mutagenesis.[64,65] This iterative character 

makes directed evolution a very time and labor intensive technique with high demand of satisfying high-

throughput methods, especially when various positions are mutated in parallel. Several works 

addressed the issue of a large library size to make the screening of enzyme variants ‘smarter’.[45,56] One 

very effective way is the elimination of unnecessary codons. The principle of mutagenesis with these 

degenerated codons was presented by the Reetz group by introducing NNK (N stands for any nucleic 
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base, K for guanine or thymine) and NDT codons (D stands for adenine, guanine and thymine).[80]  

In the meantime, enzyme engineering was developed into a combination of both, rational design and 

directed evolution.[81–85] This form of complementary mutagenesis scientists call semi-rational protein 

design.[86] CASTing[87] (combinatorial active site saturation test) is one of the most prominent examples 

for a semi-rational design, which constitutes of the identification of crucial amino acids residues (mostly 

by rational design) which are then mutated by the means of random or site-directed mutagenesis.[66] 

The key selling point of this method is the simultaneous mutagenesis of a few amino acid residues in 

proximity in order to investigate cooperative mutational effects. Furthermore, other semi-rational design 

approaches target the identification of relevant positions from databases by searching for natural 

diversity and/or conservation.[65] An example is 3DM,[88] a commercial structure-based sequence 

alignment and analysis tool, which identifies the distribution of amino acids within a protein superfamily 

at a certain (structurally unique 3DM) position. Additionally, it mines literature data for 3DM-positions 

and analyses the connectivity between residues to highlight correlative mutations. Though, as every 

structure-guided (consensus) approach also 3DM bases on the idea that consensus amino acid 

sequences (or 3DM core regions) of an alignment are the ‘enzyme fitness’ determining regions.[65] But 

fulfilling this requirement, 3DM allows the design of significantly reduced libraries with focus on hot spot 

amino acid positions which are characteristic for a specific property for a specific enzyme family what 

was successfully demonstrated by the Bornscheuer group.[89]  

However, as result of the discussed techniques (and combinations thereof) a series of advances in the 

improvement of biocatalysts could be generated which are reviewed regularly (for the most recent 

examples see[61,90–92]). In the field of ATA engineering the acceptance of sterically demanding substrates 

was the main focus of engineering efforts in the last decade rather than improvements in 

enantioselectivity or towards substrate and product inhibition.[61,90] The manufacture of Sitagliptin was 

an impressive example for a substrate walking approach in a two-step fashion. First (semi-)rational 

alteration of a binding pocket of the ATA from Arthrobacter sp. (Arth-TA) using molecular docking 

techniques and second, a direct evolution approach to make the selected ATA fully accept the 

prositagliptin ketone and additionally the desired reaction conditions.[93] The best variant (Arthmut11-

TA) contained 27 mutations after 11 rounds of mutagenesis. Other more recent achievements were 

given for example by the Bornscheuer group in which the ATAs from Vibrio fluvialis (Vfl-TA) and 

Ruegeria sp. were engineered to accommodate bulky substrates with high demand on the small binding 

pocket.[94–98] In these works methods of both, pure directed evolution and semi-rational design were 

used and led to a 8,900-fold improvement in activity in the best case.[97] In contrast, Dourado et al. used 

molecular docking and molecular dynamic simulation experiments (therefore only rational design) to 

create a variant of Vfl-TA which was able to convert a biphenyl compound[99] (see Chapter 6). As implied 

with the few examples mentioned, protein engineering significantly influenced the landscape of the 

pharmaceutical industry or fine chemical production and contributed to the maturation process of 

biocatalysis.[45,59,100]  
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3.1. High-throughput assays for ATAs  

The choice of the assay is a crucial and efficiency determining step in the identification of enzymes with 

desired activity.[3,90] Especially, when scientists are facing large libraries either from enrichment 

cultivations or mutagenesis studies, the utilization of instrumental analytic like high performance liquid 

chromatography, gas chromatography, mass spectrometry or nuclear magnetic resonance 

spectroscopy is very time and labor consuming, so therefore not practical.[101] In the last two decades 

various high-throughput assays for the fast, easy and often sensitive determination of TA activity were 

developed.[90,102] In such cases a range of different substrates were tested to prove a high flexibility and 

adaptability of the presented assay. Nevertheless, at the route to Arthmut11-TA for instance Savile et 

al.[93] decided ‘to screen’ towards the target reaction under target conditions using low throughput 

analysis, presumably keeping the words from Frances Arnold in mind “you get what you screen for”.[103] 

Since amino acids and keto acids are the natural substrates of TAs they were widely used in screening 

assays, in particular because of the favored reaction equilibrium when using pyruvate as amine acceptor 

in the screening towards target amines. The co-product alanine is the key compound for several high-

throughput assays (Scheme 3A). For instance, Yun et al. published the quantification of amino acids 

using CuSO4 under monitoring at 595 nm for the determination of TA activity.[104] Major drawbacks of 

this method are the detrimental effect of CuSO4/MeOH on enzyme activity and the high background 

signal, especially when whole cells or crude lysate were used.[90,102] The Turner group presented the 

detection of alanine by coupling with D- or L-amino acid oxidases (AAO), respectively.[105] Hydrogen 

peroxide is formed during alanine oxidation which itself is detected via the activity of the horse radish 

peroxidase in combination with pyrogallol as colored indicator which is observable at 540 nm. Also in 

the glycine oxidase assay[106] (GO-assay), published by the Bornscheuer group, the activity of the horse 

radish peroxidase is used for detection of H2O2. Glyoxylate is supposed to be equally accepted by TAs 

like pyruvate.[44,107,108] After transamination glycine is going to be converted back to glyoxylate by a 

thermostable glycine oxidase from Geobacillus kaustophilus[109] under hydrogen peroxide formation. In 

turn, the hydrogen peroxide is incorporated into the oxidation of phenol to benzoquinone which forms a 

colored quinone based imine dye. The GO-assay is applicable as both, a solid phase and a liquid-phase 

version. The latter is feasible in a microtiter plate fashion under monitoring via UV-Vis spectroscopy. 

The toxicity of phenol, the necessity of basic pH values for the oxidation of phenol and a moderate linear 

range in signal response for the liquid-phase version are considerable drawbacks.[106] Nevertheless, the 

solid phase GO-assay is very attractive for the screening of large mutant libraries. Indeed, several 

directed evolution approaches were conducted with solid phase assays dealing with e.g. esterases, 

oxidases or racemases.[110–113] However, also the formation of pyruvate can be detected in a coupled 

enzyme assay (Scheme 3B). In this way the target amine is produced during the assay using alanine 

as amine donor.[90] Thereby, the enzyme cascade reaction with lactate dehydrogenases (LDH) and 

glucose dehydrogenases (GDH) aims the in situ removal of pyruvate in order to drive the reaction 

towards product formation (for detailed information see Chapter 5.1). A modification of this LDH/GDH 

system[114] includes the detection of gluconic acid via an pH indicator (phenol red, observable at 

560 nm).[115,116] 



11 

 

 

 

Scheme 3. High-throughput assays for the detection of ATA activity. AAO = amino acid oxidase, HRP = horse 

radish peroxidase, LDH = lactate dehydrogenase, GDH = glucose dehydrogenase, NAD = nicotinamide adenine 

dinucleotide, Me = methyl group.  
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A couple of other assays are based on the application of certain amine donors whose corresponding 

ketone is (in contrast to the described reactions so far) directly detected (Scheme 3C). The 

acetophenone assay[117] for example, developed by the Bornscheuer group, is a very powerful high-

throughput assay which allows the sensitive and quantitative analysis of TA activity (Scheme 3C I).[90,118] 

Starting with 1-phenylethylamine as amine donor, the formation of acetophenone can be monitored at 

245 nm with significant absorption intensity (ε= 12 mM-1 cm-1). Furthermore, this assay is highly 

adaptable regarding the choice of the amine acceptor and reaction conditions.[119] Martin et al. reported 

the application of aminotetraline (and substituted derivatives) in the first directed evolution approach 

targeting the activity and thermostability of the ATA from Arthrobacter citreus.[120] The signal of the 

corresponding ketone is detectable at 254 nm but remains not stable since a change in color occurs 

when the compound is exposed to air (Scheme 3C II). The group of Berglund developed an assay in 

which the fluorophore acetonaphthone is produced (Scheme 3C III).[121] The intensive fluorescence 

signal can be monitored at 450 nm with a very low background response. Interestingly, Green et al. 

published the concept of a ‘smart’ amine donor, ortho-xylylenediamine.[122] After transamination the co-

product undergoes an intramolecular imine formation which is followed by a spontaneous 1,5-hydrid 

shift forming the more favored aromatic isoindole which additionally polymerizes and forms a black 

precipitate (Scheme 3C IV). Therefore, by this in situ co-product removal the reaction is ‘pulled’ towards 

product formation (for an explanation see Chapter 5.1). So, Green et al. provided a promising approach 

if the choice of the ketone substrate is thermodynamically not favored. Unfortunately, a strong 

background in color formation was observed which increases the chance of false-positive hits.[90] 

Interestingly, this assay is also applicable in solid phase. Following this example Baud et al. have shown 

a similar ‘smart’ amine donor with an option for solid phase screening based on 2-phenylethylamine 

derivatives.[123]  

However, in summary the application of natural substrates like pyruvate or alanine ensures a generality 

regarding substrate acceptance but makes auxiliary enzymes and reagents necessary for signal 

detection what could hamper the assay if e.g. low expression levels or an insufficient compatibility in 

terms of reaction conditions are achievable.[106] On the other side the direct detection of a certain ketone 

product provides a higher grade of ‘freedom-to-operate’[124] but scientists should take a low substrate 

acceptance and a considerable chance for side reactions into account. 
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4. Chiral amines 

Like no other substance class amines are prevalent in natural chemical products and pharmaceutical or 

agrochemical active ingredients.[61] Many physiologically important substances are nitrogen containing, 

for example natural macromolecules or alkaloids from plant secondary metabolism or building blocks in 

drugs or drug candidates including primary, secondary and tertiary amines.[54,124] At the same time the 

N-C bond is often a stereogenic element in such molecules.[26] Roughly one third of the top 200 

pharmaceutical products in 2014 are actually chiral amines (Figure 3). Since primary amines serve as 

convenient starting materials for the synthesis of higher substituted ones via alkylation reactions, as a 

consequence, α-chiral primary amines are of special interest in organic chemistry.[125,126] 

 

 
 

Figure 3. Examples of the top 200 pharmaceuticals.[127] 

 

4.1. Chemical synthesis strategies 

Although the chemical point of view is not the focus of this thesis, a few methods will be described briefly 

to give an overview to the reader. If more information are desired, further reading is 

recommended.[125,126] However, when starting from racemic mixtures of amines the most applied method 

for large scale productions is still a resolution process via crystallisation of the desired enantiomer by 

diastereomeric salt formation using resolving agents, mostly chiral carboxylic acids.[53,124] Quite often 

this method is combined with a continuous chiral chromatography step to supply the ‘right’ enantiomer 

for further reactions and additionally a racemisation unit is introduced to maximize yield.[124] Alternatively, 

ketones and aldehydes are used as cheap, achiral and easy accessible starting materials in asymmetric 

reductive amination. Most important methods here are the asymmetric hydrogenation and addition in 

which the educts are converted to ketimines, enamides or aldimines, respectively (Scheme 4). Chirality 

is accomplished under employment of chiral auxiliaries (R1 and R3 in Scheme 4) or chiral ligands, either 

by sterical hindrance effects in the chirality-introducing step or by favouring the one enantiomer over the 

other during product formation.[54,59,125] However, in both cases a protected secondary amine is formed 

from which an α-chiral primary amine is obtainable as final product via deprotection reactions. Obviously, 

both methods in Scheme 4 are differing in the range of accessible products, since the asymmetric 

addition for instance enables the synthesis of amines with a tertiary carbon in α-position by addition of 

carbanions or radicals to the aldimine.[125]  
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Scheme 4. Commonly used strategies for the chemical synthesis of primary chiral amines (redrawn from 

reference[54]). During asymmetric hydrogenation a proton insertion takes place at the stereo-differentiating step. 

This method was honoured with the Nobel Prize in 2001. In asymmetric addition the production of an aldimine from 

a carbanion occurs. Even combinations of both strategies are conceivable.[128]   

 

Still, chemical synthesis strategies for stereospecific introduction of nitrogen are challenging in the light 

of avoidance of harsh and waste intensive reaction conditions and the assurance of high chemo-,  

regio-, and especially enantioselectivity.[53,54,125,126] Even recent chemical synthesis approaches which 

involve high temperatures, high pressure, exclusion of air and water, (toxic) reaction auxiliaries (which 

entail additional steps for attaching, cleavage and purification from by-products) and transition metals 

(like in ruthenium-catalysts which usually are not reusable) are far from perfect enantioselectivities. 

Therefore it is not surprising that the convenient and environmentally benign production of optically pure 

amines is still subject of ongoing investigations.[54] As stated above enzymatic routes to optically pure 

amines bear a great potential in organic chemistry and thus gained much attention in the past.   

 

4.2. Enzymatic routes to primary chiral amines – kinetic 

resolution and asymmetric synthesis 

Comparable with their chemical counterpart enzymatic approaches for chiral amine synthesis have been 

developed based on resolution mode (kinetic resolution) and the asymmetric synthesis.[129] The kinetic 

resolution can be used for the production of enantio-enriched compounds starting from the racemic 

mixture of an amine. The used enzyme is applied here as the resolving agent according to its 

enantiopreference.[130,131] Some drawbacks are associated with this method like the low atom efficiency 

with a highest theoretical yield of 50% or the product inhibition by the formed ketone, but on the other 

side only stoichiometric amounts of substrates are needed.[54,59,132,133] The direct asymmetric synthesis 

of a chiral amine from its corresponding ketone (or aldehyde) does not have the mentioned intrinsic 

limitation in theoretical maximum yield but usually the unfavored reaction equilibrium has to be 

overcome, for instance with an excess of one of the employed substrates.[90,91,134–136] Nevertheless, the 

asymmetric synthesis is one of the central topics in both, chemical synthesis and biocatalysis and 
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therefore highly preferred in academia as well as pharmaceutical manufacture, if not the access to the 

racemic amine is more oppertune.[18,58,62,136–138] In the last several years a couple of enzymes belonging 

to the classes of hydrolases, oxidoreductases, lyases and transferases have been discovered for 

catalysing the production of the desired chiral amine in one of the modes mentioned above (Scheme 

5).[26,54,59,129,137,139] Lipases, for instance, as members of the hydrolase enzyme class, are widely used 

biocatalysts for the formation and cleavage of esters and amides.[140] They are remarkable not only for 

their process robustness (since they are e.g. operable in pure organic solvents) and broad substrate 

scope but also for the high regio- and enantioselectivity which made them to the best friend of organic 

chemists.[140]  

 

 

 
Scheme 5. Enzymatic routes to optically active primary amines. MAO = monoamine oxidase, AmDHG = amine 

dehydrogenase, PAL = phenylalanine ammonia lyase, NAD = nicotinamide adenine dinucleotide. 

 

The lipase catalysed kinetic resolution of 1-phenylethylamine by enantioselective amide formation was 

initially investigated by companies like Shell and Bayer in the beginning of the 1990s.[53] BASF further 

optimized this process by a careful selection of the acyl donor (ethyl methoxyacetate, Scheme 5 I) and 

enzyme immobilization, leading to the preparation of enantiopure (R)-1-phenylethylamine via 

extraction/distillation of the acetylated product and basic hydrolysis of the amide bond.[141] In order to 

maximize the final product yield an in situ racemization was successfully involved either by imine 

formation and non-selective hydrogenation via palladium[142] or ruthenium (Shvo’s)[143] catalysts or via 

radical induced racemization.[144,145] Despite the fact that those dynamic kinetic resolution methods could 
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be applied to several benzylic and aliphatic amines and improved the final isolated yield to 95% in the 

best case the possibility of undesired side reactions are obvious, if not the racemization catalyst itself 

affected enzyme activity.[54,131]   

Besides lipases, mono amine oxidases (MAO) can be utilized in kinetic resolution mode as well (Scheme 

5 I). Two types of MAO enzymes exists with different co-factor dependencies.[59] Solely type II (FAD-

dependent type) is suitable for application as biocatalyst, since the members of type II release the imine 

product during catalytic cycle. MAOs catalyse the enantioselective oxidation of amines to imines by the 

simultaneous reduction of molecular oxygen to hydrogen peroxide. Again, the desired enantiomer can 

be obtained in a theoretical yield of 100% by a dynamic kinetic resolution mode when the formed imine 

was subjected to chemical reduction what leads to racemization. This was investigated by the Turner 

group while using the MAO from Aspergillus niger (MAO-N).[146] MAO-N is certainly the best studied 

amine oxidase and became object of several protein engineering approaches using a combination of 

directed evolution techniques and rational design.[147] The result was a set of MAO-N variants with 

complementary enantioselectivities and an enlarged substrate scope including complex secondary and 

tertiary amines.[54,148] Prominent examples for API production with MAO-N are for instance telaprevir, 

boceprevir, levocetirizine and solifenacin.[59,62,149,150]   

Transaminases are usable in kinetic resolution and asymmetric synthesis mode (Scheme 5 I and II) 

what was their unique feature among all mentioned enzyems for long time.[26] Initially, most of the 

applications using TAs were following the kinetic resolution approach. The company Celgene first 

employed an (S)-selective TA in a large process in a kinetic resolution of various aliphatic and aromatic 

amines.[59,151] Shin and Kim et al. started to do academic research on this enzyme class to minimize 

product inhibition during kinetic resolution. Significant advances were achieved using bi-phasic 

systems[20,152], membrane reactors[153] or packed bed reactors.[154] Through the years scientists were 

paying more attention to the catalytic abilities of TAs and started an intensive research field in chiral 

amines synthesis.  

Amine dehydrogenases (AmDHG) are a quite recently created group of enzymes.[148] They catalyse the 

asymmetric reductive amination of a keton or aldehyde moiety in presence of ammonia and using 

NAD(P)H (nicotinamide adenine dinucleotide) as hydride source (Scheme 5 II). While amino acid 

dehydrogenases were known before, Itoh et al.[155] presented in 2000 an AmDHG from Streptomyces 

virginiae capable to catalyse the reductive amination of a range of aliphatic and aromatic ketones 

although with low enantiopreference.[59] However, that expanded the enzymatic toolbox for chiral amine 

production since beforehand TAs reserved the ability to perform a reductive amination from achiral 

ketones.[26] Extensive engineering of amino acid dehydrogenases from Bacillus stearothermophilus (a 

leucine dehydrogenase), Bacillus badius and Rhodococcus sp. (both phenylalanine dehydrogenases) 

allowed the enantioselective conversion of a wide range of (bulky) ketones by these enzymes.[156–159] 

Another highly desired reaction using ammonia as nitrogen source is the stereoselective hydroamination 

of alkenes (Scheme 5 III).[148] Some amino acid lyses are literature known to catalyse this reaction, 

unfortunately limited to amino acid products.[139] Nevertheless, the ACE inhibitor Indolapril was 

successfully synthesised under involvement of the phenylalanine ammonia lyase (PAL).[160,161] Through 

engineering of the 3-methylaspartate lyase either non-canonical amino acids are achievable and 

additionally the nucleophile specificity could be broadened from ammonia to small amines (like 
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methylamine) to access secondary amines.[162,163] The reduction of the nitro group is rather known to be 

a chemical synthetic route to a number of APIs (Scheme 5 IV).[164] However, several microorganisms 

can catalyse this reaction under amine formation and oxidation of NADH.[165] But besides a few aromatic 

nitro compounds the accessible scope of target molecules is limited.[166]   

More recently, further enzymes were identified for amine synthesis although primary amines not seem 

to be their main substrate scope.[167] Imine reductases and (the recently discovered) reductive aminases 

were tested towards a couple of ketone compounds revealing that cyclohexanone could be successfully 

converted into cyclohexylamine by both enzyme types.[168,169]   

The majority of the presented biocatalytic routes suffers from significant bottlenecks like limited substrate 

scope, kinetic resolution as sole possible reaction type or the dependence on a co-factor recycling 

system. The latter in particular regards to all mentioned oxidoreductases.[148] Conclusively, TAs have a 

special status in the synthesis of chiral amines since they show an immense potential in utilization for 

the preparation of a broad spectrum of amines – either in kinetic resolution or asymmetric synthesis 

mode – and their co-factor PLP is regenerated during the second half of the catalytic cycle without need 

of an external regeneration system.[1]  

 

4.2.1. Enzyme cascades involving Transaminases  

The establishment of enzyme cascades achieved major advances in the production of several 

compounds of interest, mainly because much more versatility in the choice of the starting material is 

given and simultaneously the isolation of possible unstable intermediates is avoided.[91,138,170,171] Indeed, 

deracemization through enzymatic dynamic kinetic resolution becomes possible in cascade reactions. 

By the combination of two enantiocomplementary TAs the first one in the cascade is acting in kinetic 

resolution mode providing the ketone substrate for the subsequent asymmetric amination catalysed by 

the other TA.[133] Using this method the APIs Mexiletine[172–174] (an anti-arrhythmic drug) and 

Niraparib[175,176] (potential anti-cancer drug in the treatment of leukemia, under patent to Pfizer) were 

efficiently produced. Another example for deracemization is given by combining of the (S)-selective 

MAO-N with a (R)-selective TA in order to yield the (R)-amine.[177,178] Deracemization is supposed to be 

highly recommended when the corresponding ketone is not accessible or expensive[179–181] but usually 

a two step-fashion under inactivation or removal of the prior enzyme in the cascade is needed especially 

when the substrate scope of the used enzymes is overlapping.[174,182]  

A wide range of further cascade reactions involving TAs are literature known, like the combination with 

a lyase (acetohydroxyacid synthase I) to get access to both enantiomers of norephedrine and 

norpseudoephedrine[183,184] or the setup with an alcohol dehydrogenase when alcohols are the starting 

material for the preparation of primary amines. An elegant approach was published by Sattler et al. and 

Pickl et al. showing a complex reaction setup with intermediate oxidation reactions and asymmetric 

amination on the way to aliphatic (di)amines.[185,186] The basis for that functional group interconversion 

is the same oxidation state of both moieties which makes an electron borrowing mechanism[187] and co-

factor regeneration possible under employment of another alanine dehydrogenase for TA amine 

acceptor regeneration. The Bornscheuer and the Höhne group presented cascade reactions on 

manipulating of two stereocenters via the combination of (either wild-type or engineered) TAs with 
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enoate reductases or keto reductases, respectively and provided a route to several diastereomers of 

the respective amine.[188–190]  

For further reading regarding recent achievements in TA-mediated cascade reactions the following 

reviews are recommended.[90–92,133,191]  

 

4.3. Amine Transaminases in asymmetric synthesis of chiral 

amines 

As mentioned before, asymmetric catalysis is considered generally to be the most important method to 

introduce chiralitiy into pharmaceutically and agrochemically active molecules.[124,135,192] Especially for 

chiral amine synthesis the start from achiral ketones and aldehydes makes the cost and waste intensive 

synthesis of racemic amine mixtures obsolete what is of course highly desired in pharmaceutical and 

agrochemical manufacture. Up into the 2000 years, in biocatalysis applications the asymmetric 

synthesis was less attractive because of major obstacles in reaction equilibrium and so, kinetic 

resolution reactions were predominant on the route to chiral amines (see Chapter 4.2). The first 

asymmetric synthesis of amines using ATAs was described by Shin and Kim et al.[193] claiming the 

excellent enantioselectivity of ATAs and the first example of reaction equilibrium shifting in TA reactions. 

This initial development of an ISPR-techniques in asymmetric synthesis (in situ (co-)product removal) 

in order to prevent the accumulation of inhibitory co-products, definitively paved the way for this branch 

of ATA-mediated catalysis (see Chapter 5.1).[60,136]  

In recent years, numerous research groups in academia and industry applied ATAs in the synthesis of 

a range of pharmaceutically active compounds or intermediates thereof under consideration of a broad 

range of starting materials including linear, cyclic and aromatic ketones (e.g. [60–62,91,92,139]).  

Additionally, one pushing effect was the easy and rapid availability of (wild-type and engineered) ATAs 

in the form of commercial ready-to-use screening kits offered by Codexis and other companies.[90] 

However, the production of various APIs has been realized on larger scale using ATAs. The 

manufacturing of the diabetes-drug Sitagliptin (the active ingredient of Januvia®, Table 1, entry 1) was 

already mentioned before. [93] With the engineered Arthmut11-TA, the product was obtained in 92% yield 

and 99.5%ee in a reaction with 200 g/L substrate concentration, 6 g/L enzyme load, 50% co-solvent 

concentration at 50°C with isopropylamine (IPA) as the amine donor. The co-product acetone could 

easily be stripped off the reaction continuously by a nitrogen flow. Notably, enzyme engineering led to 

a higher tolerance towards higher concentrations of DMSO and IPA and higher temperatures. In 

comparison to the chemical counterpart of Sitagliptin manufacture, which employed an asymmetric 

hydrogenation under high pressure and usage of a chiral Rh-catalyst,[194] the biocatalytic reaction system 

resulted in a 13% higher overall yield and 19% reduction of total waste.[195] The same enzyme was later 

applied in the asymmetric synthesis of the aminated precursor of the drug Ramatroban, a thromboxane 

receptor antagonist for the treatment of asthma or coronary artery diseases (Table 1, entry 2).[196] The 

utilization of IPA as the ‘ideal amine donor’ was tried but caused side reactions in the form of enolate or 

enamine formation what was avoided by 1-phenylethylamine (PEA) as amine donor. The amine product 

of the transamination reaction was obtained in 96% yield and >97%ee without any final purification step. 

The authors compared the advantages over the chemical process and claimed a higher yield as well as 
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shorter reaction sequence and reaction time for the final product. The beneficial thermodynamic 

properties of PEA were also used for the synthesis of the amine precursor of the Janus kinase 2 inhibitor 

(JAK2 inhibitor, Table 1, entry 3) after identification of Vfl-TA (ATA from Vibrio fluvialis) as suitable 

biocatalyst.[197,198] The multi-gram preparation (500 g, 0.35 M substrate concentration) was implemented 

into a chemoenzymatic route to the final product with 97% yield and 99%ee for the transamination 

product (S)-1-(5-fluoropyrimidin-2-yl)-ethanamine. In order to avoid co-product inhibition by the formed 

acetophenone a bi-phasic system with 20% toluene was installed. Rivastigmine (Table 1, entry 4), a 

cholinesterase inhibitor for the treatment of Alzheimer’s or Parkinson’s disease,[60,199,200] was one of the 

first reactions processes with an ATA (Vfl-TA) involved leading to the preparation of the primary amine 

precursor as synthetic key step in 100 mg scale, 71% yield and 99%ee.[201] However, in many other 

examples ATAs show potential in API (precursor) production. Relevant (final) products are for instance 

Dilevalol[202] (Table 1, entry 5), Formoterol[202] (entry 6), Imagabaline[24] and Ivabradine[203] emphasising 

the value of enzymes in the future synthesis process development.  

  



20 

 

Table 1. Biocatalytic application of ATAs for the synthesis of pharmaceutically active compounds. 

Entry Reaction Ref. 

1 

 

[93] 

   

2 

 

[196] 

   

3 

 

[197,198] 

   

4[a] 

 

[199,201] 

   

5[a] 

 

[202] 

   

6[a] 

 

[202] 

   

7 

 

[94,204] 

   
 
[a] If alanine was used as the amine donor a pyruvate removal system was applied to shift the equilibrium towards the product side. 
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4.4. The synthesis of halogenated arylalkyl amines (Article I) 

Halogenated amine compounds are routinely found in natural and pharmaceutically relevant compounds 

with outstanding physiological activity.[205] They often show potent effects e.g. in the treatment of a 

number of diseases.[206] A similar status applies for pyridine derivatives[207] and additionally, pyridine 

amines are attractive chelating ligands in organic chemistry for several metal ions especially when a 

high variety of coordination geometries is needed.[208]    

A couple of reports are known for the asymmetric amination of halogenated ketones or aldehydes using 

TAs. They are mainly dealing with halogenated acetophenone derivatives[206,209,210] or fluorinated 

phenylacetone in order to investigate the substrate scope of several ATAs.[211–213] The asymmetric 

synthesis of 3,4-dimethoxyamphetamine (DMA) using Arth-TA was also described.[35,36] Other relevant 

citations refer to the production of fluorinated and chlorinated derivatives of 1-(pyridinyl)ethanamine for 

the production of API intermediates.[197,198,214,215] Subject of Article I is the asymmetric synthesis of 

various brominated and chlorinated 1-phenyl-2-propanamine, 4-phenylbutan-2-amine, and 1-(3-

pyridinyl)ethanamine derivatives whose enantioselective amination by ATAs was not described yet 

(Scheme 6). For instance, enantiomers of substituted amphetamine derivatives (1b-6b Scheme 6) have 

distinct pharmacological properties, e.g. affect neuroreceptors like serotonin or dopamine receptors or 

having drug potential in obesity diseases, also as halogenated derivatives.[216,217] Moreover, the halogen 

moiety is quite often the basis for the synthesis of more complex compounds so that the target amines 

shown in Scheme 6 possibly bear building block functionality for a number of pharmaceutically and 

agrochemically active molecules (Figure 4).[53,125,166] Initially, the choice of the four ATA candidates with 

complementary enantioselectivity was guided by literature search[44,114,202,209,218–222] and ligand-docking 

experiments in which strategically chosen quinoid intermediates were modelled (Figure 5). One of the 

main aspects of Article I was the utilization of IPA as the apparently ideal amine donor (see Chapter 5). 

Model reactions were performed to test IPA acceptance (and especially the right donor-acceptor-ratio) 

revealing the ATAs from Silicibacter pomeroyi[44] (Spo-TA) and Aspergillus fumigtus[37,38] (Afu-TA) as 

final biocatalysts (Figure 5).  

 

 

Scheme 6. Amine products (bottom) obtained by the asymmetric synthesis (top) from the corresponding 

prochiral ketones (1a-12a) using ATAs from Silicibacter pomeroyi and Aspergillus fumigtus as biocatalysts.  
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Substance Physiological activity / Application Ref. 

1 Tamsulosin; prostata hyperplasy drug [223] 

2 

PI3K kinase inhibitor, cancer drug; lipid-kinases are ubiquitous and associated with signal 

transduction mechanisms; they are supposed to be related with some kind of cancer (PI3K-

mediated cancer) 

[224] 

3 
Sigma2-receptor antagonist with effect against amyloid-beta induced diseases, e.g. 

Alzheimer 

[225] 

4 
Dihydroquinolin-2-one derivatives show effects at chronic disorders like kidney disorders or 

hypertension  

[226] 

5 

GPR139 (G-protein) agonist; GPR139 is highly produced in the habenulae of the brain; the 

habenulae has strong effect at the limbic system with their dopamine and serotonin 

receptors and is responsible for sensation of pain, sleep disorders, depression, shizophrenia 

and other disorders of the central nerve system 

[227] 

6 Encaleret; osteoporosis drug  [228] 

7 Pesticide/Biocidal [229] 

 

Figure 4. Compilation of pharmaceutically and agrochemically active compounds derivable from the chiral amines 

obtained in Article I.   
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With the optimal reaction conditions in hand the production of the target amines 1b-12b was conducted 

(Table 2). Predominantly, excellent conversion and enantiomeric excess (ee) values were obtained with 

minor exceptions. Particularly, using Spo-TA the ee values of the 4-phenylbutan-2-amines (especially 

7b and 9b) were relatively divergent indicating a certain degree of flexibility of the formed intermediate 

in the active site. Those observations correspond with former reports when benzylic ketones with longer 

alkyl chain were aminated with (S)-selective ATAs, also indicating an impact of the substituent on the 

benzene ring.[44,230] However, preparative scale reactions were performed using both 

enantiocomplementary ATAs with substrate 1a as representative model substrate. The identity and 

absolute configuration of the amine product 1b was confirmed via chiral gas chromatography (GC) 

analysis, 1H-NMR, 13C-NMR spectroscopy and optical rotation values,[231] respectively.  

 

 

Table 2. Conversion and enantiomeric excess values of the amine 

products 1b–12b (see Scheme 6) obtained by asymmetric synthesis 

using IPA as donor and crude cell lysate containing overexpressed Spo-

TA or Afu-TA. 

 Spo-TA  Afu-TA 

Substrate c [%][a,b] eeP 

[%][b] 

 c [%][a,b] eeP 

[%][b] 

1a 95.6 ± 3.0 >99  96.2 ± 0.3 >99 

2a 96.6 ± 0.8 >99  96.1 ± 0.4 >99 

3a 91.4 ± 0.4 98  95.0 ± 0.3 >99 

4a 97.6 ± 1.3 >99  95.9 ± 0.5 >99 

5a 96.3 ± 2.9 98  93.4 ± 1.1 >99 

6a 97.1 ± 2.2 >99  91.1 ± 0.4 >99 

7a 93.3 ± 2.8 80  93.9 ± 0.4 >99 

8a 95.9 ± 1.9 95  84.5 ± 4.1 >99 

9a 88.0 ± 6.0 73  95.6 ± 0.7 >99 

10a 88.8 ± 5.0 >99  78.4 ± 2.3 >99 

11a 93.9 ± 4.7 >99  91.4 ± 0.4 >99 

12a 90.7 ± 8.3 >99  86.4 ± 2.9 >99 

[a] Reaction conditions: HEPES buffer (50 mM) pH 7.5, 5 mM ketone, 

isopropylamine (0.25 M for Spo-TA, 1 M for Afu-TA) , 10 % DMF, 30°C, 18 h. 

[b] Conversion and enantiomeric excess was determined via chiral GC 

analysis.  
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5. The choice of the amine donor 

Using TAs, the introduction of chirality makes the asymmetric syntheses the most attractive route, but 

at the same time this mode is often hampered by low conversion values because of unfavorable 

thermodynamic situations.[54,90,193,232] Shin and Kim et al. initially investigated the field of reductive 

amination using ATAs and claimed from the beginning that the choice of respective couples of 

substrates (amine donor and acceptor, product and co-product) is crucial in TA-catalysed reactions.[193] 

In most cases the equilibrium can be considered far on the reactant’s side and therefore a technique for 

equilibrium displacement is needed.[54,132,230] So alanine – as natural amine donor – indeed has been 

proven as one of the most popular amine donors but at the same time its utilization bears the most 

unfavored reaction equilibrium.[91,139] For instance, Höhne et al. observed a maximum conversion of 6% 

in the asymmetric synthesis of 1-N-Boc-3-aminopyrrolidine using alanine in equimolar ratio.[230] An 

excess of alanine usually does not lead to more favorable situation with one exception so far when the 

amination of 4’-methoxyphenylacetone in 94% yield with a 16-fold excess of alanine was reported.[233] 

In turn, aliphatic and especially benzylic amines are supposed to be thermodynamically more suitable 

donor molecules.[234,235] Isopropylamine – IPA – is a promising amine donor since it is cost-effective, 

readily obtainable, excellently water soluble and the co-product acetone can be easily removed in terms 

of equilibrium displacement if necessary (see Chapter 5.1).[91,93,135,219,236–238] Also, because IPA is 

achiral, the enantioselectivity of the respective ATA has not to be considered. From the industrial point 

of view IPA is certainly the most favored amine donor for TA-mediated reactions[239] but although IPA is 

ranked as the ‘better’ donor than alanine[90] still a high excess is needed to drive the desired reaction to 

completeness.[61,236] And more important, a limited number of ATAs are known to accept IPA.[90,92,136,240] 

Affirmatively, solely five wild-type ATAs from Arthrobacter citreus,[219] Halomonas elongata,[241] 

Orchobactrum anthropi,[235] Silicibacter pomeroyi,[242] Pseudomonas putida[243] and Arthrobacter sp. 

KNK168[243] were already literature known to achieve excellent conversion in respective reactions with 

IPA. Interestingly, those observations were mainly made for (S)-selective ATAs. Nevertheless, IPA was 

increasingly used in recent years in academia and industry for the synthesis of a broad range of target 

amines.[62,95,96,99,139,202,206,239,244–249] In fact, besides alanine, IPA became one of the most applied amine 

donors for ATA reactions.[61,91,92,132,139]  

 

5.1. Techniques for equilibrium displacement 

Several techniques have been discovered or developed to efficiently shift the equilibrium on the desired 

product side to give higher conversion and enhanced yield. Fundamentally, those techniques can be 

divided into two main approaches, on the one side the application of the donor in large excess and on 

the other side the in situ removal of the formed (co-)product (IS(c)PR technique), inclusive combination 

of both.[132] In terms of the latter an immense scientific effort was made in the last decade mostly relying 

on alanine as amine donor with followed degradation or conversion of the co-product pyruvate in order 

to pull the reaction into the desired direction (Scheme 7A).[90] Hence, (multi-)enzyme cascades emerged 

to valuable tools in asymmetric synthesis in order to enable thermodynamic unfavored amination 

reactions of a broad range of target compounds.[136] For instance, the application of a lactate 
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dehydrogenase (LDH) in terms of converting pyruvate to lactate under consumption of NADH was 

already investigated when the first asymmetric synthesis using Vfl-TA was reported even if a co-factor 

recycling was omitted.[20,136] Koszelewski et al. later involved a glucose dehydrogenase (GDH) under 

employment of glucose as reducing agent and therefore created a self-sufficient and effective system 

for pyruvate removal.[114]  

 

 
 

Scheme 7. Illustration of co-product removal systems using A alanine or B isopropylamine as amine donor. AlaDH 

= alanine dehydrogenase, LDH = lactate dehydrogenase, GDH = glucose dehydrogenase, FDH = formate 

dehydrogenase, PDC = pyruvate decarboxylase, ALS = acetolactat synthase, YADH = yeast alcohol 

dehydrogenase, NAD = nicotinamide adenine dinucleotide.  

 

Many research groups incorporated the LDH/GDH system for the production of their target amines with 

mostly excellent yield and enantiomeric excess using (R)- and (S)-selective TAs.[116,136,202,218,222,250,251] 

Alternatively, when an alanine dehydrogenase (AlaDH) is applied, the recycling of pyruvate back into 

alanine becomes possible, having a push effect towards reductive amination. Simultaneously, this 

system allows lower concentrations of the starting material.[252] Again, the presence of the reducing 

equivalent NADH is mandatory which gets recycled in similar way like mentioned previously. A slight 

modification of the AlaDH system uses a formate dehydrogenase (FDH) under carbon dioxide formation 

and reduction of NAD+. The practicability was demonstrated several times.[132,136,221] Höhne et al. and 

Yun et al. published decarboxylation approaches of pyruvate using either a pyruvate decarboxylase 

(PDC) or acetolactate synthase (ALS).[230,253] The advantages of both systems is the omission of a co-

factor recycling system and the equilibrium is efficiently shifted through the formation of carbon dioxide, 

although an excess of alanine still seems to be necessary.[132] Nevertheless, an unwanted feature of the 

PDC system is the function of the formed acetaldehyde as amine acceptor in the TA reaction forming 

ethanamine and constantly consuming the amine donor.[230] However, despite the wide diversity in 

pyruvate removal systems equilibrium shifting using enzyme cascades possibly remains challenging 

especially regarding an overall accordance in reaction conditions, either in one-pot or sequential 

setup.[238] When using IPA as amine donor, acetone is formed as the co-product. A very convenient 
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method is the removal of acetone by a mild vacuum distillation because acetone is rather volatile and 

has a lower boiling point than the majority of other reactants (Scheme 7B). Additionally, a nitrogen flow 

strongly supports the discharge of acetone. This was initially presented for the production of Sitagliptin[93] 

and has been taken up for the synthesis of the herbicides metolachlor for instance.[254] The elimination 

of acetone via physical separation has the significant advantage that solely one enzyme is involved.[255] 

Notably, this system is not suitable in every case since it depends drastically on the actual properties of 

the substrate of interest. Tufvesson et al. and Satyawali et al. addressed the general validity of the 

vaporization technique and compared for instance prositagliptin and ketones with lower molecular 

weight. Compounds like acetophenone and some specific substituted derivatives are supposed to be 

highly effected by vaporisation strategies causing a blind ketone loss over reaction time.[256,257] As 

alternative strategy acetone could also be converted enzymatically by coupling with an alcohol 

dehydrogenase from Saccharomyces cerevisiae (YADH).[258] Here, one of the key features is the 

narrowed substrate scope of this ADH discriminating ketones larger than a C3 backbone achieving an 

acetone removal system with significant specificity. However, applying IPA in high excess is from the 

practical point of view the most simple, most convenient and most employed method for equilibrium 

shifting using this amine donor.[3,90,236,238,239] Thus, the fact that a single-enzyme system can be 

performed opens up possibilities for a higher degree of ‘freedom to operate’[124] in terms of reaction 

conditions, experimental setup and effort as well as formulation of the biocatalyst,[90,259] among other 

aspects.   

A number of further IS(c)PR techniques was reviewed intensively over the entire timespan of ATA 

investigation,[60,90,136] for instance the simultaneous extraction of one of the formed ketone products 

through bi-phasic systems[260–262] or the spontaneous tautomerization, oligomerization or cyclization of 

sacrificial ketone co-products to a thermodynamically stable compound (so called ‘smart’ donors).[209,211–

213,263,264] For IPA application the chemoenzymatic combination with an aluminum isopropoxide 

catalysed Oppenauer oxidation was presented in which acetone was chemically reduced to 

isopropanol.[265] The selling-point in the latter example was the synthesis of the ketone substrate as ‘side 

product’ in order to simultaneously pull and push the reaction towards product formation. Recently, a 

novel technique was presented in which the selective in situ crystallization of the desired amine product 

occurs.[266] Also these examples have limitations and drawbacks, for example poor distinction between 

substrate or product and inactivation of the biocatalyst during in situ extraction in a bi-phasic system, a 

questionable acceptance of the alternative ‘smart’ donors by various ATAs and a high screening effort 

to find a suitable counterion for the in situ crystallization of the desired amine product.[60,90,266]  

 

5.2. Understanding isopropylamine (IPA) as the amine donor 

(Article II) 

5.2.1. Engineering of IPA acceptance 

During investigations in this thesis with different ATAs, significant differences in IPA acceptance were 

observed. For instance, Spo-TA (ATA from Silicibacter pomeroyi) generally showed high reactivity with 

IPA towards several amine acceptors with quite low molar excess (see Chapter 4.4) and in contrast the 
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ATA from Ruegeria sp. TM1040 (3FCR-TA) did not exceed 10% conversion in the best case during 

preliminary tests for Article II. With the best knowledge only a few publications can be found in literature 

in which the engineering to a higher reactivity using IPA was aimed and reported.[93,255] Again, the 

manufacture of Sitagliptin has to be cited as example. Here, enzyme engineering resulted not only in a 

better substrate acceptance or higher temperature and solvent stability, but also in an enhanced IPA 

acceptance. Arthmut11-TA as best variant contained 27 mutations, many of them globally distributed 

over the entire protein with the effect to ensure acceptance or tolerance of IPA, respectively. Due to the 

increased ability to accept IPA this and other variants from this substrate-walking-approach were 

commercialized and then further used for various applications with IPA (see Chapter 4.3), for instance 

the production of unnatural amino acids.[235] Interestingly, Han et al. discovered one key residue for 

apparent better IPA acceptance in the (S)-selective ATA from Ochrobactrum anthropi (named as 

OATA).[255] In this study, position 58 in OATA (according to the Protein Data Bank numbering) has been 

identified as promising active site residue for site directed mutagenesis after in silico studies in order to 

improve the activity towards several ketones significantly (in total nine arylalkyl ketones and six alkyl 

ketones). The mutation OATA-W58L did not only lead to a better conversion of the investigated (bulky) 

ketones, however, at the same time this mutation was obviously responsible for a higher binding affinity 

towards IPA. This was proven by determination of a 9-fold lower KM value towards IPA via a pseudo-

one-substrate kinetic model which meant that the IPA concentration was altered while keeping the 

concentration of the co-substrate (pyruvate) fixed. According to the authors, that effect could be 

explained structurally when a possible steric interference of (wild-type) tryptophan 58 with one of the 

methyl groups of IPA is eliminated after mutagenesis. The variant OATA-W58L was interestingly 

compared with Arthmut11-TA in the amination of acetophenone under reduced pressure and showed 

indeed a 5-fold higher formation of 1-phenylethylamine (PEA) than Arthmut11-TA. Position 58 was 

further investigated by subsequent mutagenesis studies to examine its influence on the substrate scope 

of OATA.[249,267,268] However, the authors claimed that OATA was chosen in the beginning due to its 

relative high starting activity towards IPA.[235] But is this improvement in IPA related activity transferable 

to another scaffolds, maybe with lower starting activity?  

 

 
Figure 6. Superimposed structures of 3FCR-TA (PDB-ID 3FCR, green) and OATA-W58L (PDB-ID 5GHG, grey). 

The homologous positions tyrosine 59 in 3FCR-TA (green/red) and leucine 58 in OATA (cyan) are highlighted. The 

sequence identity between both TAs is 43%. 
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Recently, the engineering of 3FCR-TA (ATA from Ruegeria sp. TM1040) for the acceptance of bulky 

ketones was reported whose corresponding amines predominantly have pharmaceutical relevance (see 

Table 1, entry 7).[94–96] The best variants from this approach (especially one quadruple mutant 3FCR-

Y59W-Y87F-Y152F-T231A, 3FCR-QM) did not accept IPA well as the amine donor which for instance 

was observed in the asymmetric synthesis of exo-3-amino-8-aza-bicyclo[3.2.1]oct-8-yl-phenyl-

methanone.[95] Remarkably, position 59 in 3FCR-TA (according to PDB numbering) is the homologous 

position of 58 in OATA after structure superposing (Figure 6) and both were reported to be very crucial 

for the activity towards aromatic and bulky substrates.[94,269] Additionally, a comparable cross-link of key 

residues was seen in the ‘flipping arginine’ which mediates dual substrate recognition of ATAs and is 

highly conserved in e.g. amino acid transaminases, ornithine transaminases and amine 

transaminases.[8,269] This flexible arginine residue facilitates the required flexibility in accepting 

substrates with two different chemical groups like a phenyl (e.g. PEA) and carboxyl moiety (e.g. 

pyruvate). This is facilitated by a salt bridge formation between the guanidine group of the arginine and 

the carboxylate function of the respective substrate and by a ‘flip out’ in order to provide space for bulky 

and hydrophobic moieties. The position of this arginine residue at the entrance of the active site is 

predestined for this role in substrate binding. Though, the TA from Bacillus anthracis (Ban-TA) 

represents an exception as the ‘flipping arginine’ is replaced by a glycine which means that no movement 

of an amino acid residue is required for substrate recognition.[270] Interestingly, Ban-TA showed 

reasonable activity towards IPA. A possible hypothesis here could be that a strong positive charge at 

the entrance of the active site tunnel was considered to be detrimental for the accessibility of IPA on the 

PLP molecule.  

However, the motive of the investigations in Article II was to prove or disprove the role of both mentioned 

positions in IPA acceptance for the 3FCR scaffold. The variant 3FCR-QM from previous engineering 

approaches was chosen as template to enable the synthesis of pharmaceutically relevant amines using 

IPA and therefore to further enhance the presented 3FCR-TA variants.  

 

Table 3. Initial activity of purified 3FCR variants determined via the glycine oxidase 

assay[106] towards two concentrations of IPA as the amine donor. Measurements were 

performed in triplicate. 

Reaction conditions: CHES buffer (2-(Cyclohexylamino)ethanesulfonic acid), pH 9.5 (50  mM), 2 mM glyoxylate, 

IPA concentration as indicated, 37 °C. 

 

Following the procedure which was described before in 3FCR-TA engineering, position 59 was saturated 

via site directed mutagenesis using degenerative codons and the resulting library was screened via the 

glycine oxidase (GO) assay against IPA.[94,106] Indeed, the only variant with significant improved activity 

towards IPA contained the mutation W59L which led to a 4.6-fold higher activity compared to the 

Transaminase / variant Activity [mU/mg] Fold increase 

in activity 

 IPA 0.05 M IPA 0.2 M  

3FCR-QM 3.64 ± 0.15 8.55 ± 1.28 2.3 

3FCR-QM-W59L 16.8 ± 1.13 39.04 ± 0.17 2.3 

Fold increase in activity 4.6 4.5  
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template (Table 3). Noteworthy, a direct transfer of the mutation 59L caused an improving effect in 

activity towards IPA with glyoxylate as amine acceptor, even though the fold in increase is lower here. 

Also the mutation of the ‘flipping arginine’ (position 420 in 3FCR-TA) had a promoting effect on IPA 

acceptance in this scaffold. Since the GO-assay was not suitable for this mutagenesis study (because 

this assay demands coordination of the carboxylate moiety of glyoxylate) the R420 variants of 3FCR-

QM were interrogated in the chosen asymmetric synthesis model reactions (Table 4). Several amino 

acids were introduced at position 420 with different characteristics (hydrophobic, basic and acidic) 

revealing the mutation to tryptophan as the best (for more information see Article II). This finding would 

support the hypothesis of a detrimental and flexibly mounted positive charge at the active site tunnel 

since already the swap into histidine caused a slight improvement. Both variations (W59L and R420W) 

were introduced into 3FCR-QM and tested in asymmetric synthesis (Table 4). The respective W59L-

R420A variant was inducted into the experiments in order to provide the maximum space and possibly 

the lowest interference at this position. It could be demonstrated that both positions (59 and 420) are 

important key positions for IPA activity in the 3FCR scaffold. Through combination of the best amino 

acid variations for both positions the conversion in the chosen model reactions could be increased 

substantially in comparison to the starting scaffold, although differences for each ketone substrate could 

be seen. Finally, with the variant 3FCR-QM-W59L-R420W a general approach for an improved IPA 

acceptance for the investigated reactions was identified, achieving conversion values higher than 83%. 

 

Table 4. Comparison of the presented variants of 3FCR-TA in asymmetric synthesis of the 

illustrated amines using IPA as the amine donor. * n.d.: not detectable   

 

 

 

 

 

 

 

 

 

 

 

 

 

Reaction conditions for the asymmetric synthesis: 2 mM ketone, 0.5 M IPA, 30 % (v/v) DMSO, CHES buffer pH 10 (50 mM), 

0.1 mM PLP, 0.89 - 1.2 mg mL-1 purified enzyme, 30 °C. Conversion was determined after 20 h via chiral gas 

chromatography. Samples were taken in triplicate from three parallel reactions. 

 

 

 

 

ATA variant  Conversion [%] 

 

 

eeP [%] 

 

eeP [%] 

3FCR-QM 12.8 ± 1.2 > 99 (R) n.d.* - 

3FCR-QM-W59L 6.8 ± 1.5 86 (R) 8.9 ± 1.8 > 99 (S) 

3FCR-QM-W59L-R420A 50.6 ± 3.6 91 (R) 23.8 ± 2.5 > 99 (S) 

3FCR-QM-W59L-R420W 83.5 ± 4.0 80 (R) 85.8 ± 3.5 > 99 (S) 
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5.2.2. Reaction engineering for a better reactivity with IPA  

Generally, only a few reports are given in which the influence of reaction parameters (like temperature 

and pH) on the degree of TA-mediated product formation was investigated.[256] Moreover those studies 

were predominantly done for PEA and alanine as donor molecules.[271,272] In turn, a set of different 

reaction conditions were reported when IPA was used, referring to variations in donor-acceptor-ratio or 

pH value. So far, there has been no experimental study which aimed the identification of optimal reaction 

conditions (in terms of donor concentration and final pH) and investigation of the enzyme stability in 

presence of IPA. Thus, in Article II the ketones acetophenone and 2’-bromoacetophenone were 

subjected for this study as two common aromatic benchmark substrates for the evaluation of amine 

donors.[206,209,211,212,258,263] This choice was made because a halogen substitution on the acetophenone 

substrate is supposed to have a promoting effect on reaction equilibrium.[234,258] On the other hand the 

amination of acetophenone is considered as very challenging due to the markedly unfavored 

equilibrium,[193,211,238] so significant effects were expected here after reaction engineering. In the 

presented experiments a molar IPA excess range of 5-fold to 100-fold and a pH range of 7.5 to 10 was 

investigated including a couple of ATAs which were commonly used in literature as well as the presented 

variants of 3FCR-QM. The results indicated that both aspects, pH influence and donor-acceptor-ratio, 

should be considered indeed as highly enzyme as well as substrate dependent (or a combination of 

both). Regarding each enzyme for itself no general trend could be seen over the entire pH range since 

reactivities in a predominantly similar order of magnitude were observable. The variation in the donor-

acceptor-ratio only took significant effect in the amination of acetophenone as expected, in turn 

indicating a more favored equilibrium situation for 2’-bromoacetophenone as amine acceptor. The 

3FCR-QM-W59L-R420X variants exhibited one of the best performance in all tested reactions what 

proved the expansion of an improved IPA acceptance to other ketone substrates than given in Table 4. 

Interestingly, the incubation with IPA did not have a significant detrimental effect on enzyme stability for 

any tested ATA which was tested via subsequent activity measurements (for more details see Article 

II). Therefore, a missing IPA tolerance was obviously not the reason in this case study for different 

reactivities. Apparently, every ATA reaction needs to be optimized relating to the mentioned aspects 

when IPA is to be used as amine donor.   

The investigations in Article II did not include other critical reaction parameters like temperature or 

pressure as both factors are known to be supporting effects in acetone removal.[247,255,256] However, 

especially the application of an elevated temperature should be treated with caution because enzyme 

stability is most likely decreased what obviously has a significant counter-effect on conversion.[243] 

Moreover, a higher temperature does not mean that an excess of IPA and/or a nitrogen flow could be 

nevertheless necessary in any case. Presumably, a maintained enzyme activity is the ‘better pushing 

effect’ for a certain process even though a larger excess of the amine donor has to be applied.[273] 
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6. Combination of ATA activity with the Suzuki 

cross-coupling reaction 

6.1. Biocatalysis combined with transition metal catalysis  

One-pot cascade reactions are an established instrument for the finding of a suitable synthesis route to 

a target product.[138,274–276] Originally, the catalysts for these cascades belonged to the same ‘type’ since 

pure chemical or pure biocatalytic cascade reactions were focused on. In fact, the one-pot combination 

of these ‘two-worlds’[275] of chemo- and biocatalysis is immense underrepresented and rather gained 

increased attraction in the recent years.[275,277] The major potential of such a chemoenzymatic reaction 

is the unification of different reaction types en route to a desired compound which usually is not 

achievable by means of a pure chemical or enzymatic reactions. From the economical point of view one-

pot reactions are bearing convincing benefits over reactions with distinct reaction steps, like solvent or 

environmental contaminant reduction, the choice of more favored starting materials and the omission of 

(unstable) intermediate isolation, what often means significant increases in the overall product yield and 

thus in the space-time yield of a certain process.[274] Especially, when biocatalysts are involved this 

introduces characteristic enhancements, for instance mild operation conditions and water as the main 

solvent, as described in Chapter 2. Particularly, water as the ‘natural’ reaction medium came more and 

more into focus of chemists, not only in terms of environmentally aspects, rather because the full 

spectrum of enzymatic activity is accessible.[275] But unfortunately, water- (and oxygen-)free conditions 

were mostly required for the majority of metal (and organo-)catalysts and very often high temperatures 

as well.[278,279] Thus, although many possibilities would emerge when ‘closing the gap’ between chemo- 

and biocatalysis in general, realization was frequently hindered due to suffering from incompatibilities 

as mentioned. In order to achieve compatibility a careful adaption of reactants, catalysts and/or reaction 

conditions is needed and on the other side (or in combination), engineering of chemo- and biocatalysts 

has been conducted in chemobiocatalysis, mainly by making one catalyst accepting the conditions of 

the other.[45,277,280–283]   

However, several pioneering works of combining transition metal- and biocatalysts have been published 

which were subject of several recent reviews.[274,275,278,279] For instance, the production of D-mannitol, 

combining a glucose isomerase and a platinum-catalysed hydrogenation, is certainly the most cited 

work in this context.[284] Furthermore, dynamic kinetic resolutions using chemical racemization are also 

initial approaches of chemobiocatalysis involving e.g. ruthenium, palladium, rhodium or vanadium 

catalysts (see Chapter 4.2). Here, the groups of Bäckvall, Williams, Reetz, Turner and Kim have done 

the pioneer work in the 90s and early 2000 years utilizing lipases or monoamine oxidases for the 

production of chiral alcohols or amines.[142,285–290] Apart from those ‘early’ works more recent examples 

emerged in which reaction types, like cross-coupling reactions (Pd-catalysed Heck- or Suzuki 

reaction),[291,292] metathesis (Ru-catalysed),[293,294] Wacker-oxidation (Pd-catalysed)[295] and 

hydrogenation (Rh-catalysed)[296–298] were combined with alcohol dehydrogenase, hydrolase or Baeyer-

Villiger/P450 monooxygenase activity to obtain the respective desired alcohol, amino alcohol, amino 

acid or lactone in good to excellent yield, enantiomeric excess and diastereomeric ratio. In several of 

these cases the chemical reaction part benefited from intensive research in order to make the respective 
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catalyst or ligand compatible and/or stable in aqueous media and therefore to generate a basis for the 

chemoenzymatic application.[292,298] Among the given examples, Fink et al. applied 

compartmentalization and immobilisation of different reactions and catalysts in order to combine the 

chemical hydrogenation and enzymatic oxidation reaction.[297] Those are common techniques to 

generate compatibility when engineering or optimization of catalysts and/or reaction conditions only 

achieved partial compatibility.[274,278] Incidentally, this is not the only example for similar approaches with 

transition metal catalysts.[277,299,300]  

 

6.2. The Suzuki-Miyaura cross-coupling reaction and its 

chemoenzymatic incorporation 

Beside other palladium-catalysed cross-coupling reactions like the Heck, Stille or Nigishi reaction, the 

Suzuki cross-coupling in particular is one of the most powerful tools in the synthesis of biaryl 

compounds.[301] Since its discovery in 1979[302] (and especially over the last two decades) the Suzuki 

reaction has received massive attention and is still the focus of recent and fast-growing research. A 

considerable potential of this reaction is the high tolerance to a large range of reaction conditions 

(solvent and temperature) and functional groups paired with a great simplicity and reactivity in 

water.[301,303–306] The most described Suzuki reaction is the cross-coupling of C(sp2)-halide (or -triflate) 

with a C(sp2)-boronic acid.[307–311] The reaction mechanism can be described by three successive steps 

(Scheme 8). First, the oxidative addition of the aryl halide to the palladium catalyst starts the catalytic 

cycle and forms the palladium intermediate complex. Thereby, the oxidation state of Pd plays a crucial 

role because only Pd0 is the reactive species which favors the oxidative addition reaction. Although PdII 

precatalysts are commonly used, the reduction to Pd0 should occur first, either by ligands or in situ.[301] 

Besides that, this step is considered as rate limiting because the thermodynamics of this reaction is 

mainly determined by the halogen atom with a relative reactivity decreasing in the following order, 

I>Br>>Cl.[304] Additionally, the ligand structure has been proven to have a significant effect on reactant 

reactivity during oxidative addition with the result that intensive research was performed on different Pd-

ligands.[301] Sterically hindered electron-rich ligands on phosphine basis were discovered to increase the 

reaction rate and finally emerged to one of the most popular ligand types for the Suzuki reaction.[312,313] 

The subsequent and central catalytic step is the transfer of the boron aryl substituent onto Pd. This 

transmetalation step is (in contrast to the others) specific for metal-catalysed cross-coupling reactions 

in general and at the same time the least understood one in the catalytic cycle.[301,314] The proposed 

mechanism of transmetalation contains the action of a base.[315,316] The utilized base activates the Pd 

intermediate complex which is further attacks by the aryl boronic acid. Sodium carbonate, potassium 

carbonate or caesium carbonate are reported to be the most applied bases in aqueous cross-coupling 

reactions.[301] It is also the base which mediates the final reductive elimination by addition and 

coordination to the biaryl-Pd-complex which causes a Pd anion and lowers the barrier for biaryl product 

release. Originally, the Suzuki-Miyaura reaction was performed in organic solvents to ensure the 

water/oxygen-free conditions which were often required for the phosphine ligands.[303,317,318] 
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Scheme 8. Simplified mechanism of the Suzuki-Miyaura cross-coupling reaction (redrawn from references[315,316]). 

The major requirement is the reduction of palladium to the active Pd0 species which is e.g. realized by ligand 

complexation. Therefore, phosphine ligands are used to be the most common ones. Starting from the activated 

Pd0-catalyst the addition of the aryl halide generates a PdII intermediate complex. Central for all cross-coupling 

reactions is the transmetalation which occurs base catalysed and reveals the biaryl PdII intermediate under 

substitution of the halogen. The also base catalysed reductive elimination yields the final biaryl product. One 

significant advantage over other cross-coupling reactions is the low toxicity of the reactants. Besides the Heck- and 

Negishi reaction, the Suzuki-Miyaura cross-coupling was honoured with the Nobel Prize in 2010. 

  

As previously mentioned very intensive research generated a great number of reports in which the 

Suzuki-Miyaura reaction could take place in phosphine-free and/or water-solvent systems in order to 

address the demands of green chemistry (e.g.[319–333]). Those reports contained for instance the 

introduction of water-soluble ligands on phosphine basis[292,334] or the replacement of the original ligand 

with other stabilizing additives or activating supports like palladium on carbon (Pd/C),[335] mesoporous 

silica[336] ethylene glycol and ethylenediaminetetraacetic acid (EDTA).[331,332,337] Interestingly, also 

ligand-free applications were presented.[333,335,338–341] In any case the authors emphasized the 

robustness of their method for the fast reaction of aryl bromides or iodides with arylboronic acids at 

ambient temperature and in the presence of water and air.   

However, the very first successful chemoenzymatic combination of the Suzuki-Miyaura reaction and 

enzyme activity was reported by Burda et al.[291] A two-step-one-pot synthesis of 1-(4-biphenylyl)-1-

ethanol was conducted in water-isopropanol mixture via enantioselective asymmetric reduction of the 

produced biaryl ketone by using the alcohol dehydrogenase (ADH) from Rhodococcus sp. The chiral 

biaryl-alcohol was obtained with very good conversion and enantiomeric excess (91%c, >99%ee). The 

authors underlined the necessity of a sequential two-step approach because for ADH activity a pH shift 

to pH 7 and a full conversion of the inhibitory boronic acid was mandatory.[275] This first successful 

example motivated the Cacchi group to focus on this chemoenzymatic combination and developed 

water-soluble palladium nanoparticles stabilized within the protein cavity of a thermostable DNA binding 

protein to obtain the actual catalyst for biaryl formation under elevated temperatures.[342] Furthermore, 
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Ahmed et al. produced bi-phenylalanine via the involvement of a phenylalanine ammonia lyase prior to 

the Suzuki cross-coupling reaction[343] and France et al. indeed included the enzymatic transamination 

(using ATA013 from Codexis) as well as Suzuki reaction to facilitate their route to dibenzazepines.[344] 

Both latter works contained intermediate isolation steps and solvent changes and therefore cannot be 

considered as compatible one-pot reaction setups.  

 

6.3. The compatibility of the Suzuki reaction with ATA activity  
Inspired from the previously discussed works, in this thesis the first chemoenzymatic combination of 

ATA activity with the Suzuki cross-coupling reaction in a one-pot fashion was aimed. According to the 

‘principles’ of chemobiocatalysis an adaption of both reactions was mandatory. Regarding the cross-

coupling reaction, the production of 4-acetylbiphenyl (using 4’-bromoacetophenone and phenylboronic 

acid as starting material) was chosen as model reaction for the examination of a suitable reaction setup 

or conditions, similar to almost all works cited in this chapter. Interestingly, several works demonstrated 

a simplified ligand-free application of this reaction without prior catalyst preparation in N,N-

dimethylformamide (DMF)- or ethanol-water-mixtures in the presence of an inorganic base.[333,335] DMF-

water-mixtures were considered as a good starting point since DMF was efficiently used as co-solvent 

for TA reactions previously in this thesis (see Article I). Unfortunately, attempts to conduct the chosen 

protocol[333] remained unsuccessful in the presence of buffer traces, PLP and IPA (as the desired amine 

donor for the TA reaction) and so the concept of performing a concurrent reaction setup[274] was 

dismissed. Also a sequential one-pot reaction running the enzymatic transamination prior to cross-

coupling seemed not suitable. 
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Figure 7. Verification of ATA compatibility with the Suzuki cross-coupling reaction. A Activity (U mL-1) values were 
determined via modification of the acetophenone assay as indicated using crude lysate with overexpressed Afu-TA 
(ATA from Aspergillus fumigatus) wild-type. General reaction conditions were: 2 mM (R)-1-phenylethylamine, 2 mM 
pyruvate, 2% DMSO dissolved in 1 distilled water (A. dest.) and CHES (50 mM pH 9), 2 A. dest. and CHES (50 mM 
pH 10), 3 pure A. dest. (pH 7.4), 4 A. dest.-NaOH (pH 10), 5 6 mM Na2CO3 in A. dest. (pH 10), 6 CHES (50 mM pH 
9) and 125 µM PdCl2, 7 CHES (50 mM pH 9) and 62.5 µM PdCl2. One unit (U) of ATA activity was defined as the 
formation of 1 µmol of acetophenone per minute (ε= 12 M-1cm-1). Measurements were performed in triplicate. B 
Samples of crude lysate containing overexpressed Afu-TA were incubated with different concentrations of DMF at 
30 °C for 20 h. Activity was measured via acetophenone assay.[117] For reaction conditions with CHES buffer see 
A. All measurements were performed in triplicate.  
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The reverse sequence is though not free from the possible complication of missing acceptance of 

sterically demanding biaryl ketones by the TA which makes protein engineering necessary. Indeed, 

already the acceptance of naphtyl compounds by TAs had to be engineered in some cases,[90] so a 

good conversion of biaryl substrates was not expectable, which was finally confirmed by pre-tests. 

Among the tested TAs, only Afu-TA (the ATA from Aspergillus fumigatus) showed moderate acceptance 

of 4-acetylbiphenyl in asymmetric synthesis mode (39%c, Table 5). However, key point of these 

investigations was that Afu-TA revealed as highly compatible with the demands of the Suzuki reaction 

(Figure 7) which is indeed the contrary scenario like in the case of Burda et al.[291] If engineering of Afu-

TA would prove to be successful the high robustness of this TA would be the key point for the 

(sequential) one-pot combination of both reactions towards the production of biaryl amines.  

 

6.4. The production of chiral biaryl amines using the engineered 

ATA from Aspergillus fumigatus in one-pot  

Various biaryl amines were identified as target compounds with respect to cover different regioisomers 

and the presence of aryl substituents and/or heteroaromatics (Scheme 9, Table 5). All biaryl ketones 

could be synthesized with very good to excellent conversion with the chosen protocol for Suzuki cross-

coupling starting from 4’-bromoacetophenone or 1-(5-bromopyridin-3-yl)ethanone, respectively 

(Scheme 9). With a promising ATA candidate in hand a mutagenesis approach was aimed in order to 

provide better conversions of the targeted biaryl ketones. Molecular docking studies were performed to 

identify possible amino acid residues around the active site which might hamper the acceptance of bulky 

biphenyls, namely His53, Phe113, Arg126 and Ile146 (according to the PDB numbering, Figure 8).

  

 

 

Figure 8. Output of the molecular docking experiments using the crystal structure of the ATA from Aspergillus 

fumigatus (Afu-TA, PDB-ID: 4CHI).[38,40] The quinoid intermediate of two representative substrates (A Table 5, entry 

1 and B Table 5, entry 3) were docked into the active site of Afu-TA. The best and most plausible ligand-receptor 

complex was evaluated visually. The amino acid residues with a distance of <5 Å around the ligand (especially 

around the biphenyl moiety) were considered as possible interfering: His53, Phe113, Arg126 and Ile146 (according 

to the PDB numbering, given in red).  

A          B 
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Scheme 9. One-pot synthesis of 1-(5-phenylpyridin-3-yl)ethanamine 1 and 1-(4-biphenyl)ethylamine 3 including 

fluorinated derivatives 2 and 4. The numbering corresponds to the entries in Table 5. Starting from aryl halides 

chiral biaryl amines could be obtained by the sequential order of Suzuki–Miyaura and ATA reaction. The crude 

cross-coupling reaction product was diluted with an ATA/IPA/PLP-containing solution achieving the final conditions 

for the ATA reaction. Molar equivalents were given in relation to the brominated starting material.  

 

For each amino acid residue alanine variants were produced and tested in the asymmetric synthesis of 

the every corresponding amine in Table 5. Indeed, the variants F113A and I146A performed very well 

keeping in mind that a single alanine mutation was sufficient in both cases to double total conversion 

(87%c in the best case, Table 5). The omission of the ‘flipping arginine’[8,269] in Afu-TA, R126[345] 

obviously did not have any supporting impact on activity towards biaryl ketones with demand on the 

large binding pocket. Because of its great flexibility this residue is most likely capable to provide the 

space which is necessary for the accommodation of such substrates. 

 

Table 5. Comparison of Afu-TA variants derived from rational design in the synthesis of biaryl amines (entry 1-4) 

with IPA as amine donor. The biaryl ketone substrates were previously synthesized starting from the corresponding 

bromo-ketones, the respective boronic acid derivative, sodium carbonate as activating base and ligand-free PdCl2 

as catalyst. The ATA reaction was initiated by adding of an ATA crude lysate and IPA/PLP-containing reaction 

solution. For further information see Article III. 

ATA/ variant Substrate conversion [%] 

 1 

 

2 

 

3 

 

4 

 

Afu-wild-type 38.5 ± 3.8 39.7 ± 4.2 38.9 ± 1.6 27.2 ± 2.4 

Afu -H53A 45.6 ± 3.2 48.6 ± 3.1 21.6 ± 2.7 27.1 ± 2.5 

Afu -F113A 72.5 ± 1.0 75.0 ± 2.6 19.2 ± 2.9 18.4 ± 2.5 

Afu -R126A 37.6 ± 2.7 18.2 ± 2.8 46.8 ± 3.1 35.7 ± 2.8 

Afu -I146A 87.5 ± 1.4 79.1 ± 3.7 23.6 ± 3.4 14.8 ± 2.0 

Afu -F113A-I146A 83.8 ± 4.2 79.8 ± 3.5 17.4 ± 3.2 17.4 ± 4.2 

Reaction conditions (final concentrations): 1 mM ketone (entry 1–4), 0.75M IPA, 30% (v/v) DMF, (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid)-HEPES/Na2CO3 buffer (27 mM) pH 10, 0.1 mM PLP, 30 °C. Samples were taken in triplicate from 

three parallel reactions. Conversion was determined after 20 h via gas chromatography (GC). Corresponding amines were 

identified via GCMS.  
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However, this residue was already subject in previous mutagenesis studies which also focused on 

generating acceptance of biarly ketones.[99] The (S)-selective ATA from Vibrio fluvialis (Vfl-TA) initially 

lacked any activity towards 2-acetylbiphenyl which was improved significantly by rational design. The 

authors’ justification to mutate the ‘flipping arginine’ of Vfl-TA (R415) already in the first round of 

mutagenesis was a further enlargement of the active site and a decrease of the positive charge in order 

to increase the affinity to the hydrophobic substrate. The authors claimed that molecular docking and 

simulation studies showed a noticeable reduction of the distance between the ketone moiety of the biaryl 

ketone and the PMP nitrogen what increases the likelihood for a nucleophilic attack. Their best 

performing variant regarding this position was R415A. However, in response to the results for the 

positions 113 and 146 in Afu-TA a double mutant (F113A-I146A) was produced in the hope to further 

increase the conversion, but no significant difference was detectable. The maintenance of the variants’ 

stereoselectivity was confirmed via the chiral analysis of 1-(1,1’-biphen-4-yl)-ethanamine (Table 5, entry 

3), whereby for any variant enantiomeric excess values of >99%ee were detected (see Article III). This 

was indeed not unexpected because the shape of the small binding pocket was not changed and 

additionally the demand on the large binding pocket was even increased by the selected substrates.  

 

6.5. ATA immobilisation for a (proof-of-concept) continuous flow 

application (Articles III and IV) 

Continuous flow systems were already used in industry since the early 20th century, mainly in the 

production of petro- or bulk chemicals. The synthesis of fine chemicals in flow is relatively new but enjoys 

growing popularity especially in developing economies, for instance in modern API and agrochemical 

production.[346,347] The concept of a continuous flow process contains a starting material which is pumped 

through a chemical reactor, often in the form of a tubing or channel, and finally a continuous product 

stream results at the end of the flow setup. Notably, not only chemical transformations are possible 

and/or subject of flow techniques, also in situ crystallization or changes in product formulation could be 

integrated into the process what was demonstrated by Mascia et al.[348] In this work the in continuo 

production of aliskiren (an antihypertensiva) included catalysis, reaction quenching, product work-up 

and isolation in a fully automated process. Further, this is an excellent example for the efficient reduction 

of reaction time and solvent usage by flow techniques compared to the batch reaction analogue, namely 

48 h single process time vs. 1 h and 1500 L solvent effort per year vs. 136 L. Thus, those aspects are 

the major characteristics of a flow system, because of the high surface-to-volume ratio[349] in such tubing 

a higher heat and mass transfer as well as the more precise control over pressure and flow rate occurs 

which finally cause short residence times of educts, smaller reaction volumes, reliable and reproducible 

processes.[350] This reflects the potential of flow chemistry regarding economics and environmental 

protection.[346,349,351] Another very important key aspect is compartmentalization which allows the 

combination of different reactions under different conditions in a cascade fashion.[352] However, 

according to Roberge et al. those properties of continuous flow systems consequently would have the 

capability to improve approx. 50% of all chemical reactions in industry (especially in API synthesis), not 

only in terms of productivity and space-time yield but also as platform for reaction engineering.[353] 

Recently, the latter was shown by Pfizer when in fact over 1500 reaction conditions for a Suzuki cross- 
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coupling reaction were evaluated before upscaling the desired reaction.[354] Indeed, continuous flow 

systems became an arising focus of chemical catalysis in academia and industry what is also indicated 

by an annually increasing number of publications, patents and reviews in this field.[346,355,356] In chemical 

synthesis, that very intensive and broad research led to a set of (multi-step) continuous flow setups, 

which for instance are conducting and combining several different reaction types like Grignard addition, 

Mannich reaction, Claisen condensation, Friedel-Crafts acylation, Buchwald-Hartwig coupling and 

Suzuki cross-coupling in conjunction with e.g. light or microwave irradiation en route to a lot of 

pharmaceutical relevant products.[346,352] It is noteworthy, that the intensive efforts over the last years in 

combining continuous flow chemistry and the Suzuki-Miyaura reaction has been reviewed recently with 

differentiating between homogeneous and heterogeneous catalysis.[357] Howsoever, in the last 20 years, 

also continuous flow biocatalysts emerged to an effective tool for chemists, using both, whole cells and 

free enzymes including e.g. lipase, lyase, monooxygenase, ketoreductase, phenylalanine ammonia 

lyase, glucosidase, aldolase, laccase, transketolase and transaminase activity in the synthesis of 

epoxides, peptides, amino acids, carboxylic acids, sugars, alcohols, amino alcohols and amines in 

single-reactor or multi-reactor chemoenzymatic approaches.[300,356,358] Thereby, enzyme immobilisation 

is a key topic in the establishment of a biocatalysis driven continuous flow setup. Immobilisation allows 

the specific localisation and provision of enzymes and whole cells at the desired place, in desired 

quantities, for a desired timespan and makes product isolation or purification easier.[356] Another 

considerable advantage is that enzyme stability and reactivity was improved in many cases when 

immobilisation was performed.[359,360] A large number of immobilization methods exist (e.g.[361–370]) which 

all can be grouped in three classes, binding to a carrier, entrapment and cross-linking.[362] Since the 

immobilisation is not main focus of this thesis a brief overview is supposed to be given. The carrier 

based technique additionally differentiate many types of immobilisation, e.g. adsorptive, covalent and 

affinity binding. Immobilisation via adsorption bases on hydrophobic, ionic and hydrogen bond 

interactions between the biocatalyst and the carrier. A number of adsorptive carrier has been used, like 

molecular sieves (Celite)[371,372] or silica.[364] The major issue of adsorptive immobilisation is certainly the 

relative high enzyme leaching during process which might not only be inefficient because of the low 

reusability but also hampers product purity.[360,368] The covalent immobilisation provides a massive 

improvement in this context but at the same time the suitability of this technique for the particular enzyme 

should be tested since enzyme deactivation occurs quite often.[362] Glutaraldehyde- or epoxy 

functionalized silica,[373,374] chitosan[242,375] and glass surfaces[376] are here known examples aiming the 

reaction with amino groups of the target protein, primary lysine residues. Affinity immobilisation bases 

on the high binding affinity of a target protein to a functional group or moiety at a certain carrier,[377] for 

instance the binding of a few amino acids (primary histidine) to chelated metal ions.[356] In fact, this type 

of immobilisation is very convenient because on the one hand the immobilisation procedure is fast and 

simple without need for pre-treatment with activating or cross-linking reagents and on the other side it 

allows a more specific loading with the recombinant and histidine-tag bearing target protein. The latter 

can be achieved without previous protein purification which is a major enhancement over the other 

described immobilisation methods. On the other side treatment with imidazole or low pH makes carrier 

regeneration easy and effective. However, in any case of carrier based immobilisation the desired 

enzyme carrier optimally has to fulfil several characteristics like large surface area, high density of 
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functional groups for enzyme attachment, water insolubility, inertness towards the desired reaction, as 

well as chemical, thermal and physical robustness.[356,378] Finally, the entrapment and cross-linking 

technique have in common that the respective biocatalyst is trapped in a network of a surrounding gel, 

membrane or by other enzymes, either non-covalently (e.g. in the case of calcium-alginate-beads)[369,379] 

or covalently (e.g. glutaraldehyde mediated cross-linked enzyme aggregates, CLEA).[380] Also 

combinations with covalent attachments are possible.[368] A serious disadvantage is the significant low 

process robustness.[362]  In various works immobilized ATAs were applied using different supports, e.g. 

chitosan,[242,375] polystyrene,[244] silica monolith,[381] methacrylate beads[247] or affinity resins[382,383] 

including concepts for continuous flows systems in some cases. Therefore, Andrade et al.[247] used an 

immobilised whole cell system with overexpressed Arth-TA for the asymmetric synthesis of 1-methoxy-

2-propylamin in flow with high conversion and enantiomeric excess (96%c, >99%ee). Recently, 

Biggelaar et al.[381] also immobilised Arthmut11-TA successfully on silica monolith via a combination of 

adsorptive and covalent immobilisation. This concept was not described yet for TAs. As model reaction 

the authors showed the kinetic resolution of 4-bromo-1-phenylethylamine in continuo.   

A comparable approach was demonstrated in Article IV in which the covalent immobilisation of Vfl-TA 

(ATA from Vibrio fluvialis) on functionalized cellulose was presented. Also this type of carrier was not 

described before for the immobilisation and application of TAs in biocatalysis. Cellulose is supposed to 

be the most abundant biopolymer on earth and has been used for various applications in polymer 

science (e.g.[384–386]). As environmentally benign and readily available carrier it was widely used for 

enzyme immobilisation already 40 years ago even though via ionic interactions.[361]   
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Figure 9. Evaluation of ATA immobilization from crude lysate on epoxy-functionalized cellulose (ECel) and EziGTM 
carrier (via His-tag immobilization) of Vfl-TA (ATA from Vibrio fluvialis) and Afu-TA (ATA from Aspergillus fumigatus), 
respectively. A The residual activity in the supernatant after immobilization procedure is given in relation to a 
respective blank experiment and was determined via the acetophenone assay.[117] The blank experiment contained 
crude lysate with overexpressed Vfl-TA or Afu-TA incubated under immobilization conditions but without carrier. B 
Amounts of U g-1 (wet) carrier determined via the modified acetophenone assay according to reference[375]. Values 
for Vfl-TA were took over from Article IV and were provided without standard deviation. One unit (U) of ATA activity 
was defined as the formation of 1 µmol of acetophenone per minute (ε=12 M-1cm-1). 
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The study shown in Article IV compared two reagents the cellulose raw material has been treated with, 

to provide the functional groups for protein attachment, either APTES ((3-Aminopropyl)trimethoxysilane) 

and glutaraldehyde in combination (to obtain an aldehyde function) or GLYMO ((3-Glycidyloxy-

propyl)trimethoxysilane, to obtain an epoxy function). Both carriers were examined via activity 

measurements, solid state 13C-NMR spectroscopy, confocal laser scanning microscopy and scanning 

electron microscopy. The interested reader is referred to Article IV for further information. However, the 

epoxy-functionalized cellulose (ECel) exhibited a roughly 63% higher immobilisation yield which was 

determined via a modified version of the acetophenone assay[375] and additionally substantiated by the 

confocal laser scanning microscopy. The Vfl-ECel immobilisate was taken for further studies, particularly 

in the asymmetric synthesis of 1-phenylethylamine with L-alanine as amine donor under continuous flow 

conditions yielding the product with 80% conversion (Scheme 10A). Also in Article III the idea of a 

continuous chemoenzymatic production of biaryl amines was followed in order to provide a proof-of-

principle concept for this application. For this approach the immobilization with affinity resins was 

chosen, more specifically by using the EziGTM carrier[383] because first, this carrier has already been 

proven for the immobilisation of ATAs and second, the high specific loading with target protein was 

considered as highly desirable. Even though after immobilisation the residual ATA activity in the 

supernatant was comparably low, the immobilisation of Afu-TA on EziGTM revealed indeed a higher 

activity on carrier compared to the Vfl-TA-ECel immobilisate (Figure 9).  

 

 

Scheme 10. Continuous flow reactions presented in Article IV (A) and III (B). A Synthesis of (S)-1-

phenylethylamine with Vfl-TA immobilized on functionalized cellulose (Article IV). This was chosen as model 

reaction to characterize the presented enzyme carrier. Since alanine was used as the amine donor, the LDH/GDH 

system was used as equilibrium displacement technique. All auxiliary enzymes were supplied in the added reaction 

solution. B Chemoenzymatic synthesis of 1-(5-phenylpyridin-3-yl)ethanamine (Table 5, entry 1, Article III). The 

crude Suzuki-Miyaura reaction product was added in flow to an IPA (the used amine donor) and PLP containing 

solution and subsequently pumped through a column containing 0.5 g of the immobilized variant Afu-TA-I146A on 

EziGTM carrier. Conversions were determined via GC analysis. Molar equivalents are given in relation to the 

respective ketone. 
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The best performing reaction from the investigations in Article III (Table 5, entry 1, Afu-TA-I146A) was 

allocated for the experiment illustrated in Scheme 10B. The cross-coupling reaction occurred under 

optimal conditions as indicated; subsequently, the crude reaction mixture and the reaction solution for 

transamination were pumped synchronically through a column with immobilized Afu-TA-I146A variant 

obtaining the product 1-(5-phenylpyridin-3-yl)ethanamine with a conversion of 43%. The shown concept 

could be extended by a two-reactor setup conducting the biaryl formation by a heterogeneous Suzuki 

cross-coupling reaction beforehand. In such a case, the aspect of compartmentalization is certainly one 

of the most advantageous properties of continuous flow systems, especially if chemoenzymatic 

combinations with limited compatibility are aimed. 
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7. Summary and outlook 

In asymmetric synthesis, the choice of the amine donor is crucial for reaction design since the majority 

of transaminase-catalysed reactions suffer from an unfavored thermodynamic equilibrium. Although IPA 

is considered as ideal amine donor, unfortunately many reactions in literature did not achieve full 

conversion. Keeping this in mind, scientists very often use alanine as the ‘conceptional reliable’ amine 

donor even though auxiliary enzymes for the equilibrium shift are required. In this work, the efficient 

utilization of IPA was aimed via reaction and enzyme engineering. A systematic investigation of different 

reaction condition effects was performed for a range of ATA, revealing that in the investigated reactions 

only the donor-acceptor ratio had a major influence on amine product formation. With a sufficient high 

excess of IPA even a range of wild-type enzymes achieved good conversion in model reactions with 

IPA. This concept was followed in the successful production of halogenated chiral amines using a wild-

type (R)- and (S)-ATA, in many cases with quantitative conversion. However, for the engineered ATA 

from Ruegeria sp. (3FCR-QM) the identification of crucial amino acid residues for IPA acceptance 

around the active site was possible. Future experiments could reveal whether the presented mutations 

are transferable to other scaffolds but either way the engineering of IPA acceptance is a challenging 

topic since no obvious steric hindrance could be addressed as in the case of bulky substrates. 

Furthermore, in this thesis the access to chiral biarly amines in a two-step-one-pot fashion was 

presented via the combination of the Suzuki–Miyaura cross-coupling with a transaminase-catalysed 

reaction under ligand-free and mild conditions. Key points of this approach were the excellent 

compatibility of the selected transaminase with the demands of the chemical cross-coupling reaction 

and the engineering of a better acceptance of several biaryl ketones by the simple means of an alanine 

scanning study. In the shown case, the success in enzyme engineering avoided the necessity of amine 

group protection strategies if the cross-coupling reaction should have been carried out after 

transamination. In addition, a proof-of-concept continuous flow application was proven to produce biaryl 

amines in continuo. 
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Article I 



Asymmetric Synthesis of Chiral Halogenated Amines using
Amine Transaminases
Ayad W. H. Dawood,[a] Rodrigo O. M. A. de Souza,[b] and Uwe T. Bornscheuer*[a]

Amine transaminases (ATAs) are versatile and industrially rele-
vant biocatalysts that catalyze the transfer of an amine group
from a donor to an acceptor molecule. Asymmetric synthesis
from a prochiral ketone is the most preferred route to the de-
sired amine product, as it is obtainable in a theoretical yield of

100 %. In addition to the requirement of active and enantiose-
lective ATAs, the choice of a suitable amine donor is also im-

portant to save costs and to avoid additional enzymes to shift

the equilibrium and/or to recycle the cofactors. In this work,
we identified suitable (R)- and (S)-ATAs from Aspergillus fumiga-

tus and Silicibacter pomeroyi, respectively, to afford a set of hal-
ogen-substituted derivatives of brominated or chlorinated 1-

phenyl-2-propanamine, 4-phenylbutan-2-amine, and 1-(3-pyri-
dinyl)ethanamine. Optimization of the donor–acceptor ratio

enabled application of isopropylamine as an amine donor,

which resulted in high conversions and amines with 73–
99 % ee.

Optically pure amines are important and versatile building
blocks for the pharmaceutical and agrochemical industries.

Chemical synthesis strategies are usually waste intensive, and

the formation of chiral amines requires the use of transition
metals and chiral auxiliaries.[1] Enzymatic routes to chiral com-

pounds are an environmentally benign alternative because of
mild operating conditions and the intrinsic selectivity of the

biocatalysts.
One strategy to access primary chiral amines is the utiliza-

tion of amine transaminases (ATAs). ATAs are pyridoxal-5’-phos-

phate (PLP)-dependent enzymes and belong to PLP fold
classes I and IV. They catalyze the transfer of a primary amine
group from a donor molecule to an acceptor molecule
through a ping-pong–Bi-Bi mechanism with the use of PLP as

a co-factor. Substrate recognition is ensured by two binding
pockets : a small one only able to accommodate a methyl

group, and a large one with space for a group such as phenyl

or a carboxyl moiety. Asymmetric synthesis is the most conven-
ient and economically favored route to a target amine, as it

starts from a prochiral ketone and results in the desired chiral
product with a theoretical yield of 100 %.[2–4] The first asymmet-

ric synthesis of (S)-1-phenylethylamine (1-PEA) utilizing the ATA
from Vibrio fluvialis JS17 was reported by Shin and Kim, who

applied several amine donors, for example, 1-PEA, 1-aminoin-

dane, and 1-aminotetralin.[5] Those amine donors are favored
in a thermodynamic manner, as the corresponding ketones

show drastically lower reactivity in terms of the reverse reac-
tion, which makes them interesting for a biocatalytic ap-

proach.[5–8] However, the use of alanine—a natural amine
donor—is one of the most common strategies for the amina-

tion of target ketones.[9–11] The major drawback is the necessity

to remove the coproduct pyruvate by additional enzymes, as a
large excess of alanine does not lead to a thermodynamically

more favorable situation.[12] For this purpose, pyruvate decar-
boxylase,[2] alanine dehydrogenase, or, most commonly, a com-

bination of lactate dehydrogenase and glucose dehydrogenase
(LDH/GDH system)[13, 14] are applied to drive the desired transa-

mination reaction to completeness. More recently, aliphatic di-

amines were reported as effective amine donors.[15–20]

An interesting, alternative amine donor is isopropylamine

(IPA), as it is cheap and achiral and its acetone byproduct can
be stripped off the reaction continuously, as demonstrated by

the industrial-scale synthesis of (S)-sitagliptin by using an engi-
neered (R)-ATA.[21] The only downside of this system is the ne-

cessity of a large excess amount of IPA to drive the equilibrium

to the desired product side, which might hamper the stability
and activity of the ATAs.[9, 12, 19, 21]

To the best of our knowledge, there are only a few reports
dealing with the acceptance of halogenated ketones by amine

transaminases.[15–17, 19, 20, 22–31] For instance, Slabu et al. ,[19] Cassim-
jee et al. ,[22] and Paul et al.[24] investigated halogenated aceto-

phenone derivatives. Ljpez-Iglesias et al.[27] successfully pro-
duced fluorinated 1-(3-pyridinyl)ethanamine, and Meadows
et al.[28] and Frodsham et al.[29] reported the synthesis of (S)-1-

(5-fluoropyrimidin-2-yl)ethylamine. Gomm et al. ,[15] Green
et al. ,[16] and Mart&nez-Monteroet al.[17] subjected 4-fluorophe-

nylacetone to the asymmetric synthesis of the corresponding
amine. Finally, Schmidt et al.[30] focused on halogenated prop-

argylamines. However, the compounds described in this work

were not yet investigated. We thus herein report the asymmet-
ric synthesis of chlorinated and brominated 1-phenyl-2-propan-

amine, 4-phenylbutan-2-amine, and 1-(3-pyridinyl)ethanamine
derivatives (Scheme 1) by using different ATAs and isopropyl-

amine as the amine donor.
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The choice of suitable amine transaminases was mainly
guided by a literature search, for which similar but usually

non-halogenated ketones served as substrates.[9, 10, 13, 19, 23, 24, 32–35]

For instance, ATA-117 was used to make (R)-1-(4-methoxyphe-
nyl)propan-2-amine,[13] the ATA from Chromobacterium viola-

ceum (Cvi-TA) catalyzed the conversion of 1-(4-methoxyphe-
nyl)propan-2-one and 3-acetylpyridine,[33] the ATAs from Silici-

bacter pomeroyi[32] (Spo-TA) and Aspergillus fumigatus (Afu-
TA)[35] were utilized for the synthesis of both enantiomers of 4-

phenylbutane-2-amine. Hence, for our investigations we chose

the (S)-selective ATAs Spo-TA and Cvi-TA, and as a result of
structural similarities to the enzymes mentioned above, the

ATA from Vibrio fluvialis (Vfl-TA) as well as the (R)-selective ATA
from Aspergillus fumigatus (Afu-TA) were also examined.[32, 36–38]

Of particular interest was the reported IPA acceptance by
Spo-TA and Afu-TA.[39]

To get additional indicators for successful catalysis, docking

experiments with representatives of the three substrate groups
(Scheme 1) were performed in silico to strengthen the choice
of the focused ATAs. Quinonoid intermediates of 1 b, 9 b, and
12 b were docked into the active sites of Spo-TA (PDB ID:

3HMU), Afu-TA (PDB ID: 4CHI), Cvi-TA (PDB ID: 4A6T), and Vfl-
TA (PDB ID: 4E3Q). The result showed plausible coordination of

all docked intermediate complexes for every considered ATA

(Figure S1, Supporting Information).
For preliminary test purposes, we decided to use the reac-

tion with 1-(4-bromophenyl)propan-2-one (1 a) as a model re-
action to investigate several reaction conditions. Initially, we

tested the ATAs for activity towards 1 a by using various amine
donors. By application of the alanine/LDH/GDH system or by

using 1-PEA in a slight excess amount (fivefold), very good

conversion of 1 a into 1 b was observed by using Cvi-TA (LDH/
GDH system: 99 %; 1-PEA: no conversion), Afu-TA (LDH/GDH

system: 99 %; 1-PEA: 98 %), and Spo-TA (1-PEA: 95 %; Table S1).
Vfl-TA did not convert 1 a at all. However, as 1-PEA is rather ex-

pensive[6] and the alanine/LDH/GDH system requires the in-
volvement of additional enzymes, isopropylamine as a donor

was investigated (especially the donor–acceptor ratio) by using
model substrate 1 a with Spo-TA and Afu-TA. In the case of
Spo-TA, a relatively low 10-fold excess amount of IPA was suffi-
cient to observe high conversion (>80 %). The reaction with
Afu-TA reached the same value only at 1 m IPA (a 200-fold
excess; Figure S5). Consequently, Spo-TA and Afu-TA were used

for the asymmetric synthesis of all substrates with the use of
IPA as the amine donor (Scheme 1, Table 1). Both Spo-TA and

Afu-TA showed excellent conversions (>90 %) with minor ex-

ceptions (see substrates 8 a–10 a and 12 a, &78–88 % conver-
sion). The optical purities of the chiral amine products were

predominantly excellent (>95 % ee, with two exceptions,

amines 7 b and 9 b, 73–80 % ee ; Table 1) as determined by
chiral-phase gas chromatography (GC) analysis (see the Sup-

porting Information for chromatograms and retention times,
Table S4). Preparative-scale reactions (50 or 100 mg 1 a) with
the use of Spo-TA or Afu-TA confirmed the identity of 1-(4-bro-
mophenyl)-2-propanamine (1 b) after GC–MS analysis and
1H NMR and 13C NMR spectroscopy (see the Supporting Infor-

mation). The absolute configuration of each enantiomer was
verified by literature data by using optical rotation values.[40]

Thus, we demonstrated the enzymatic synthesis of a set of
halogen-substituted chiral benzylamines derived from 1-

phenyl-2-propanamine, 4-phenylbutan-2-amine, and 1-(3-pyri-
dinyl)ethanamine with isopropylamine as a cheap and conven-

ient amine donor. The use of the amine transaminases from Sil-

icibacter pomeroyi (Spo-TA) and Aspergillus fumigatus (Afu-TA)
enabled mostly quantitative conversions of compounds 1 a–

12 a to yield the desired amines with excellent optical purities
(mostly >99 % ee).

Scheme 1. Amine products (bottom) obtained by asymmetric synthesis (top)
from corresponding prochiral ketones 1 a–12 a by using isopropylamine as
the amine donor and different amine transaminases.

Table 1. Conversion and enantiomeric excess values of amine products
1 b–12 b obtained by asymmetric synthesis by using IPA as the donor
and crude cell lysate containing overexpressed Spo-TA (0.75 U) or Afu-TA
(0.5 U).

Substrate Conversion [%][a,b] eeP [%][b] Conversion [%][a,b] eeP [%][b]

Spo-TA Afu-TA

1 a 95.6:3.0 >99 96.2:0.3 >99
2 a 96.6:0.8 >99 96.1:0.4 >99
3 a 91.4:0.4 98 95.0:0.3 >99
4 a 97.6:1.3 >99 95.9:0.5 >99
5 a 96.3:2.9 98 93.4:1.1 >99
6 a 97.1:2.2 >99 91.1:0.4 >99
7 a 93.3:2.8 80 93.9:0.4 >99
8 a 95.9:1.9 95 84.5:4.1 >99
9 a 88.0:6.0 73 95.6:0.7 >99
10 a 88.8:5.0 >99 78.4:2.3 >99
11 a 93.9:4.7 >99 91.4:0.4 >99
12 a 90.7:8.3 >99 86.4:2.9 >99

[a] Reaction conditions: HEPES buffer (50 mm, pH 7.5), 5 mm ketone, IPA
(0.25 m for Spo-TA, 1 m for Afu-TA), 10 % DMF, 30 8C, 18 h. [b] Conversion
and enantiomeric excess were determined by chiral-phase GC analysis by
using a Hydrodex-b-TBDAc column (Macherey & Nagel). All measure-
ments were performed in triplicate.
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Experimental Section

All chemicals were purchased from Sigma–Aldrich (Darmstadt, Ger-
many), Roth (Karlsruhe, Germany), Acros/Thermofisher Scientific
(Waltham, USA), or Enamine (Monmouth, USA) in analytical grade.

Enzyme expression and cell lysis

Genes encoding the ATAs from Silicibacter pomeroyi and Aspergillus
fumigatus were subcloned into the pET22b vector with a C-termi-
nal His-tag and were transformed into E. coli BL21 (DE3) as de-
scribed previously.[32] ATAs from Chromobacterium violaceum and
Vibrio fluvialis were available in pET24b and pET28a vectors con-
taining a C-terminal and N-terminal His-tag, respectively. Protein
expression was done in Terrific Broth (TB) media with 100 mg mL@1

ampicillin or 50 mg mL@1 kanamycin at 160 rpm and 20 8C. After the
optical density at l= 600 nm (OD600) reached 0.7, expression was
induced by adding 0.2 mm isopropyl b-d-1-thiogalactopyranoside
(final concentration). After 18 h, the cultures were centrifuged
(4000 V g, 15 min, 4 8C) and washed with lysis buffer [4-(2-hydrox-
yethyl)-1-piperazineethanesulfonic acid (HEPES, 50 mm pH 7.5), pyr-
idoxal-5’-phosphate (PLP, 0.1 mm), 300 mm NaCl]. Cell disruption
was performed by sonication by using the Bandelin Sonoplus HD
2070 (8 min, 50 % pulsed cycle, 50 % power) on ice followed by
centrifugation to remove cell debris (12 000 V g, 45 min, 4 8C, Sorvall
centrifuge). The supernatant containing the crude ATA was stored
at 4 8C until use.

Determination of transaminase activity

Characterization of the ATAs was done by the acetophenone assay
according to Sch-tzle et al.[41] with slight modifications. As all used
ATAs showed their optimum at basic pH values, the assay was per-
formed in N-cyclohexyl-2-aminoethanesulfonic acid (CHES) buffer
(50 mm pH 9). In the reaction solution, the concentrations of the
amine donor [(R)- or (S)-1-PEA] and the acceptor pyruvate were set
to 1.25 mm in 0.25 % (v/v) DMSO. Briefly, a prediluted ATA solution
(10 mL) was mixed with buffer, and the reaction was initiated by
the addition of the reaction solution. The formation of acetophe-
none was quantified at l= 245 nm by using a Tecan Infinite M200
Pro (Crailsheim, Germany) at 30 8C. One unit (U) of ATA activity was
defined as the formation of 1 mmol acetophenone per minute (e=
12 mm@1 cm@1). All measurements were performed in triplicate.

Asymmetric synthesis of chiral amines 1 b–12 b

Biotransformations of ketones 1 a–12 a were performed in triplicate
on a 0.25 mL scale by using 1.5 mL glass vials at 30 8C and 950 rpm
shaking. The mixtures contained ATA crude lysate (9–14 U mL@1,
50 mL), 5 mm ketone, 10 % DMF as cosolvent, and 250 mm IPA in
50 mm HEPES (pH 7.5–8). After incubation for 24 h, the reaction
was quenched by adding 3 m NaOH (resulting in pH+13). Samples
for gas chromatography (GC) analysis were taken immediately after
this quenching.

GC analysis

Samples (30–40 mL) were taken for chiral-phase GC analysis and
were extracted with ethyl acetate (250 mL) containing 1 mm 4’-io-
doacetophenone as an internal standard for quantification. The or-
ganic layer was dried (anhydrous MgSO4) and derivatized with N-
methyl-bis-trifluoroacetamide (MBTFA) by adding a commercial

stock solution (7.5 mL) to the organic layer (100 mL) and incubating
at 60 8C for 30 min. Afterwards, the samples were analyzed imme-
diately by using a chiral Hydrodex-b-TBDAc column (Macherey &
Nagel). For analysis of all ketones, the following temperature gradi-
ent program was established: initial temperature 80 8C, kept for
10 min, linear gradient to 175 8C with a slope of 4 8C min@1, kept for
13 min, linear gradient to 220 8C with a slope of 20 8C min@1, kept
for 5 min. The conversion of each compound was determined by
quantification of substrate consumption by calculating the response
factor. Each sample included an internal standard and was set in re-
lation to control experiments in each batch experiment with known
substrate concentration. The linearity of the response factor over a
certain range was verified by a calibration curve. Chiral analysis of
the amine products was done either as described above or with the
following temperature profile: 608C, kept for 35 min, linear gradient
to 1658C with a slope of 2 8C min@1, kept for 20 min, linear gradient
to 220 8C with a slope of 5 8C min@1, kept for 10 min.

Preparative-scale synthesis of 1 b

The conversion of 1-(4-bromophenyl)propan-2-one (1 a) into 1-(4-
bromophenyl)-2-propanamine (1 b) was performed on a prepara-
tive scale with crude cell lysate containing Spo-TA or Afu-TA. The
following conditions were applied: 1 a (50 mg if using Spo-TA;
100 mg if using Afu-TA) was added to an Erlenmeyer flask and
mixed with DMF (12 % final concentration), HEPES buffer (50 mm
final, pH 7.5), and isopropylamine (850 mm final concentration).
The pH was adjusted with aqueous HCl. In the end, 15 vol % of
crude cell lysate was added, which led to a final working volume
of 30 mL in the case of Spo-TA and 50 mL in the case of Afu-TA.
The reaction mixture was incubated at 30 8C under agitation for
72 h. For quantification of the conversion, samples were taken and
extracted as described above. The reaction was stopped if no fur-
ther conversion was observed during reaction monitoring (for Spo-
TA, 98 %; for Afu-TA, 62 %). The reaction workup was done as fol-
lows: After acidification with 3 m aq. HCl to pH 1, extraction with
ethyl acetate (2 V 30 mL) was performed in a separation funnel. The
aqueous layer was basified with 3 m aq. NaOH solution to pH 11–
12 and was extracted with methyl tert-butyl ether (5 V 15 mL). The
combined organic layer was washed with saturated brine solution
(2 V 15 mL), dried (anhydrous MgSO4), and concentrated under
vacuum. The amine product was obtained as a yellow oil. Each
product was confirmed by GC–MS, and a sample (10–12 mg) was
subjected to 1H NMR and 13C NMR spectroscopy. A racemic stan-
dard was synthesized for comparison reasons according to the lit-
erature[42] (for the 1H NMR and 13C NMR spectra, see the Supporting
Information).

The absolute configuration was determined by optical rotation
data by using a Polar-L polarimeter from IBZ Messtechnik. A solu-
tion of each enantiomer in chloroform was prepared (concentra-
tion as indicated). The specific optical rotation data of each enan-
tiomer was verified with literature values.[40]

(S)-1-(4-Bromophenyl)-2-propanamine [(S)-1 b]: Yield: 25 % (not op-
timized), >99 % ee, ½aA20

D = + 20.8 (c = 0.9, CHCl3).

(R)-1-(4-Bromophenyl)-2-propanamine [(R)-1 b]: Yield: 27 % (not op-
timized), >99 % ee, ½aA20

D =@25.9 (c = 1.2, CHCl3).

Bioinformatic analyses

Docking studies were done by using YASARA Structure
(v.17.1.28).[43] The quinonoid intermediate (the reactive intermedi-
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ate in the ATA reaction) consisting of PLP and 1 b/9 b/12 b was
modeled by a combination of ChemDraw (v.11) and YASARA fol-
lowed by energy minimization. Prior to the docking experiments,
refinement of the lowest energy ligand conformation and all used
crystal structures from the PDB was performed with the built-in
macro (YAMBER3 force field at 298 K for 500 ps, standard settings).
As Spo-TA (PDB ID: 3HMU) was crystallized in the apo form, the po-
sition of the PLP cofactor had to be determined first, as its position
was crucial for visual evaluation of the docking result (mainly by
superimposing the docked ligand–receptor complex with the re-
fined, PLP-containing crystal structure and checking the coverage
of the pyridine ring of the PLP). A PDB-BLAST search was done,
which revealed the best result in sequence identity of 53 % with
the ATA from Chromobacterium violaceum (PDB ID: 4A6T; for BLAST
results, see the Supporting Information). Both structures were su-
perimposed, and the position of the PLP was transferred from one
structure to another. Because of plausibility reasons, the surround-
ing binding residues of the phosphate group and the nitrogen
atom of the PLP pyridine ring were confirmed with the literature
data.[44] The applied docking method was the implemented Auto-
Dock VINA algorithm with standard settings, which comprised
100 runs in total and subsequent clustering to give distinct com-
plex conformations. The output was evaluated visually. Usually, the
best conformation revealed by this way was one of those with the
highest binding energy and the lowest dissociation constant ac-
cording to the docking log file. All illustrations were made with
PyMOL (v.1.7).
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Molecular Docking  

 
Figure S1. Pymol illustration of the docking experiments with Spo-TA (A), Afu-TA (B), Cvi-TA (C) and 
Vfl-TA (D). The PDB IDs for all ATAs were 3HMU, 4CHI, 4A6T and 4E3Q, respectively. The catalytic 
lysine is indicated in red, hydrogen bonds are indicated with yellow dash lines. The quinoid 
intermediate of 1b (yellow) was docked into the active site of all four ATAs according to the procedure 
described in the Experimental Section. After docking the output was checked for plausibility by 
coverage with the position of the original PLP molecule (contained in the PDB file, for the procedure in 
case of Spo-TA (3HMU) see Experimental Section). The involved amino acid residues for coordination 
of the PLP as well as those for pocket formation were additionally verified with literature.[1–4] Some 
residues were omitted for clarity. The overall result of all docking experiments gave a strong indication 
of a correct substrate coordination thus each provided binding pocket was hosting the respective part 
of the docked molecule in a reasonable angle to the pyridine ring of the PLP.      

A        B 
 
 
 
 
 
 
 
C          D 
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Figure S2. Pymol illustration of the docking experiments with Spo-TA (A), Afu-TA (B), Cvi-TA (C) and 
Vfl-TA (D). The PDB IDs for all ATAs were 3HMU, 4CHI, 4A6T and 4E3Q, respectively. The catalytic 
lysine is indicated in red, hydrogen bonds are indicated with yellow dash lines. The quinoid 
intermediate of 9b was docked into the active site of all four ATAs according to the procedure 
described in the Experimental Section. For details see caption of Figure S1. 

 

  

A        B 
 
 
 
 
 
 
 
C          D 
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Figure S3. Pymol illustration of the docking experiments with Spo-TA (A), Afu-TA (B), Cvi-TA (C) and 
Vfl-TA (D). The PDB IDs for all ATAs were 3HMU, 4CHI, 4A6T and 4E3Q, respectively. The catalytic 
lysine is indicated in red, hydrogen bonds are indicated with yellow dash lines. The quinoid 
intermediate of 12b was docked into the active site of all four ATAs according to the procedure 
described in the Experimental Section. For details see caption of Figure S1. 

  

A        B 
 
 
 
 
 
 
 
C          D 
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Investigation of amine donor acceptance 
 
In order to find a suitable reaction setup using the transaminases from Silicibacter pomeroyi (Spo-TA), 

Chromobacterium violaceum (Cvi-TA), Vibrio fluvialis (Vfl-TA) and Aspergillus fumigatus (Afu-TA) 

three amine donors were initially focused on: beside isopropylamine (IPA, which was finally used),  

1-phenylethylamine (1-PEA) and D- or L-alanine. Table S1 shows the results of the experiments 

testing the latter two amine donors.  1-(4-bromophenyl)propan-2-one 1a was used as model substrate. 

1-PEA was applied in slight excess (5-fold) to drive the reaction to the product side. D- or L-alanine 

was used in combination with the co-product removal system using lactate dehydrogenase (LDH) and 

glucose dehydrogenase (GDH). The amine transaminase of Silicibacter pomeroyi was used here with 

isopropylamine and 1-PEA only due to the results of previous investigations. 

 
Table S1. Summary of preliminary tests applying 1-PEA or alanine for the amination of 

1-(4-bromophenyl)propan-2-one 1a (5 mM). 1-PEA was used in a 5-fold excess 

(25 mM) compared to the substrate and D- or L-alanine (depends on the ATA) in 

combination with the LDH/GDH system according to literature[4]: 250 mM alanine, 150 

mM Glucose, 1 mM NADH, 90 U/mL LDH and 15 U/mL GDH. The reaction was carried 

at 30 °C for 18 h and analyzed as described in the Experimental Section. *n.d. = not 

detectable.  

   

 

 

 

 
    

 

Aliphatic diamines were also tested to check the possibility and the potential of those amines for the 

desired reaction (Figure S4). As an example the transaminase Afu-TA was tested with 1,4-di-

aminobutane and 1,5-di-aminopentane[5] in the asymmetric synthesis of 1-(4-bromophenyl)-2-

propanamine 1b. Preliminary experiments eliminated 1,5-di-aminopentane as there was no conversion 

(not shown). The conversion level with 1,4-di-amino-butane as amine donor was checked in the pH 

range from 9–11, since high pH values are addressed to be crucial for the necessary and 

spontaneous oligomerisation step in co-product removal.[5] An overall conversion of only ~35–40 % 

was reached. 

Transaminase Conversion [%] 

 Alanine/LDH/GDH 

system 

1-PEA 

Cvi-TA 99 n.d.* 

Vfl-TA n.d.* n.d.* 

Spo-TA - 95 

Afu-TA 86 89 
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Figure S4. Asymmetric synthesis of 1-(4-bromophenyl)-2-propanamine 1b in dependence of 

the pH. Davies buffer[6] was used to adjust the range of pH as indicated. 1,4-di-amino-

butane (1,4-DAB) was applied in a 10-fold excess to drive the reaction equilibrium to the 

favored site. CHES buffer pH 9 containing 1,4-DAB or 1-PEA (25 mM) were used as control 

experiments. General procedure of the batch reaction: 5 mM 1-(4-bromophenyl)propan-2-

one 1a, 50 mM 1,4-DAB, 10 % DMF, 50 mM buffer reagent.  

 

Investigation of the right donor-acceptor ratio 
 

Since a large excess of IPA is critical for the shifting of the reaction equilibrium, investigations were 

performed to find the best ratio of donor and acceptor. Again 1-(4-bromophenyl)propan-2-one 1a was 

used as model substrate. The conversion to 1-(4-bromophenyl)-2-propanamine 1b in dependence of 

the IPA concentration is shown in Figure S5. This investigation was performed for both of the ATAs, 

which were finally used for biocatalysis. In all reactions a pH value of 7–7.5 was set. In case of Spo-TA 

200 mM IPA were already sufficient to drive the reaction almost to completeness. For Afu-TA 

significantly higher IPA concentrations were necessary. It has to be mentioned that the drop of activity 

in case of Afu-TA at 500 mM IPA was due to reproducible enzyme precipitation certainly at this 

concentration.  
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Figure S5. Conversion of 1-(4-bromophenyl)propan-2-one 1a in dependence of the excess of isopropylamine 

using Spo-TA (left) and Afu-TA (right). General procedure: 5 mM of 1a, 10 % DMF, IPA as indicated, HEPES 

buffer (50 mM, pH 7–7.5), 30 °C for 18 h. Each reaction was extracted and analyzed via GC. 

 

Control experiment with ATA-free crude cell lysate 
 

In order to ensure the enzyme activity we expected to have, ATA-free crude cell lysate was produced 

by cultivation of E. coli BL21 (DE3) containing an empty vector (pET22b). For details about cultivation 

and crude cell lysate preparation see Experimental Section. A biocatalysis was performed with this 

ATA-free lysate as descried in the Experimental Section. Table S2 shows the results. 

  

Table S2. Results of the control experiment with ATA-

free crude cell lysate. The biocatalysis was performed 

and analyzed as described for the ATA-containing 

reactions. *n.d. = not detectable.  

Substrate Apparent substrate 
consumption [%] 

1a 0.98 
2a n.d.* 
3a - 
4a 1.6 
5a n.d.* 
6a 2.9 
7a 7.66 
8a 5.6 
9a 9.95 

10a 4.53 
11a 1 
12a 1 
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Chiral analysis 
 
Sample extraction and analysis was performed as described (see Experimental Section). The amine 

products were identified via GCMS yielding the expected fragmentation pattern (Table S3). The 

retention times for the substrate and products are shown in Table S4. The respective mass spectra for 

each amine product and the spectra of the chiral analysis are shown below. The GC methods which 

were used are given in the description of Table S4.    

 

Table S3. Expected mass peaks of the amine products 1b–12b after 

derivatization with N-Methyl-bis-trifluoroacetamide	 (MBTFA) and GCMS 

analysis.   

 

Derivatized amine product 
 

Expected m/z 

1b, 3b 

140 
168 
197 
230 

 

2b, 4b 

125 
140 
153 
168 
196 

 

 5b, 6b 

140 
159 
187 
200 

7b, 8b 

133 
140 
155 
168 
183 
211 
255 
323 

9b 

140 
168 
173 
201 
244 
313 
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10b, 11b 

140 
156 
184 
199 
217 
296 

12b 

174 
217 
270 
286 

 

 

 

 

 

Table S4. Overview of retention times for all investigated compounds revealed by GC 

analysis. The chiral GC column Hydrodex-ß-TBDAc (25 m) from Macherey & Nagel was 

used. The retention times for the ketones refer to the following temperature profile: 80 °C, 

kept for 10 min, linear gradient of 4 °C min-1 to 175 °C, kept for 13 min, linear gradient of 

20 °C min-1 to 220 °C, kept for 10 min. The same method was used for the chiral separation 

of 10b and 12b (marked with *). The separation of all the other chiral amine products was 

performed with the following GC method: 60 °C, kept for 35 min, linear gradient of 2°C min-1 

to 165 °C, kept for 20 min, linear gradient of 5 °C min -1 to 220 °C, kept for 10 min. 

Compound Retention time [min] 
 

  

Ketone 

 

(S)-product 

 

(R)-product 

1 32.3 114.8 115.5 
2 29.4 110.2 111.5 
3 30.1 112.4 113.5 
4 27.8 105 108 
5 34.5 118.5 119.25 
6 29.9 111.45 113.5 
7 34.3 119.7 120.15 
8 33.2 117.8 119.05 
9 38.1 112.6 123.8 

10* 34.5 121.64 121.23 
11 28.2 118.6 120.05 
12* 33.4 120.13 120.5 
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 GC-MS Chromatograms
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Mass spectra of each amine product after GCMS analysis 
1b 

 
2b 

 
3b 

 
4b 

 
5b 

 
6b 
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7b 

 
8b 

 
9b 

 
10b 

 
11b 

 
12b 
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Preparative scale synthesis of 1b 
 

GC analysis of (S)-1b (Spo-TA) after reaction workup (see Experimental Section) 

 

 

GC analysis of (R)-1b (Afu-TA) after reaction workup 

 
 

Comparison of (S)-1b (blue) and (R)-1b (red) with the racemic standard (black)  
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NMR spectra 
rac-1-(4-bromophenyl)propan-2-amine 
 
1H-NMR (300 MHz, CDCl3, TMS): δ(ppm) 1.16 (d, J=6.54, 3H, -CH3), 2.52-2.73 (m, 2H, -CH2-), 3.16 
(m, 1H), 5.3 (s, NH2), 7.07 (d, J=8.3, 2H, Ph), 7.43 (d, J=8.3, 2H, Ph) 
13C-NMR (300 MHz, CDCl3, TMS): δ(ppm) 21.78 (s), 44.1 (s), 48.7 (s), 120.47 (s), 130.98 (s), 
131.65 (s), 137.24 (s) 
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(R)-1-(4-bromophenyl)propan-2-amine 

 
1H-NMR (300 MHz, CDCl3, TMS): δ(ppm) 1.11 (d, J=6.3, 3H, -CH3), 2.43-2.71 (m, 2H, -CH2-), 3.16 (m, 
1H), 7.02-7.1 (dd, J=8.3, 1.8, 2H, Ph), 7.38-7.46 (dd, J=8.3, 1.89, 2H, Ph) 
13C-NMR (300 MHz, CDCl3, TMS): δ(ppm) 23.37 (s), 45.8 (s), 48.3 (s), 120.04 (s), 130.95 (s), 
131.44 (s), 138.5 (s) 
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(S)-1-(4-bromophenyl)propan-2-amine 

 
1H-NMR (300 MHz, CDCl3, TMS): δ(ppm) 1.11 (d, J=6.2, 3H, -CH3), 2.44-2.72 (m, 2H, -CH2-), 3.15 (m, 
1H), 7.06 (d, J=8.3, 2H, Ph), 7.42 (d, J=8.3, 2H, Ph) 
13C-NMR (300 MHz, CDCl3, TMS): δ(ppm) 23.24 (s), 45.68 (s), 48.35 (s), 120.07 (s), 130.95 (s), 
131.46 (s), 138.42 (s) 
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1-(4-bromophenyl)propan-2-one 

 
13C-NMR (300 MHz, CDCl3, TMS): δ(ppm) 29.38 (s), 50.1 (s), 121.1 (s), 131.1 (s), 131.78 (s), 
133.04 (s), 205.53 (s) 
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BLAST	®	»	blastp	suite	»	RID-T5AMD1ZW014	

BLAST Results 
Job	title:	2	sequences	(3HMU:A|PDBID|CHAIN|SEQUENCE)	

RID	 T5AMD1ZW014	(Expires	on	08-16	16:02	pm)	
Query	ID	 lcl|Query_290752	 Database	Name	 pdb	
Description	3HMU:A|PDBID|CHAIN|SEQUENCE	 Description	PDB	protein	database	

Molecule	type	 amino	acid	 Program	 BLASTP	2.6.1+	
Query	Length	 472	

New	Analyze	your	query	with	SmartBLAST	

Graphic	Summary	

Distribution	of	the	top	93	Blast	Hits	on	93	subject	sequences	

Color	key	for	alignment	scores	 	
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Description	 Max	
score	

Total	
score	

Query	
cover	

E	
value	

Ident	 Accession	

Chain	A,	Crystal	Structure	Of	A	Class	Iii	 	 	 	 	 	 	
Aminotransferase	From	Silicibacter	Pomeroyi	
Chain	A,	Crystal	Structure	Of	An	

976	 976	 100%	 0.0	 100%	 3	HMU_A	

Aspartate	Aminotransferase	From	
Pseudomonas	
Chain	A,	Crystal	Structure	Of	The	Omega	

556	 556	 93%	 0.0	 60%	 5	TI8_A	

Transaminase	From	Chromobacterium	
Violaceum	In	The	Apo	Form,	Crystallised	
From	Polyacrylic	Acid	

489	 489	 95%	 8e-171	 53%	 4	A6R_A	

Chain	A,	Transaminase	With	L-ala	 356	 356	 94%	 7e-119	 42%	 5	GHF_A	
Chain	A,	Transaminase	W58l	With	Smba	
Chain	A,	Directed	Evolution	Of	

353	 353	 94%	 2e-117	 42%	 5	GHG_A	

Transaminases	By	Ancestral	
Reconstruction.	Using	Old	Proteins	For	
New	Chemistries	
Chain	A,	Directed	Evolution	Of	

335	 335	 93%	 2e-110	 41%	 5	KQW_A	

Transaminases	By	Ancestral	
Reconstruction.	Using	Old	Proteins	For	
New	Chemistries	
Chain	A,	Directed	Evolution	Of	

350	 350	 95%	 2e-116	 41%	 5	KR6_A	

Transaminases	By	Ancestral	
Reconstruction.	Using	Old	Proteins	For	
New	Chemistries	
Chain	A,	Directed	Evolution	Of	

329	 329	 94%	 4e-108	 41%	 5	KR5_A	

Transaminases	By	Ancestral	
Reconstruction.	Using	Old	Proteins	For	
New	Chemistries	
Chain	A,	Directed	Evolution	Of	

331	 331	 93%	 1e-108	 41%	 5	KQU_A	

Transaminases	By	Ancestral	
Reconstruction.	Using	Old	Proteins	For	
New	Chemistries	
Chain	A,	Directed	Evolution	Of	

315	 315	 90%	 1e-102	 41%	 5	KQT_A	

Transaminases	By	Ancestral	
Reconstruction.	Using	Old	Proteins	For	
New	Chemistries	
Chain	A,	Directed	Evolution	Of	

325	 325	 95%	 1e-106	 41%	 5	KR3_A	

Transaminases	By	Ancestral	
Reconstruction.	Using	Old	Proteins	For	
New	Chemistries	
Chain	A,	Crystal	Structure	Of	

321	 321	 95%	 7e-105	 40%	 5	KR4_A	

Aminotransferase	Prk07036	From	
Rhodobacter	Sphaeroides	Kd131	
Chain	A,	Crystal	Structure	Of	Putative	

306	 306	 91%	 5e-99	 39%	 3	I5T_A	

Aminotransferase	(Yp_614685.1)	From	
Silicibacter	Sp.	Tm1040	At	1.80	A	Resolution	
Chain	A,	Amine	Transaminase	Crystal	

297	 297	 91%	 7e-96	 39%	 3	FCR_A	

Structure	From	An	Uncultivated	
Pseudomonas	Species	In	The	Plp-bound	(	
internal	Aldimine)	Form	
Chain	A,	Crystal	Structure	Of	A	Putative	

282	 282	 88%	 6e-90	 37%	 5	LH9_A	

Aminotransferase	(Mll7127)	From	
Mesorhizobium	Loti	Maff303099	At	1.55	A	
Resolution	

274	 274	 93%	 7e-87	 37%	 3	GJU_A	

Chain	A,	Crystals	Structure	Of	A	Bacillus	
Anthracis	Aminotransferase	 254	 254	 90%	 4e-79	 36%	 3	N5M_A	
Chain	A,	Crystal	Structure	Of	
OmegaTransferase	From	Vibrio	Fluvialis	Js17	
Chain	A,	The	Structure	Of	The	Omega	

284	 284	 94%	 1e-90	 36%	 3	NUI_A	
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Aminotransferase	From	Pseudomonas	
Aeruginosa	

267	 267	 91%	 2e-84	 35%	 4	B98_A	

Description	 Max	
score	

Total	
score	

Query	
cover	

E	
value	

Ident	 Accession	

Chain	A,	Pmp-Bound	Form	Of	 	 	 	 	 	 	
Aminotransferase	Crystal	Structure	From	
Vibrio	Fluvialis	
Chain	A,	Structure	Of	An	Omega-	

273	 273	 93%	 2e-86	 35%	 4	E3Q_A	

aminotransferase	From	Paracoccus	
Denitrificans	
Chain	A,	Characterization	Of	A	Novel	

274	 274	 93%	 6e-87	 35%	 4	GRX_A	

Transaminase	From	Pseudomonas	Sp.	Strain	
Aac	
Chain	A,	Characterization	Of	A	Novel	

257	 257	 94%	 2e-80	 35%	 4	UHM_A	

Transaminase	From	Pseudomonas	Sp.	Strain	
Aac	
Chain	A,	Plp-Bound	Aminotransferase	

257	 257	 94%	 3e-80	 35%	 4	UHN_A	

Mutant	Crystal	Structure	From	Vibrio	
Fluvialis	

270	 270	 93%	 4e-85	 34%	 4	E3R_A	

Chain	X,	Crystal	Structure	Of	OmegaAmino	
Acid:pyruvate	Aminotransferase	
Chain	A,	Crystal	Structure	Of	

242	 242	 91%	 8e-75	 34%	 3	A8U_X	

Aminotransferase,	Class	Iii	From	
Deinococcus	Radiodurans	
Chain	A,	Crystal	Structure	Of	7-Keto-	

174	 174	 84%	 4e-49	 32%	 3	I4J_A	

8Aminopelargonic	Acid	Bound	
7,8Diaminopelargonic	Acid	Synthase	In	
Bacillus	Subtilis	
Chain	A,	Crystal	Structure	Of	Plp	Bound	

224	 224	 88%	 6e-68	 31%	 3	DU4_A	

7,8-diaminopelargonic	Acid	Synthase	In	
Bacillus	Subtilis	
Chain	A,	Crystal	Structure	Of	Bioa	/	7,8-	

223	 223	 88%	 1e-67	 31%	 3	DOD_A	

diaminopelargonic	Acid	Aminotransferase	
/	Dapa	Synthase	From	Citrobacter	
Rodentium,	Plp	Complex	
Chain	A,	Crystal	Structure	Of	

168	 168	 94%	 6e-47	 31%	 5	UC7_A	

Acetylornithine	Aminotransferase	From	
Aquifex	Aeolicus	Vf5	

157	 157	 86%	 4e-43	 30%	 2	EH6_A	

Chain	A,	Structure	Of	Amino	Acid	Racemase,	
2.65	A	 168	 168	 88%	 1e-46	 30%	 5	WYA_A	
Chain	A,	Structure	Of	Amino	Acid	Racemase,	
2.12	A	
Chain	A,	Structure	Of	Isoleucine	

168	 168	 88%	 1e-46	 30%	 5	WYF_A	

2-epimerase	From	Lactobacillus	Buchneri	(	
apo	Form	)	
Chain	A,	Crystal	Structure	Of	7,8-	

168	 168	 88%	 2e-46	 30%	 5	LL2_A	

diaminopelargonic	Acid	Synthase	In	Complex	
With	7-keto-8-aminopelargonic	Acid	
Chain	A,	Crystal	Structure	Of	The	Y17f	

167	 167	 93%	 9e-47	 30%	 1	QJ3_A	

Mutant	Of	7,8-	Diaminopelargonic	Acid	
Synthase	
Chain	A,	Crystal	Structure	Of	The	D147n	

167	 167	 93%	 2e-46	 30%	 1	S0A_A	

Mutant	Of	7,8-	Diaminopelargonic	Acid	
Synthase	
Chain	A,	Crystal	Structure	Of	The	R391a	

166	 166	 93%	 5e-46	 29%	 1	S08_A	

Mutant	Of	7,8-Diaminopelargonic	Acid	
Synthase	
Chain	A,	Crystal	Structure	Of	The	R253a	

165	 165	 93%	 1e-45	 29%	 1	MGV_A	
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Mutant	Of	7,8-Diaminopelargonic	Acid	
Synthase	
Chain	A,	Structure	Of	Plasmodium	

165	 165	 93%	 1e-45	 29%	 1	S07_A	

Falciparum	Ornithine	Deltaaminotransferase	 171	 171	 87%	 4e-48	 29%	 3	LG0_A	

Chain	A,	Ornithine	Aminotransferase	
Py00104	From	Plasmodium	Yoelii	
Chain	A,	Crystal	Structure	Of	

162	 162	 87%	 8e-45	 29%	 1	Z7D_A	

Acetylornithine	Aminotransferase	From	
Thermotoga	Maritima	

154	 154	 86%	 6e-42	 29%	 2	E54_A	

Description	 Max	
score	

Total	
score	

Query	
cover	

E	
value	

Ident	 Accession	

Chain	A,	Crystal	Structure	Of	The	R253k	 	 	 	 	 	 	
Mutant	Of	7,8-	Diaminopelargonic	Acid	
Synthase	
Chain	A,	Crystal	Structure	Of	The	Y144f	

164	 164	 93%	 2e-45	 29%	 1	S06_A	

Mutant	Of	7,8-	Diaminopelargonic	Acid	
Synthase	
Chain	A,	Crystal	Structure	Of	Pige:	A	

164	 164	 93%	 2e-45	 29%	 1	S09_A	

Transaminase	Involved	In	The	Biosynthesis	
Of	2-methyl-3-n-amylpyrrole	(map)	From	
Serratia	Sp.	Fs14	
Chain	A,	Crystal	Structure	Of	
Acetylornithine	Aminotransferase	(Ec	

139	 139	 77%	 9e-35	 29%	 4	PPM_A	

2.6.1.11)	(Acoat)	(Tm1785)	From	
Thermotoga	Maritima	At	1.40	A	Resolution	
Chain	A,	Crystal	Structure	Of	

147	 147	 86%	 2e-39	 29%	 2	ORD_A	

Adenosylmethionine-8-Amino7-	Oxonanoate	
Aminotransferase	With	Pyridoxal	Phosphate	
Cofactor	
Chain	A,	Crystal	Structure	Of	Ygjg	In	

163	 163	 93%	 5e-45	 29%	 1	DTY_A	

Complex	With	Pyridoxal-5'-phosphate	And	
Putrescine	
Chain	A,	Crystal	Structure	Of	7,8-	

166	 166	 86%	 1e-45	 29%	 4	UOX_A	

diaminopelargonic	Acid	Synthase	(bioa)	
From	Mycobacterium	Tuberculosis,	
Complexed	With	A	Thiazole	Inhibitor	
Chain	A,	Crystal	Structure	Of	
7,8diaminopelargonic	Acid	Synthase	(bioa)	

160	 160	 90%	 4e-44	 29%	 4	W1V_A	

From	Mycobacterium	Tuberculosis,	
Complexed	With	7-(diethylamino)-
3(thiophene-2-carbonyl)-2h-chromen-2one	
Chain	A,	Crystal	Structure	Of	Glutamate-	

160	 160	 90%	 4e-44	 29%	 4	W1W_A	

1-Semialdehyde	2,1-Aminomutase	From	
Thermus	Thermophilus	Hb8	

76.3	 76.3	 70%	 1e-14	 29%	 2	E7U_A	

Chain	A,	Crystal	Structure	Of	The	Ygjgprotein	
A-zpa963-calmodulin	Complex	 164	 164	 86%	 7e-45	 28%	 5	H7D_A	
Chain	A,	Crystal	Structure	Of	The	Ygjgprotein	
A-zpa963-pka	Catalytic	Domain	
Chain	A,	Crystal	Structure	Of	

164	 164	 86%	 8e-45	 28%	 5	X3F_A	

Aminotransferase	Crmg	From	
Actinoalloteichus	Sp.	Wh1-2216-6	In	
Complex	With	Plp	
Chain	A,	The	Structure	Of	Gamma-	

74.7	 74.7	 47%	 6e-14	 28%	 5	DDS_A	

Aminobutyrate	Aminotransferase	Mutant:	
E211s	

141	 141	 91%	 5e-37	 28%	 1	SZK_A	

Chain	A,	Structure	Of	E.	Coli	
GammaAminobutyrate	Aminotransferase	
Chain	A,	The	Structure	Of	Gamma-	

140	 140	 91%	 1e-36	 28%	 1	SF2_A	
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aminobutyrate	Aminotransferase	Mutant:	
I50q	
Chain	A,	Crystal	Structure	Of	
7,8Diaminopelargonic	Acid	Synthase	(Bioa)	

139	 139	 91%	 4e-36	 28%	 1	SZS_A	

From	Mycobacterium	Tuberculosis,	Pre-	
Reaction	Complex	With	A	3,6-	
Dihydropyrid-2-One	Heterocycle	Inhibitor	
Chain	A,	The	Structure	Of	Gamma-	

162	 162	 93%	 2e-44	 28%	 3	TFT_A	

Aminobutyrate	Aminotransferase	Mutant:	
V241a	
Chain	A,	Crystal	Structure	Of	Plp	Bound	

138	 138	 91%	 5e-36	 28%	 1	SZU_A	

7,8-Diaminopelargonic	Acid	Synthase	In	
Mycobacterium	Tuberculosis	
Chain	A,	Crystal	Structure	Of	

159	 159	 93%	 1e-43	 28%	 3	BV0_A	

4-aminobutyrate	Transaminase	From		 	119		 	119		 	66%		 	5e-29		 	28%		 	3	OKS_A	
Mycobacterium	Smegmatis	

Description	 Max	
score	

Total	
score	

Query	
cover	

E	
value	

Ident	 Accession	

Chain	A,	Crystal	Structure	Of	
Mycobacterium	Tuberculosis	7,8-	 	 	 	 	 	 	
Diaminopelargonic	Acid	Synthase	In	
Complex	With	Substrate	Analog	Sinefungin	
Chain	A,	Crystal	Structure	Of	

159	 159	 93%	 3e-43	 28%	 3	LV2_A	

4-Aminobutyrate	Aminotransferase	From	
Sulfolobus	Tokodaii	Strain7	
Chain	A,	Structure	Of	Gaba-	

145	 145	 86%	 1e-38	 28%	 2	EO5_A	

Transaminase	A1r958	From	Arthrobacter	
Aurescens	In	Complex	With	Plp	
Chain	A,	The	Crystal	Structure	Of	A	

92.8	 92.8	 54%	 6e-20	 28%	 4	ATP_A	

S-selective	Transaminase	From	Bacillus	
Megaterium	Bound	With	R-
alphamethylbenzylamine	
Chain	A,	Crystal	Structure	Of	

147	 147	 94%	 9e-39	 28%	 5	G09_A	

Acetylornithine	Aminotransferase	(Argd)	
From	Campylobacter	Jejuni	
Chain	A,	The	Crystal	Structure	Of	A	

136	 136	 86%	 2e-35	 27%	 3	NX3_A	

S-selective	Transaminase	From	
Arthrobacter	Sp	
Chain	A,	Acetylornithine	

144	 144	 94%	 1e-37	 27%	 5	G2P_A	

Aminotransferase	From	Thermus	
Thermophilus	Hb8	
Chain	A,	Structural	And	Functional	Study	

124	 124	 86%	 3e-31	 27%	 1	VEF_A	

Of	Succinyl-ornithine	Transaminase	From	
E.	Coli	
Chain	A,	Crystal	Structure	Of	A	Putative	

145	 145	 84%	 1e-38	 27%	 4	ADB_A	

Ornithine	Aminotransferase	From	
Toxoplasma	Gondii	Me49	In	Complex	With	
Pyrodoxal-5'-phosphate	
Chain	A,	Crystal	Structure	Of	The	
Ornithine	Aminotransferase	From	

115	 115	 88%	 1e-27	 27%	 4	NOG_A	

Toxoplasma	Gondii	Me49	In	A	Complex	
With	The	Schiff	Base	Between	Plp	And	
Lys286	
Chain	A,	Crystal	Structure	Of	A	

115	 115	 88%	 2e-27	 27%	 4	ZLV_A	

4-aminobutyrate	Aminotransferase	(gabt)	
From	Mycobacterium	Abscessus	
Chain	A,	Alpha-amino	Epsilon-	

96.3	 96.3	 84%	 4e-21	 27%	 4	FFC_A	
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caprolactam	Racemase	D210a	Mutant	In	
Complex	With	Plp	And	Geminal	Diamine	
Intermediate	
Chain	A,	E198a	Mutant	Of	

114	 114	 87%	 2e-27	 27%	 5	M4B_A	

N-acetylornithine	Aminotransferase	From	
Salmonella	Typhimurium	
Chain	A,	Y21k	Mutant	Of	

145	 145	 87%	 1e-38	 26%	 4	JEY_A	

N-acetylornithine	Aminotransferase	
Complexed	With	L-	Canaline	Chain	A,	
N-acetylornithine	

143	 143	 87%	 7e-38	 26%	 4	JEX_A	

Aminotransferase	From	S.	Typhimurium	
Complexed	With	Gabaculine	

144	 144	 87%	 4e-38	 26%	 4	JEV_A	

Chain	A,	R144q	Mutant	Of	
N-acetylornithine	Aminotransferase	
Chain	A,	N-acetylornithine	

144	 144	 87%	 5e-38	 26%	 4	JF1_A	

Aminotransferase	From	S.	Typhimurium	
Complexed	With	L-canaline	
Chain	A,	N79r	Mutant	Of	

144	 144	 87%	 6e-38	 26%	 4	JEW_A	

N-acetylornithine	Aminotransferase	
Complexed	With	L-	Canaline	
Chain	A,	Structure	Of	Biosynthetic	

143	 143	 87%	 9e-38	 26%	 4	JEZ_A	

N-Acetylornithine	Aminotransferase	From	
Salmonella	Typhimurium:	Studies	On	
Substrate	Specificity	And	Inhibitor	Binding	

143	 143	 87%	 1e-37	 26%	 2	PB0_A	

Chain	A,	N79r	Mutant	Of	
N-acetylornithine	Aminotransferase	

141	 141	 87%	 6e-37	 26%	 4	JF0_A	

Description	 Max	
score	

Total	
score	

Query	
cover	

E	
value	

Ident	 Accession	

Chain	A,	Ornithine	Aminotransferase	Mutant	
Y85i	
Chain	A,	Human	Ornithine	

123	 123	 90%	 1e-30	 26%	 2	BYJ_A	

Aminotransferase	Complexed	With	L-
Canaline	

122	 122	 90%	 2e-30	 26%	 2	CAN_A	

Chain	A,	Ornithine	Aminotransferase	
Chain	A,	Crystal	Structure	Of	

122	 122	 90%	 3e-30	 26%	 1	OAT_A	

4-	aminobutyrate	Aminotransferase	Gabt	
From	Mycobacterium	Marinum	Covalently	
Bound	To	Pyridoxal	Phosphate	
Chain	A,	Structure	Of	Ornithine	

117	 117	 84%	 2e-28	 26%	 3	R4T_A	

Aminotransferase	Triple	Mutant	Y85i	Y55a	
G320f	
Chain	A,	Crystal	Structure	Of	

119	 119	 90%	 3e-29	 26%	 2	BYL_A	

4-aminobutyrate	Transaminase	From	
Mycobacterium	Smegmatis	
Chain	A,	Crystal	Structure	Of	The	

94.4	 94.4	 73%	 2e-20	 25%	 3	Q8N_A	

Ornithine-Oxo	Acid	Transaminase	Rocd	
From	Bacillus	Anthracis	
Chain	A,	Crystal	Structure	Of	

122	 122	 92%	 2e-30	 25%	 3	RUY_A	

Acetylornithine	Aminotransferase	From	
Elizabethkingia	Anophelis	

126	 126	 92%	 9e-32	 25%	 5	VIU_A	

Chain	A,	E243	Mutant	Of	M.	Tuberculosis	
Rv3290c	 77.8	 77.8	 86%	 4e-15	 24%	 2	JJH_A	
Chain	A,	N328a	Mutant	Of	M.	
Tuberculosis	Rv3290c	
Chain	A,	Lysine	Aminotransferase	From	

76.3	 76.3	 86%	 1e-14	 24%	 2	JJF_A	

M.	Tuberculosis	In	The	Internal	Aldimine	
Form	
Chain	A,	Crystal	Structure	Of	

76.3	 76.3	 86%	 2e-14	 24%	 2	CIN_A	

D-Phenylglycine	Aminotransferase	(DPhgat)	
From	Pseudomonas	Strutzeri	St-201	

57.0	 57.0	 53%	 2e-08	 24%	 2	CY8_A	
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Chain	A,	Crystal	Structure	Of	T330s	
Mutant	Of	Rv3290c	From	M.	Tuberculosis	 74.7	 74.7	 86%	 4e-14	 24%	 2	JJE_A	
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Isopropylamine as Amine Donor in
Transaminase-Catalyzed Reactions: Better Acceptance
through Reaction and Enzyme Engineering
Ayad W. H. Dawood,[a] Martin S. Weiß,[a] Christian Schulz,[a] Ioannis V. Pavlidis,[a, b] Hans Iding,[c]

Rodrigo O. M. A. de Souza,[d] and Uwe T. Bornscheuer*[a]

Amine transaminases (ATA) have now become frequently used

biocatalysts in chemo-enzymatic syntheses including industrial

applications. They catalyze the transfer of an amine group from

a donor to an acceptor leading to an amine product with high

enantiopurity. Hence, they represent an environmentally benign

alternative for waste intensive chemical amine synthesis.

Isopropylamine (IPA) is probably one of the most favored amine

donors since it is cheap and achiral, but nevertheless there is no

consistency in literature concerning reaction conditions when

IPA is best to be used. At the same time there is still a poor

understanding which structural properties in ATA are respon-

sible for IPA acceptance. Herein, we demonstrate, on the basis

of the 3FCR enzyme scaffold, a substantial improvement in

catalytic activity towards IPA as the amine donor. The

asymmetric synthesis of industrial relevant amines was used as

model reaction. A systematic investigation of the pH-value as

well as concentration effects using common benchmark sub-

strates and several ATA indicates the necessity of a substrate-

and ATA-dependent reaction engineering.

Transaminases are versatile and widely used biocatalysts for the

production of chiral amines. They catalyze the transfer of an

amine group from an amine donor to a ketone or aldehyde

acceptor, following a Ping-Pong Bi-Bi-reaction mechanism

utilizing pyridoxal-5’-phosphate (PLP) as cofactor, revealing the

amine product in a high enantiopurity. Transaminases belong

to the fold types I and IV of PLP-dependent enzymes and are

additionally divided into six subclasses, depending on the

natural substrate and especially the position of the transferred

amine group and/or carboxyl moiety.[1,2] Amine transaminases

(ATA), a subgroup of w-transaminases (w-TA, class III trans-

aminase family), are of special interest for the chemo-enzymatic

application. In contrast to w-TA, which accept carbonylic

substrates with a distal carboxylate group, ATA tolerate

substrates without a carboxyl moiety and therefore a wide

range of ketones and aldehydes. Hence, in the last decade ATA

became very attractive targets for enzyme engineering[3–13]

representing an environmentally benign alternative for the

chemical transition metal-catalyzed amine synthesis in pharma-

ceutical and agrochemical industries.[14] For instance, the

production of imagabaline,[10] (S)-rivastigmine[15,16] or (S)-ivabra-

dine[17] has been realized on larger scale using ATA. Certainly,

one of the most notable examples is the manufacturing of (R)-

sitagliptin in >200 g/L scale after several rounds of protein

engineering of the selected ATA.[3] In this specific example,

enzyme engineering resulted not only in a better substrate

acceptance or higher temperature and solvent stability, but also

in an enhanced isopropylamine (IPA) acceptance. The best

variant contained 27 mutations. To have the enzyme accepting

the bulky prositagliptin ketone, the most mutations were

around the active site region. However, to ensure acceptance/

tolerance of IPA many mutations were globally distributed over

the entire protein since the majority of wild-type ATA do not

accept it well as the amine donor. More recently, we could also

design (S)-selective ATA for the asymmetric synthesis of chiral

amines from sterically demanding bulky ketones.[6,13,18]

The asymmetric synthesis is the most convenient and

economically favored route to a target chiral amine. In contrast

to the kinetic resolution mode, the asymmetric synthesis starts

from the prochiral ketone and results in the desired chiral

product with a theoretical yield of 100 %.[19–21] The downside of

this strategy is a very often unfavorable reaction equilibrium,

which makes strategies for equilibrium shifting necessary.

Therefore several equilibrium displacement techniques were

established, for instance involving enzymatic cascades in order

to remove co-products,[19,22–26] utilization of ‘smart-donors’

which are converted into sacrificial co-substrates after trans-

amination[27–32] or application of the amine donor in large

excess.[33] In fact, IPA is the industrially favored amine donor for

asymmetric syntheses since it is cheap, achiral – so the

enantioselectivity of the ATA has not to be considered – and

the by-product acetone is supposed to have a drastic lower

reactivity in the back reaction.[33] Additionally, in terms of

shifting the equilibrium, acetone can be easily removed from

the reaction solution.[3] In general, it was reported in many

cases that an excess of IPA needs to be applied to drive the
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transamination of various substrates to the desired product

side[8,13,18,23,34–44] when enzyme engineering did not lead to a

better IPA acceptance, as mentioned above. In particular,

different reaction conditions were reported such as varying

donor-acceptor-ratios from 1.5-fold[39] over 40-fold[38] to 200-

fold[8] and a pH range from 7.3[41] to 9.5.[45]

So far, there has been no study, in which the influence of

IPA on transaminase activity has been explored to cover both

aspects, the acceptance of IPA as amine donor (requiring

identification of optimal pH values, concentration dependency

as well as mutations in the active site region) and the influence

of IPA to the overall protein stability as this amine donor also

has solvent effects on the enzyme. In this work, crucial amino

acid residues around the active site were identified for IPA

acceptance and also a systematic investigation was performed

for a range of ATA, different ketone substrates and different

reaction conditions with the aim of providing a more generic

solution for ATA-catalyzed asymmetric synthesis using IPA.

Recently, we reported the engineering of the ATA from

Ruegeria sp. TM1040 (PDB-ID: 3FCR) for the acceptance of bulky

ketones where the corresponding amines have pharmaceutical

relevance.[6,13,18] The best variants from this approach (e. g. one

quadruple mutant, 3FCR-Y59W-Y87F-Y152F-T231A, 3FCR-QM)

did not accept IPA well as the amine donor.[13,18] We already

identified position 59 in 3FCR (according to Protein Data Bank

numbering) as very crucial for the activity towards aromatic

and bulky substrates.[6,46] Interestingly, the homolog position in

the w-TA from Ochrobactrum anthropoi (OATA, W58) was

reported to play a comparable role in which the mutation

OATA-W58L led to a better acceptance of aromatic ketones and

amines.[12] However, at the same time this mutation was

obviously responsible for a higher affinity towards IPA, which

was proven by lower KM values and explained by steric

interference of W58 with one of the methyl groups of IPA.

Because of the notable sequence identity between OATA (PDB-

ID 5GHG) and 3FCR of approx. 43 % we decided to focus again

on position 59 in the 3FCR scaffold. Starting from the variant

3FCR-QM as template we saturated position 59 and screened

the NNK library against IPA using the glycine oxidase (GO) assay,

as described previously.[47] It turned out that the only variant

with significant higher activity towards IPA as amine donor

contained the mutation 3FCR-QM-W59L which led to a 4.6-fold

higher activity compared to the template (see Table S1,

Supporting Information, SI). Moreover, transaminases are

remarkable for their dual substrate recognition facilitated by a

flexible arginine residue, which is forming a salt bridge to the

carboxylate function of the respective substrate. It is highly

conserved in e. g. amino acid transaminases, ornithine trans-

aminases and amine transaminases.[1,46] Notably, the w-amino

acid transaminase from Bacillus anthracis (Ban-TA) represents an

exception as the ‘flipping arginine’ is naturally replaced by a

glycine, which means that no movement of an amino acid

residue is required for substrate recognition. Ban-TA showed

provable activity towards propylamines (e. g. IPA) as amine

donors.[48] However, when the choice of substrates make the

coordination of acidic moieties obsolete, the role of the

‘flipping arginine’ (position 420 in 3FCR) is questionable and in

addition a strong positive charge at the entrance of the active

site tunnel was considered to be detrimental for the accessi-

bility of IPA on the PLP molecule. We used 3FCR-QM as

template and introduced at position 420 several amino acids

with different characteristics (hydrophobic, basic and acidic).

The variants were interrogated in our chosen asymmetric

synthesis model reactions (Scheme 1), because the GO-assay

demands coordination of glyoxylate and therefore was not

suitable for the purpose of a screening. The best-performing

variant was the mutation R420W (Table S2, SI), which we later

introduced into the 3FCR-QM-W59L variant. Additionally, we

produced the variant 3FCR-QM-W59L-R420A in order to provide

an amino acid residue at this position, which causes more space

and low interference at the entrance of the active site tunnel.

Both variants were compared in the mentioned model reactions

with IPA revealing a drastic improvement in conversion of 1 a
and 2 a compared to 3FCR-QM and 3FCR-QM-W59L (Table 1),

especially in case of 3FCR-QM-W59L-R420W. Remarkably, the

mutation at position 59 in 3FCR-QM – which showed a

significant improvement in the GO-assay with IPA – did not

lead to a better conversion of 1 a to 1 b but at the same time a

detectable product formation of 2 b. These results (especially

for 3FCR-QM-W59L-R420W) are more meaningful when the

activities in kinetic resolution mode using rac-1 b and rac-2 b
are considered.

All three variants of 3FCR-QM showed lower activities for

both racemic amines (Table 1). For comparison, pentanal was

used as amine acceptor for all four enzymes because pyruvate

was not a suitable amine acceptor anymore mainly due to the

lack of the ‘flipping arginine’ (details in Figure S1 in the

Supporting Information).[49] These results are demonstrating

that the introduced mutations in 3FCR-QM were not respon-

sible for a better substrate acceptance of 1 a and 2 a – since

mutations at position 59 have a great impact on the reactivity

towards bulky substrates in 3FCR – but rather they did lead to a

higher catalytic activity in asymmetric synthesis mode with IPA

as the amine donor. The best two variants 3FCR-QM-W59L-

R420A/W were subjected to the preparative scale production of

amines 1 b and 2 b in a 80 mg scale applying 0.5 M IPA (see

experimental section). The identity of the products was

confirmed via GC-MS, 1H- and 13C-NMR spectroscopy (see SI).

Next, we investigated the influence of reaction conditions

on the transaminase reactivity with IPA as amine donor. For

that we included our presented variants of 3FCR-QM and

additionally several commonly known wild-type ATA, which in

pre-tests showed significant conversion with IPA. Those wild-

Scheme 1. Model reactions and preparative scale reactions with IPA as amine
donor using substrates as reported in literature.[6]
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type ATA were utilized in engineering and asymmetric synthesis

approaches before.[4–6,21,26,46,49–53] For instance, Afu-TA (ATA from

Aspergillus fumigatus) and Spo-TA (ATA from Silicibacter pomer-

oyi) were recently used for the production of halogenated chiral

amines[54] and Arth-TA (ATA from Arthrobacter sp.) for the

synthesis of e. g. (R)-3,4-dimethoxy-amphetamine.[20,21] 3FCR

wild-type and 3FCR-QM were excluded from these experiments

due to their low reactivity in pre-tests. We selected commonly

used aromatic benchmark substrates for the evaluation of

amine donors[26,31,32,38] (3 a and 4 a, Scheme 2) and tested differ-

ent pH values as well as donor-acceptor ratio (Figure 1). The

amination of acetophenone 3 a to 1-phenylethylamine 3 b is

challenging due to the unfavorable equilibrium,[14,55] so signifi-

cant effects were expected after reaction engineering. Addition-

ally, we investigated one halogenated derivative of acetophe-

none (4 a), since Cassimjee et al.[26] show-cased significant

differences in conversion with substituted acetophenones and

IPA using the ATA from Chromobacterium violaceum (Cvi-TA).

The donor-acceptor ratio varied in a range of 5 – 100-fold

excess of IPA at the respective pH optimum of the ATA (see

Figure S2 (SI) for all ATA).

In case of acetophenone 3 a the gradual increase of the IPA

concentration resulted in an increased conversion of 3 a. The

only exception out of all investigated ATA was Cvi-TA showing a

decreased conversion level of 3 a at high IPA concentrations.

For 2’-bromoacetophenone 4 a no general statement in terms

of IPA excess effect could be made. While the results for Arth-

TA showed an increased activity at higher IPA concentrations,

Spo-TA and Cvi-TA were apparently less active the more IPA was

applied. But for the rest of the investigated ATA there was no

significant difference in conversion over the whole range of

applied IPA concentrations indicating a more favored equili-

brium situation. This was in line with previous results from

literature mentioned above.[38] All three 3FCR-QM variants

showed indeed the highest conversion of 4 a, in case of 3FCR-

QM-R420A and 3FCR-QM-R420W even with quantitative con-

version. The effect of the pH on the conversion level of 3 a and

4 a was investigated over a range of pH 7.5–10, which was

considered as the common pH range for the most ATA

reactions in literature. For these experiments the IPA concen-

tration was fixed to 0.5 M to ensure no limitations here. Beside

two significant exceptions (Afu-TA and Arth-TA) the pH value

did not influence the catalytic activity of the ATA in both of the

shown model reactions with IPA. The two mentioned excep-

tions showed the trend that a more basic pH is more beneficial

for transamination reactions with IPA since the concentration of

unprotonated IPA is certainly higher (Figure 1C, 1D). Especially

Arth-TA is interesting in this manner since the best conversion

of both 3 a and 4 a was reached at pH 10 and in contrast the

pH optimum of this enzyme is at pH 8 (see SI). But the majority

of the ATA showed a similar activity in both reactions regardless

of pH optima and protonation state of IPA. To further support

the results from Figure 1 we looked at enzyme stability in

presence of IPA. Beside the three presented variants of 3FCR-

QM we chose exemplary Cvi-TA and Spo-TA to cover all

variations of catalytic activity from Figure 1. 3FCR wild-type and

3FCR-QM were included for comparison. After incubation with

IPA (final concentration of 0.05 and 0.5 M) over 8 h at 30 8C the

residual activity of the ATA were quantified via the initial activity

assay (acetophenone assay,[57] Figure 2). Interestingly, the

majority of the 3FCR variants were apparently affected by IPA

incubation and not any wild-type enzyme. But a considerable

detrimental effect due to IPA incubation was not obvious for

any investigated ATA. Additionally, protein melting points were

determined in the presence of IPA (see Table S5, SI) giving a

similar result. This experiment on ATA stability demonstrated

that a higher tolerance towards IPA was not the reason for the

better conversion in the investigated reactions by 3FCR-QM

variants.

Conclusively, the results from the pH and donor-acceptor-

ratio experiments revealed that both aspects should be

considered as enzyme as well as substrate dependent (or a

Table 1. Comparison of the presented variants of 3FCR regarding initial activity measurements with racemic 1 b or 2 b and asymmetric synthesis of 1 b or 2 b
using IPA as the amine donor. * n.d.: not detectable.

ATA variant Specific activity [mU mg�1][a] Substrate conversion [%][b]

rac-1b rac-2b 1a eeP [%][c] 2a eeP [%][c]

3FCR-QM 218.6�16.8 104.9�1.6 12.8�1.2 >99 (R) n.d.* –
3FCR-QM-W59L 88.1�4.2 70.3�1.5 6.8�1.5 86 (R) 8.9�1.8 >99 (S)
3FCR-QM-W59L-R420A 141.2�1.6 63.5�0.6 50.6�3.6 91 (R) 23.8�2.5 >99 (S)
3FCR-QM-W59L-R420W 70.9�0.7 90.9�4.3 83.5�4.0 80 (R) 85.8�3.5 >99 (S)

[a] Assay conditions for the kinetic resolution: 0.5 mM rac-1 b or 0.25 mM rac-2 b, pentanal in equimolar ratio, 10 % (v/v) DMSO, CHES pH 10 (50 mM), 0.045–
0.07 mg mL�1 purified enzyme, 30 8C. [b] Assay conditions for the asymmetric synthesis: 2 mM ketone (1 a or 2 a), 0.5 M IPA, 30 % (v/v) DMSO, CHES buffer
pH 10 (50 mM), 0.1 mM PLP, 0.89–1.2 mg mL�1 purified enzyme (substrate to enzyme ratio, s/e ~0.35–0.47 w/w), 30 8C. Conversion was determined after 20 h
via gas chromatography (GC) with 2-iodoacetophenone as internal standard for the quantification of amine product formation. Samples were taken in
triplicate from three parallel reactions. [c] The enantiomeric excess was determined via chiral GC analysis using a Hydrodex-ß-TBDAc column (Macherey &
Nagel).

Scheme 2. Reactions studied for the investigation of conditions using IPA as
amine donor. Various donor-acceptor ratio and pH values were compared.
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combination of both). Therefore no general guideline for an

optimal reaction setup can be derived. It appears that every

ATA reaction using IPA needs to be optimized relating to the

mentioned aspects since they likely have overlapping effects,

e. g. pH optima of the enzyme, pH/solvent stability and

protonation state of IPA. Through this reaction engineering

even wild-type enzymes could reach moderate to good

activities with IPA as shown here and also in previous works.[54]

Thus, we demonstrated a remarkable increase in catalytic

activity towards IPA as amine donor mutating amino acid

residues around the active site in the 3FCR-QM scaffold, namely

positions 59 and 420. It has to be highlighted that the

presented 3FCR-QM variants exhibit a good to excellent

performance in all shown reactions, e. g. over a broad range of

pH values and donor-acceptor ratio. The mutation 59 L is an

important key mutation for the catalytic activity towards IPA

since the conversion in reactions with 2 a–4 a was already

substantially increased. It should be noted however that in

terms of better IPA acceptance the role of both positions (59

and 420) is definitely substrate dependent. With the variant

3FCR-QM-W59L-R420W a general approach for an improved IPA

acceptance for the investigated reactions was identified.

Experimental Section

All chemicals and kits were purchased either from Sigma Aldrich
(Darmstadt, Germany), Roth (Karlsruhe, Germany), or Acros/Thermo
Fisher Scientific (Waltham, USA) in analytical grade. The ketones 1 a
and 2 a as well as the corresponding racemic amines (Scheme 1)
were kindly provided by F. Hoffmann-La Roche.

Enzyme Expression, Cell Lysis and Protein Purification

Information about the plasmids containing genes of ATAs from
Chromobacterium violaceum, Silicibacter pomeroyi, Arthobacter sp.,
Aspergillus fumigatus and Ruegeria sp. TM1040 are given in Table S3
(Supporting Information). The protein expression was done in
Terrific Broth (TB) media with 100 mg mL�1 ampicillin or 50 mg mL�1

kanamycin at 160 rpm and 20 8C. After the optical density at

Figure 1. Asymmetric synthesis of 3 b (A, C) and 4 b (B, D) using IPA as amine donor. The influence of different donor-acceptor-ratio (A, B) and pH values (C, D)
was investigated. Wild type ATA from Aspergillus fumigatus (Afu-TA), Arthrobacter sp. (Arth-TA), Chromobacterium violaceum (Cvi-TA), Silicibacter pomeroyi (Spo-
TA) and the presented variants of 3FCR (ATA from Ruegeria sp. TM1040) were used. A, B IPA was applied in the following excess related to the amine acceptor:
from left to right 5-fold, 10-fold, 25-fold, 50-fold and 100-fold (in a range of 0.025–0.5 M). The concentration of the ketone substrates was fixed at 5 mM. C, D
Different pH values were set using Davies buffer[56]: from left to right pH 7.5, pH 8, pH 8.5, pH 9 and pH 10. The shown conversion levels are mean values out
of duplicates. For single values see Supporting Information. General reaction conditions: 1 mg mL�1 purified enzyme, 5 mM 3 a (substrate to enzyme ratio, s/e
~0.6 w/w) or 4 a (s/e ~0.9 w/w), 5 % (v/v) DMSO, 0.1 mM PLP, 50 mM HEPES/CHES buffer pH 7.5 or 9 (according to each pH optimum, see Supporting
Information), 30 8C. Samples were taken after 20 h and analyzed via gas chromatography with 2-iodoacetophenone as internal standard.

3946ChemCatChem 2018, 10, 3943 – 3949 www.chemcatchem.org � 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Communications

Wiley VCH Donnerstag, 06.09.2018
1818 / 116888 [S. 3946/3949] 1

https://doi.org/10.1002/cctc.201800936


1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

600 nm (OD600) reached 0.5–0.7, expression was induced by adding
0.2 mM isopropyl b-D-1-thiogalactopyranoside (final concentration).
After 18 h the cultures were centrifuged (4,000 � g, 15 min, 4 8C)
and washed with lysis buffer (HEPES (50 mM pH 7.5), 0.1 mM PLP,
300 mM NaCl). Cell disruption was performed via sonication using
the Bandelin Sonoplus HD 2070 (8 min, 50 % pulsed cycle, 50 %
power) on ice followed by centrifugation in order to remove cell
debris (12,000 � g, 45 min, 4 8C, Sorvall centrifuge). The supernatant
containing the crude ATA was stored at 4 8C until use. Metal affinity
chromatography was used to purify all enzymes with an Äkta
purifier and a 5-mL HiTrap Fast Flow column (GE Healthcare,
Freiburg, Germany). Elution was mediated by the lysis buffer
additionally containing 300 mM imidazole. The desalting step was
performed using three HiTrap desalting columns in line (each 5 mL;
GE Healthcare, Freiburg, Germany) and lysis buffer without NaCl.
The protein concentration was determined via the Pierce BCA
Protein Assay Kit according to the manual.

Point Mutations via QuikChange Mutagenesis

Variants of 3FCR-QM were produced using a modified version of
the QuikChange PCR method. Primers were designed with the
desired mismatches to provide the desired mutations. For each
PCR, Pfu buffer, 0.2 mM dNTPs, 0.2 ng mL�1 parental plasmid, 0.2 mM
of each primer and 0.2 mL of Pfu Plus! DNA polymerase were
applied. A DMSO concentration of 3 % (v/v) was set. The
amplification was performed as follows: (a) 94 8C, 2 min; (b)
25 cycles: 94 8C, 30 s; 55 8C or 60 8C, 30 s; 72 8C, 7:05 min (c) 72 8C,
14 min. The PCR product was digested with DpnI (20 mL mL�1) for
2 h at 37 8C and the restriction enzyme was inactivated by
incubation at 80 8C for 20 min. Chemo-competent Top10 E. coli cells
were transformed with the PCR product. After confirmation of the
correct sequence, the plasmids were isolated from Top10 and
chemo-competent E. coli BL21 (DE3) cells were transformed for
protein expression as described above.

Determination of Transaminase Activity

The characterization of the ATA was done via the initial activity
assay (acetophenone assay) according to Schätzle et al.[57] with
slight modifications. In the reaction solution the concentrations of
the amine donor ((R)-/(S)-1-PEA 3 b, rac-1 b or rac-2 b) and the
acceptor pyruvate or pentanal was set to 1.25 mM or as indicated
in 0.5 %–10 % (v/v) DMSO. Briefly, 10 mL of a pre-diluted ATA
solution was mixed with the respective buffer (according to the pH
optimum of each ATA, HEPES or CHES buffer) and the reaction was
initiated by the addition of the 4-fold concentrated stock of
reaction solution. The formation of the corresponding ketone was
quantified at 245 nm (2 a and 3 a) or 265 nm (1 a), respectively
using the Tecan Infinite M200 Pro (Crailsheim, Germany) at 30 8C.
One unit (U) of ATA activity was defined as the formation of 1 mmol
of 1 a–3 a per minute (1 a e= 16.56 M�1 cm�1, 2 a e= 9.65 M�1 cm�1,
3 a e= 12 M�1 cm�1). All measurements were performed in triplicate.
The pH optimum of each ATA was determined by using Davies[56]

buffer with a pH value as indicated.

Asymmetric Synthesis of the Chiral Amines 1 b–4 b

Biotransformations were performed in 0.25 mL scale using 1.5 mL
glass vials at 30 8C and 950 rpm shaking. The reaction mixtures
contained 1 mg mL�1 purified ATA, 5 mM ketone, 30 % DMSO as co-
solvent, the respective concentration of IPA (from a 4 M IPA-HCl
stock solution, pH 7) in HEPES, CHES (50 mM) or Davies buffer as
indicated. The final pH was checked. Additionally, control experi-
ments with desalting buffer instead of enzyme were performed.
After 20 h incubation, the reaction was quenched by adding 3 M
NaOH (resulting in pH�12). Samples for gas chromatography (GC)
analysis were taken immediately after quenching.

GC Analysis

Samples of 100 mL were withdrawn for chiral GC analysis and
extracted with 300 mL of ethyl acetate containing 1 mM 2’-
iodoacetophenone as internal standard for quantification. The
organic layers were dried over anhydrous MgSO4 and derivatized
(when necessary) with N-Methyl-bis-trifluoroacetamide (MBTFA) by
adding 7.5 mL of the commercial stock solution to 100 mL of the
organic layer and incubation at 60 8C for 30 min. Afterwards, the
samples were analyzed immediately using the Hydrodex-ß-TBDAc
column (Macherey & Nagel). For the analysis of substances 1 and 2
the following temperature gradient program was established: initial
temperature 140 8C, kept for 15 min, linear gradient to 180 8C with
a slope of 15 8C min�1, kept for 35 min, linear gradient to 220 8C
with a slope of 15 8C min�1, kept for 10 min. For 3: initial temper-
ature 120 8C, kept for 5 min, linear gradient to 220 8C with a slope
of 10 8C min�1, kept for 5 min. For 4: initial temperature 100 8C, kept
for 7.5 min, linear gradient to 220 8C with a slope of 5 8C min�1, kept
for 5 min. For retention times see Supporting Information. The
conversion of 1 a and 2 a was determined by quantification of
amine product formation via calculation of the response factor. In
case of 3 a and 4 a the same principle was followed regarding
substrate consumption. Each sample included the mentioned
internal standard and was set in relation to ATA-free control
experiments.

Preparative Scale Synthesis of 1 b and 2 b

The conversion of 1 a and 2 a to the corresponding amines was
performed in preparative scale. 87 mg 1 a (using 3FCR_QM_W59L_
R420A) and 84 mg 2 a (using 3FCR_QM_W59L_R420W) were
applied respectively in an Erlenmeyer flask and dissolved in DMSO

Figure 2. Volumetric activities (U/mL) determined via the initial activity assay
after incubation with IPA over 8 h (two final concentrations were used as
indicated). Relative activities were normalized to an IPA free control
experiment. Reaction conditions: 0.05–0.1 mg mL�1 purified protein, 1.25 mM
(S)-PEA (1-phenylethylamine), pyruvate or pentanal in equimolar ratio, 0.5–
5 % (v/v) DMSO in CHES pH 9 (50 mM). The formation of acetophenone was
quantified at 245 nm at 30 8C. All measurements were performed in triplicate.
The compatibility of this assay under these conditions was ensured by
previous solvent exchange (Figures S5 and S6, Supporting Information).
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(5 % final concentration). CHES buffer (50 mM final, pH 9) and
isopropylamine (0.5 M final concentration) were added under
stirring. The pH was adjusted with aqueous HCl. The reaction was
started by addition of 1 mg mL�1 enzyme which led to a final
working volume of 0.2 L and a final substrate concentration of
2 mM (1 a s/e~0.43, 2 a s/e~0.42). The reaction mixture was
incubated for 48 h at 30 8C under agitation. For the quantification
of the conversion samples were taken, extracted as described
above and analyzed via GCMS. The reaction was stopped when no
further conversion was observed during reaction monitoring (for
1 a 53 %, for 2 a 27 %). The following reaction workup was done:
After reaction quenching with 10 mL 3 M NaOH to a pH of >12, an
extraction with 1 � 0.2 L and 1 � 0.1 L hexane was performed in a
separation funnel. The combined organic layers were dried over
anhydrous MgSO4 and evaporated under vacuum to a volume of
0.5 mL. The crude reaction product was applied to a silica column
with ethyl acetate as mobile phase. The fractionation monitoring
was done via TLC. Fractions containing the respective amine
product were pooled and evaporated under vacuum until dryness.
The consistency of the amine products was a yellow oil. Each
product was confirmed via GCMS and 10–12 mg each were
subjected to 1H- and 13C-NMR spectroscopy (see Supporting
Information). 1 b, 53 % conv., 35 % isolated yield (not optimized),
55.5 %ee. 2 b, 27 % conv., 33 % isolated yield (not optimized),
98 %ee.

ATA Stability in the Presence of IPA

Enzyme stability was investigated by incubation samples of ATA
with IPA (0, 0.05 and 0.5 M final concentration) for 8 h at 30 8C at
950 rpm shaking. Afterwards a solvent change was performed via
PD columns� (GE Healthcare, Freiburg, Germany) according to the
manual. Fractions of 0.5 mL were taken and the most active one
was subjected to further investigations. The residual enzyme
activity was measured via the initial activity assay. For reaction
conditions see figure caption of Figure 1. Additionally, melting
points TM of each subjected ATA in presence of 0, 0.05 and 0.5 M
IPA (final concentration) were determined using the Prometheus
NT.48 device from nanotemper� (see Supporting Information). The
protein concentration was set to 1 mg mL�1 in HEPES buffer pH 7.5
(50 mM) including 50 mM of PLP. The heating rate was set to
0.5 8C min�1 from 20–95 8C. Inflection points (or melting points,
respectively) were determined by the first derivative of the
measured fluorescence at a 330/350 nm ratio.
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1. Glycine oxidase assay of 3FCR-QM variant 
 

Table S1. Initial activity of purified 3FCR variants determined via the glycine oxidase 
assay[1] towards two concentrations of IPA as the amine donor. Measurements were 
performed in triplicate. 

Reaction conditions: CHES buffer (2-(Cyclohexylamino)ethanesulfonic acid), pH 9.5 
(50  mM), 2 mM glyoxylate, IPA concentration as indicated, 37 °C. 

 
	

2. Mutagenesis of position 420 in 3FCR-QM 
 

Table S2. Conversion of 1a and 2a obtained by asymmetric synthesis using IPA 
as amine donor and purified variants of 3FCR. Protein concentration was 
normalized to 0.5 mg mL-1.   
 

Reaction conditions: HEPES buffer ((4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid), pH 8 (50 mM), 1 mM PLP, 2 mM ketone (1a or 
2a), 0.5 M IPA, 30% (v/v) DMSO, 30 °C. Conversion was determined after 48 h 
via HLPC (C8 column) and after measuring duplicates. 

  

Transaminase / variant Activity [mU/mg] Fold increase 
in activity 

 IPA 0.05 M IPA 0.2 M  

3FCR-QM 3.64 ± 0.15 8.55 ± 1.28 2.3 

3FCR-QM-W59L 16.8 ± 1.13 39.04 ± 0.17 2.3 

Fold increase in activity 4.6 4.5  

TA / variant Conversion [%] of substrate 

 1a 2a 

3FCR-QM 1.3 ± 0.18 6.6 ± 0.35 

3FCR-QM-R420L 2.5 ± 0.94 10.8 ± 0.21 

3FCR-QM-R420M 1.9 ± 0.13 9.9 ± 0.11 

3FCR-QM-R420H 5.0 ± 0.08 12.7 ± 0.05 

3FCR-QM-R420W 6.8 ± 0.09 14.4 ± 0.03 

3FCR-QM-R420E 4.9 ± 0.56 12.9 ± 0.25 

3FCR-QM-R420D 3.3 ± 0.27 9.5 ± 0.19 
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3. The amine acceptor in the initial activity assay for 3FCR-QM variants 

3FCR-QM

QM-W59L

QM-W59L-R420A

QM-W59L-R420W
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Fig. S1. Comparison of the presented variants of 3FCR-QM in terms of pyruvate and pentanal acceptance. Crude 
cell lysate with overexpressed ATA-variant (and empty vector expression as negative control) were subjected to 
the initial activity assay (Acetophenone assay). (S)-PEA was used as the amine donor. Both, amine donor and 
acceptor were applied in equimolar ratio of 1.25 mM in CHES buffer pH 9 (50 mM) and 5% (v/v) DMSO. The 
formation of acetophenone was quantified at 245 nm at 30 °C. One unit (U) of ATA activity was defined as the 
formation of 1 µmol of acetophenone per minute (ε= 12 mM-1cm-1). All measurements were performed in triplicate. 

 

4. Investigated ATA  
	

Table S3. Overview of all investigated wild type ATA, including the basis of the presented 
variants of 3FCR(-QM). E. coli BL21 (DE3) was used as expression strain. See method 
section for the expression protocol. 
	
	

5. pH optima of investigated Amine Transaminases 
 

pH optima were determined via the initial activity assay (Acetophenone assay) according to Schätzle 

et al.[2] with slight modifications. Davies buffer[3] was used instead of HEPES or CHES to cover a broad 

pH range with the same buffer reagent.  

Abbreviation PDB ID Origin (species) Vector 

    

Afu-TA 4CHI Aspergillus fumigatus Af293 pET22b 

Arth-TA 3WWH Arthrobacter sp. pET28a 

Cvi-TA 4A6T Chromobaterium violaceum pET28a 

Spo-TA 3HMU Silicibacter pomeroyi pET22b 

3FCR-TA 3FCR Ruegeria sp. TM1040 pET22b 
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Fig. S2. Determination of the pH optima of investigated ATA via the initial activity assay (Acetophenone Assay 
according to[2] with modifications). The final concentration of (R/S)-PEA (depended on the respective 
enantioselectivity) and pyruvate/pentanal was 1.25 mM, 5% (v/v) DMSO in Davies buffer[3] in a range from pH 6 – 
12 at 30 °C. Pentanal had to be applied for the 3FCR-QM variants (see Fig. S2). The formation of acetophenone 
was quantified at 245 nm. One unit (U) of ATA activity was defined as the formation of 1 µmol of acetophenone 
per minute (ε= 12 mM-1cm-1). All measurements were performed in triplicate. 
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6. Investigations on effects of pH and donor-acceptor-ratio 
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4a, 50 mM IPA
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3a, Davies buffer pH 7.5
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3a, Davies buffer pH 8.5
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3a, Davies buffer pH 9
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3a, Davies buffer pH 10
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4a, Davies buffer pH 8

Afu-TA
Arth-TA

Cvi-T
A

Spo-TA

3FCR-QM-W59L

3FCR-QM-W59L/R420A

3FCR-QM-W59L/R420W

C
on

ve
rs

io
n 

[%
]

0

20

40

60

80

100

4a, Davies buffer pH 8.5

Afu-TA
Arth-TA

Cvi-T
A

Spo-TA

3FCR-QM-W59L

3FCR-QM-W59L/R420A

3FCR-QM-W59L/R420W

C
on

ve
rs

io
n 

[%
]

0

20

40

60

80

100

	



9	
	

4a, Davies buffer pH 9
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Fig. S3. Conversion levels of the asymmetric synthesis of 3b and 4b using the indicated pH or concentration of 
IPA. Single values for each reaction are given as crosses and mean values were the basis for bar plot. Wild type 
ATA from Aspergillus fumigatus (Afu-TA), Arthrobacter sp. (Arth-TA), Chromobacterium violaceum (Cvi-TA), 
Silicibacter pomeroyi (Spo-TA), Ruegeria sp. TM1040 (3FCR) and variants of 3FCR were investigated. The 
substrate concentration was set to 5 mM. IPA was applied in the following excess related to the substrate 
concentration: 5-fold, 10-fold, 25-fold, 50-fold and 100-fold (in a range of 0.025 – 0.5 M, see plot titles). The pH 
experiments were performed in a range of pH 7.5 – 10 using Davies buffer at 0.5 M IPA. General reaction 
conditions: 1 mg mL-1 purified enzyme, 5 mM 3a (s/e ~ 0.6 w/w) or 4a (s/e ~0.9 w/w), 5% (v/v) DMSO, 0.1 mM PLP, 
50 mM HEPES/CHES buffer pH 7.5 or 9 (according to each pH optimum), 30 °C. Samples were withdrawn after 20 
h and analyzed via gas chromatography with 2-iodoacetophenone as internal standard.  
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Fig. S4. Conversion values of the asymmetric synthesis 
of 3b (left) and 4b (right) with 3FCR wild-type for 
comparison reasons. Different IPA concentrations were 
applied (from 0.025 M – 0.5M). The substrate 
concentration was fixed to 5 mM. For further reaction 
conditions see figure caption above (Fig. S3).  
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7. Retention times and chromatograms 
 

 

Table S4. Overview of retention times for all investigated compounds revealed by GC 

analysis. The GC column Hydrodex-ß-TBDAc (25 m) from Macherey & Nagel was used. The 

retention times for all compounds (ketones and corresponding amines) refer to the following 

temperature profiles. For compound 1/2: initial temperature 140 °C, kept for 15 min, linear 

gradient to 180 °C with a slope of 15 °C min-1, kept for 35 min, linear gradient to 220 °C with 

a slope of 15 °C min-1, kept for 10 min. For 3: initial temperature 120 °C, kept for 5 min, 

linear gradient to 220 °C with a slope of 10 °C min-1, kept for 5 min. For 4: initial temperature 

100 °C, kept for 7.5 min, linear gradient to 220 °C with a slope of 5 °C min-1, kept for 5 min. 

Compound Retention time [min] 

 Ketone Amine product 

1 27.8 46.9 / 47.6 
2 30.2 45.3 / 46.9 
3 5.5 5.1 
4 14.1 17.5 
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8. NMR spectra 

Amine 1b 1H-NMR (300 Mhz, CDCl3) δ (ppm): 5.18 (s, 1H), 7.23 – 7.33 (m, 9 H) 

 

 

Amine 1b 13C-NMR (300 Mhz, CDCl3) δ (ppm): 59.1 (s), 126.77 (s), 128.26 (s), 128.53 (s), 128.6 (s), 
132.63 (s), 143.16 (s), 145.07 (s) 
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Amine 2b 1H-NMR (300 Mhz, CDCl3) δ (ppm): 1.93 – 2.07 (m, 2H), 2.46 – 2.71 (m, 2H), 3.9 (t, J=6.9, 
1H), 7.14 – 7.36 (m, 10H) 

 

	

Amine 2b 13C-NMR (300 Mhz, CDCl3) δ (ppm): 29.68 (s), 40.82 (s), 55.76 (s), 125.78 (s), 126.4 (s), 
127.07 (s), 128.34 (s), 128.54 (s), 141.87 (s), 145.98 (s) 
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9. Enzyme stability in presence of IPA 
 

Determination of melting points 

 
Table S5. Stability experiments in the presence of IPA (concentration is 
given in M). The protein concentration was normalized at 1 mg mL-1. 
Melting points were determined via the Prometheus NT.48 (nanotemper®) 
with a heating rate of 0.5 °C min-1 from 20 – 95 °C and a device specific 
excitation power of 20-30%. The experiment was performed in triplicate. 
*No melting point was definable.  

ATA / variant Melting Point (TM) [°C] 

IPA concentration [M] 0 0.05 0.5 

Cvi-TA 76.2 ± 0.05 76.6 ± 0.04   77.0 ± 0.02 

Spo-TA 66.9 ± 0.03 61.0 ± 0.02 56.3 ± 0.13 

3FCR-wt 56.6 ± 0.07 55.7 ± 0.06 53.6 ± 0.14 

3FCR-QM 61.5 ± 0.3 56.9 ± 0.1 51.8 ± 0.1 

3FCR-QM-W59L 65.0 ± 0.2 54.4 ± 0.1 52.6 ± 0.1 

3FCR-QM-R420A 68.6 ± 0.3 53.0 ± 0.2 50.3 ± 0.2 

3FCR-QM-R420W 70.2 ± 0.1 -* 46.8 ± 0.2 

 

 

 

 

Initial activity assay after incubation with IPA 
 

Stability experiments should performed by incubating chosen ATA with IPA and quantifying the residual 

activity by the Acetophenone assay. Pre-tests revealed a drastic influence of IPA on the apparent 

activity of the tested ATA, indicating a competitive effect of the two amine donors (PEA and IPA, Fig. 

S4). To ensure the usability of the Acetophenone assay in this experiment a solvent change was done 

after incubation with IPA and prior activity measuring via PD-10 columns® (Fig. S5). 
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Fig. S5. Initial activity measurement via the Acetophenone assay in presence or 
absence of IPA (~10-fold excess related to (S)-PEA). Exemplary Spo-TA was used. 
The formation of acetophenone was monitored at 245 nm. Reaction conditions: 
0.05 mg mL-1 purified enzyme, 1.25 mM (S)-PEA/pyruvate, 0.5% (v/v) DMSO, 
CHES pH 9 (50 mM), 10 mM IPA, 30 °C. Measurement were performed in 
triplicate.  

 

 

 

Fig. S6. Samples of Spo-TA with and without IPA (0.5 M final concentration) were 
subjected to a solvent change via the PD-columns® (according to the manual) and 
fractions of 0.5 mL were taken. Initial activity of each fraction was measured via the 
Acetophenone assay as described above and are given in volumetric activities. 
Incubation conditions: 1 mg mL-1 purified enzyme in CHES pH 9 (50 mM), IPA 
concentration as indicated. 

  

absence of IPA: 6.24 ± 0.1 U mg
-1

 

presence of IPA: 4.33 ± 0.2 U mg
-1
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&Cross-Coupling

Combination of the Suzuki–Miyaura Cross-Coupling Reaction with
Engineered Transaminases

Ayad W. H. Dawood,[a] Jonathan Bassut,[b] Rodrigo O. M. A. de Souza,[b] and
Uwe T. Bornscheuer*[a]

Abstract: The combination of enzymatic and chemical re-
action steps is one important area of research in organic

synthesis, preferentially as cascade reactions in one-pot to
improve total conversion and achieve high operational

stability. Here, the combination of the Suzuki–Miyaura re-
action is described to synthesize biaryl compounds fol-

lowed by a transamination reaction. Careful optimization
of the reaction conditions required for the chemo- and
biocatalysis reaction enabled an efficient two-step-one-

pot reaction yielding the final chiral amines with excellent
optical purity (>99 % ee) in up to 84 % total conversion.

Key to the success was the protein engineering of the
amine transaminases from Asperguillus fumigatus (4CHI-

TA) where single alanine mutations increased the conver-

sion up to 2.3-fold. Finally, the transfer to a continuous
flow system after immobilization of the best 4CHI-TA var-

iant is demonstrated.

In the last few decades enzymes played an increasing role as
catalysts in organic chemistry. The access to a large number of
compounds or intermediates in pharmaceutical and chemical
industries has been realized by the utilization of for example,
reductases, hydrolases, oxygenases, dehalogenases or transa-

minases.[1] Enzymatic routes are an environmentally benign al-
ternative to classical chemical synthesis strategies because of

their mild and less waste intensive operation conditions.[2] Nev-
ertheless, the application of enzymes in synthetic chemistry
suffers very often from limitations for example, in operational

stability, substrate scope and stereo- or regioselectivity which
of course hampers the industrial relevance of a biocatalyst.[3]

To address these limitations enzyme engineering became a
highly relevant field of organic chemistry and more recently to

combine also chemo- and biocatalysis in the form of cascades,
preferentially in one-pot-reactions.[4]

Transaminases (TA) are certainly one of the most versatile
and widely used biocatalysts for the production of chiral

amines which are important compounds or building blocks for

the pharmaceutical and agrochemical industry.[5] TAs catalyze
the transfer of an amine group from an amine donor to a

ketone or aldehyde acceptor, following a Ping–Pong Bi–Bi reac-
tion mechanism utilizing pyridoxal-5’-phosphate (PLP) as co-

factor. TAs are grouped into the fold types I and IV of PLP-de-
pendent enzymes which is at the same time the basis for the

classification of their stereoselectivity. The substrate recogni-

tion is ensured by two binding pockets: a small one, naturally
only able to accommodate a methyl or ethyl group and a

large one, with space for, for example, a phenyl or a carboxyl
moiety. Additionally they are divided into six subclasses, de-

pending on the natural substrate and the position of the trans-
ferred amine group and/or carboxyl moiety.[6] Amine transami-
nases (ATAs), a subgroup of w-TAs (class III transaminase

family), are of special interest for the chemo-enzymatic applica-
tion. ATAs tolerate substrates without a carboxyl moiety and

therefore a wide range of ketones and aldehydes. Hence, in
the last decade ATAs became very attractive targets for
enzyme engineering mainly with the aim to enlarge the small
binding pocket in order to allow the acceptance of sterically

more demanding substrates.[5, 7]

The Suzuki–Miyaura cross-coupling reaction has received in-
creasing attention over the last two decades mainly because
of the access to biaryl compounds and the introduction of
functional groups.[8–10] This type of transition-metal-dependent

reaction catalyzes the C@C-bond formation between halides
and boronic acids under transmetalation as key reaction step.

Originally the Suzuki–Miyaura reaction was performed in or-
ganic solvents and employed phosphine ligands to reduce the
metal catalyst to the active Pd0 species which often meant

that the Pd catalyst was water and air sensitive.[8, 11] Very inten-
sive research in this field generated a great number of reports

where the Suzuki–Miyaura reaction took place in phosphine-
free and water-solvent systems in order to address the de-
mands of green chemistry.[8, 10, 12–16] Especially the compatibility

of the Suzuki–Miyaura reaction with water was meaningful be-
cause water is one of the most attractive solvents in terms of

costs, availability, toxicity, safety and environmental protec-
tion.[8, 10, 13] One beneficial aspect for the field of biocatalysis is

certainly the “enzyme-compatibility” of water as “natural sol-
vent”. First successful one-pot-chemo-enzymatic approaches
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combining Suzuki–Miyaura reaction and enzymes included the

activity of an alcohol dehydrogenase,[17–19] whereby Burda et al.

and Borchert et al. gained the chiral biaryl-alcohol through
asymmetric synthesis with very good conversion and enantio-

meric excess values (91–97 %, >99 % ee).[18, 19] Furthermore,
Ahmad et al. produced bi-phenylalanine via the involvement

of a phenylalanine ammonia lyase prior to the cross-coupling
reaction.[20] Interestingly, France et al. included both, enzymatic

transamination via ATA013 and Suzuki–Miyaura reaction, to fa-

cilitate their route to dibenzazepines.[21] However, the latter
work contained intermediate purification steps and solvent

changes and therefore did not met our targeted reaction com-
patibility and the envisaged benefits of a one-pot reaction

setup.
Inspired from those works we considered the approach of a

compatible combination of a cross-coupling reaction with a

transamination reaction as evident.
Thus, we present a successful two-step-one-pot-reaction in-

cluding a ligand-free, palladium-catalyzed Suzuki–Miyaura
cross-coupling combined with an engineered ATA activity to

obtain chiral biaryl amines.
Reports of phosphine-free palladium-catalyzed Suzuki–

Miyaura reactions usually contained the replacement of the

original ligand with other stabilizing additives or activating
supports, such as palladium on carbon (Pd/C)[22] or mesopo-

rous silica,[23] ethylene glycol or EDTA.[14, 15, 24] Also water-soluble
ligands on phosphine basis were presented (see ref. [18, 25]).

Interestingly, we found several works which showed a simpli-
fied ligand-free application of the Suzuki–Miyaura reaction in

N,N-dimethylformamide (DMF)/water mixtures and/or in the
presence of an inorganic base.[12, 16, 22, 26] Liu et al. underlined the
robustness of their method for the fast reaction of aryl bro-

mides with arylboronic acids at ambient temperature and in
the presence of water and air.[16] DMF/water mixtures were a

good starting point for our claim of ATAs compatibility. Recent-
ly, we reported the successful production of chiral halogenated

amines in DMF/water mixtures using the ATA from Aspergillus

fumigatus (4CHI-TA) and Silicibacter pomeroyi.[27] We chose four
biphenyl model compounds which cover several aspects re-

garding position and substitution of the biphenyl moiety as
well as the presence of heterocycles (Scheme 1). Starting with

the aryl bromides 5-bromo-3-acetyl-pyridine (1 a) as well as 4’-
bromoacetophenone (3 a) and (fluoro-substituted) arylboronic

acids we were able to synthesize the desired biphenyl ketones

1 b–4 b with very good conversion according to the mentioned

method from Liu et al. using sodium carbonate[14, 19, 28] as acti-
vating base and using free PdCl2 as catalyst (Table S1, Fig-

ure S2, Supporting Information). However, after attempts to
convert 3 a to 3 b failed in the presence of buffer traces and

PLP, we considered the part of the cross-coupling reaction as a
determining factor in our setup (Table S2). Simultaneously, we

examined the ATA reaction part in terms of reaction conditions

(presence or absence of reactants or reagents of the Suzuki–
Miyaura reaction) and acceptance of sterically demanding bi-

phenyl ketones. We tested the ATAs mentioned above with 4-
acetyl-biphenyl (3 b) and 1-(1,1’-biphen-4-yl)-ethanamine (3 c)

and indeed 4CHI-TA turned out as interesting candidate with
good starting activity (Table 1). Moreover, the activity of 4CHI-

TA revealed as quite robust in the presence of DMF, sodium

carbonate, PdCl2 and even in the absence of buffer reagents
(Figure S5 and S6, Supporting Information). So, we decided to

Scheme 1. Starting from aryl halides chiral biaryl amines could be obtained by the sequential order of Suzuki–Miyaura and ATA reaction. The crude Suzuki–
Miyaura reaction product was diluted with an ATA/IPA/PLP-containing solution achieving the final conditions for the ATA reaction. Molar equivalents were
given in relation to 1 a and 3 a.

Table 1. Comparison of 4CHI-TA variants in the synthesis of biphenyl
amines 1 c–4 c with isopropylamine (IPA) as amine donor. The ATA reac-
tion was initiated after the Suzuki–Miyaura cross-coupling reaction by
adding of ATA crude lysate and IPA/PLP-containing reaction solution
(Scheme 1).

ATA/ variant Substrate conversion [%][a]

1 b 2 b 3 b 4 b

4CHI-wt 38.5:3.8 39.7:4.2 38.9:1.6 27.2:2.4
4CHI-H53A 45.6:3.2 48.6:3.1 21.6:2.7 27.1:2.5
4CHI-F113A 72.5:1.0 75.0:2.6 19.2:2.9 18.4:2.5
4CHI-R126A 37.6:2.7 18.2:2.8 46.8:3.1 35.7:2.8
4CHI-I146A 87.5:1.4 79.1:3.7 23.6:3.4 14.8:2.0
4CHI-F113A-I146A 83.8:4.2 79.8:3.5 17.4:3.2 17.4:4.2

[a] Assay conditions for the asymmetric synthesis (final concentrations):
1 mm ketone (1 b–4 b), 0.75 m IPA, 30 % (v/v) DMF, HEPES/Na2CO3 buffer
(27 mm) pH 10, 0.1 mm PLP, 30 8C, 0.37–6.79 U mL@1 of ATA (crude cell
lysate with overexpressed ATA, given activities refer to (R)-PEA as amine
donor and pentanal as amine acceptor). Because of fluctuations in activity
in the acetophenone assay obtained after mutagenesis, the expression
level was also checked via SDS-PAGE (Figure S1, Supporting Information).
Samples were taken in triplicate from three parallel reactions. Conversion
was determined after 20 h via gas chromatography (GC) with 2-iodoace-
tophenone as internal standard for the quantification of ATA-substrate
consumption (1 b–4 b). Corresponding amines were identified via GC/MS.
Retention times for all compounds are given in Table S3 and enantiomer-
ic excess values for 3 c in Table S5.
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design our reaction setup accordingly, namely to start with the
Suzuki–Miyaura cross-coupling reaction to produce the bi-

phenyl ketones 1 b–4 b and perform the transamination reac-
tion subsequently by addition of a solution containing the

amine donor, PLP and 4CHI-TA (Scheme 1, Table 1). We used
isopropylamine (IPA) as amine donor, because it is certainly

one of the most favored amine donors for asymmetric synthe-
ses since it is cheap, achiral (the enantioselectivity of the used

ATA has not to be considered) and a co-product removal is not

critical in contrast to the usage of alanine. 4CHI-TA wild type
showed indeed quite well starting activity for all investigated

biphenyl ketones 1 b–4 b but conversion did not exceed 40 %
in any case.

We performed in silico studies to identify possible amino
acid residues around the active site of 4CHI-TA which might
hamper the acceptance of bulky biphenyls. Molecular docking

studies indicated in total four amino acid residues in the large
binding pocket (or at the interface between the large and the

small one) of 4CHI-TA which possibly cause interferences with
the substrates: H53, F113, R126 and I146 (according to the
PDB numbering, see Figure S7). Alanine variants were pro-
duced via the QuikChange protocol to generate more space at

the respective position in the active site. The application of the

4CHI variants in the asymmetric synthesis of amines 1 c–4 c
showed in fact a remarkable effect of mutations F113A and

I146A for the conversion of compounds 1 b and 2 b. For both
substrates high conversion values of 72–75 % with 4CHI-F113A

as well as 79–87.5 % with 4CHI-I146A could be reached keep-
ing in mind that a single alanine mutation was sufficient in

both cases to double total conversion. The “flipping arginine”

in 4CHI, R126[29] obviously plays a slight detrimental role for
the acceptance of 3 b and 4 b but the exchange to alanine did

not achieve the desired impact.
In fact, this highly conserved residue is supposed to be very

flexible because it is known to facilitate the dual substrate rec-
ognition of transaminases by salt bridge formation to the car-

boxylate function of respective substrates. On the other hand

it has to “flip out” when hydrophobic substrates need to be
coordinated.[6, 30] So, by a simple replacement of this residue

sustainable effects on the activity towards bulky substrates are
probably not expectable. In contrast to the in silico indication

the mutation of H53 had a rather detrimental effect on the
synthesis of 3 c and 4 c and only a slight improving effect on

substrates 1 b and 2 b. In response to the results shown in
Table 1 a double mutant of 4CHI-TA containing the mutations
F113A and I146A was produced in the hope to further increase

the conversion, but no significant difference in conversion
could be detected in comparison to each single mutant

(Table 1). The excellent stereoselectivity of 4CHI-TA wild type
and the variants was confirmed for amine 3 c, whereby in any

case an enantiomeric excess of >99 % ee was reached
(Table S5, Supporting Information). This was indeed not unex-
pected because the small binding pocket was not changed

and additionally the demand on the large binding pocket was
even increased by substrates 1 b–4 b. Therefore, changes in

enantioselectivity were indeed considered unlikely.

Having improved biocatalysts and a compatible reaction
system for the combination of the Suzuki–Miyaura coupling

and the ATA reaction established, we next transferred this to a
continuous flow system as exemplified for the production of

1 c. A large variety of flow systems were already reported in
the field of biocatalysis in general, but also for the production

of biaryl compounds via the Suzuki–Miyaura reaction since
continuous reaction systems have several advantages in terms

of economic aspects for example, the increase of the space–

time–yield, lowering of reaction times and decreased waste
production.[31] Another aspect is the possible compartmentali-
zation of several sub-reactions. For such processes, efficient im-
mobilization of the enzyme becomes significant. Several re-

ports dealt with the successful immobilization of ATAs using
different supports (e.g. , chitosan,[32] functionalized cellulose,[33]

polystyrene[34] or methacrylate beads[35] as well as concepts for

the co-immobilization of the cofactor PLP.[35, 36] For our example
here, the immobilization via metal affinity resins[37] was choos-

en because this is a convenient method for the immobilization
of recombinant proteins without pre-treatment or activating of

supports with for example, cross-linking agents. At the same
time, it allows a more specific loading with the recombinant

target protein. We decided to use EziGTM carriers[38] and ran ini-

tial experiments regarding efficiency, selectivity and stability of
the 4CHI-TA-immobilisates: 10 U g@1 support were reached and

no enzyme leaching was found in the presence of 30 % DMF
(Figure S8 and S9, Supporting Information). The reaction setup

for the continuous flow experiment is shown in Scheme 2. The
two reaction solutions—first, the crude Suzuki–Miyaura reac-

tion mixture producing 1 b and second an IPA/PLP-containing

solution—were pumped synchronically through a column with
the immobilized variant 4CHI-I146 resulting in a total conver-

sion of 43 % from 1 a to 1 c representing a proof-of principle
study.

Herein, we presented the access to chiral biaryl amines via
the combination of the Suzuki–Miyaura cross-coupling with a

transaminase-catalyzed reaction under ligand-free and mild

conditions. Major achievements were the excellent compatibili-
ty of chemo- and biocatalysis to achieve the cross-coupling re-

action in the presence of oxygen and DMF-water mixtures
while maintaining high robustness of the 4CHI-TA in the pres-

ence of reagents required for the Suzuki–Miyaura reaction. Fur-
thermore, the starting activity of the (R)-selective 4CHI-TA to-
wards biaryl ketones could be increased up to 2.3-fold (sub-

strate 1 b and 4CHI-I146A) by simple alanine mutations of four
amino acid residues around the active site as derived from in

silico studies. This complements a recent example for the engi-
neering of the (S)-selective ATA from Vibrio fluvialis to accept
biphenyl ketone substrates.[39] Our concept to use the biaryl
cross-coupling products directly for the transamination reac-

tion represents certainly a great advantage as amine group

protection strategies could be avoided (free amines are known
as Pd-chelating functional groups). Additionally, a Suzuki–

Miyaura reaction with N-protected educts is known to be less
effective.[13] In addition, we provided a proof-of-concept for a

transfer of the system to continuous flow conditions.
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Experimental Section 

All chemicals and kits were purchased either from Sigma Aldrich (Darmstadt, Germany) or Acros/Thermo Fisher 
Scientific (Waltham, USA) in analytical grade unless stated otherwise. 

Suzuki-Miyaura-cross coupling reaction 
2 mM (final concentration) of starting material 1a and 3a as well as 1.5 eq. of phenyl boronic acid or the fluorinated 
derivative, respectively were dissolved in DMF. Distilled water containing 3 eq. of Na2CO3 were added leading to a 
final DMF concentration of 50%. The reaction was started by adding of 0.1 eq. PdCl2 stored in DMF. Negative 
controls were performed by adding DMF instead of PdCl2. The reaction vessels were incubated at 30 °C for 2 h under 
agitation. The reaction monitoring was done via gas chromatography (GC). The crude reaction mixture was 
immediately used for biotransformation reactions after incubation.  

Enzyme expression, cell lysis and protein purification 
The gene encoding the ATA from Aspergillus fumigatus Af293 was cloned in a pET22b vector. The protein 
expression was done in Terrific Broth (TB) media with 100 µg mL-1 ampicillin at 160 rpm and 20°C. After the optical 
density at 600 nm (OD600) reached 0.5–0.7, expression was induced by adding 0.2 mM isopropyl β -D-1-
thiogalactopyranoside (final concentration). After 18 h the cultures were centrifuged (4,000 x g, 15 min, 4 °C) and 
washed with lysis buffer (HEPES (50 mM pH 7.5), 0.1 mM PLP, 300 mM sodium chloride). Cell disruption was 
performed via sonication using the Bandelin Sonoplus HD 2070 (8 min, 50% pulsed cycle, 50% power) on ice 
followed by centrifugation in order to remove cell debris (12,000 x g, 45 min, 4 °C, Sorvall centrifuge). The 
supernatant containing the crude ATA was stored at 4 °C until use. 

Determination of transaminase activity  
The characterization of the ATA was done via the initial activity assay (acetophenone assay) according to Schätzle et 
al.[1] with slight modifications. In the reaction solution the concentrations of the amine donor ((R)-1-PEA) and the 
acceptor pyruvate or pentanal was set to 2 mM in 2–7% (v/v) DMSO. Briefly, 10 µL of a pre-diluted ATA solution was 
mixed with the respective buffer (CHES buffer or the respective reaction medium as indicated) and the reaction was 
initiated by the addition of the 4-fold concentrated stock of the reaction solution. The formation of acetophenone was 
quantified at 245 nm using the Tecan Infinite M200 Pro (Crailsheim, Germany) at 30 °C. One unit (U) of ATA activity 
was defined as the formation of 1 µ mol of acetophenone per minute (ε= 12 M-1cm-1). All measurements were 
performed in triplicate. 

Asymmetric synthesis of amines 1c – 4c 
Biotransformations were performed in 0.25 mL scale using 1.5 mL glass vials at 30 °C and 950 rpm shaking. The 
reaction mixtures contained 100 µL of the crude Suzuki-Miyaura reaction product (1 mM final concentration of the 
biphenyl ketone), 30% DMF (final concentration) as co-solvent, 0.75 M IPA (from a 4 M IPA-HCl stock solution, pH 7 
in HEPES) and Na2CO3 solution. The residual concentration of PdCl2 was approx. 70 µM. The final pH was checked 
(pH 8). Additionally, control experiments with the crude lysate of an empty vector expression instead of enzyme were 
performed. After 20 h incubation, the reaction was quenched by adding 3 M NaOH (resulting in pH ≥12). Samples for 
GC analysis were taken immediately after quenching.  

GC analysis  
Samples of the Suzuki-Miyaura cross-coupling reaction (50 µL) were quenched with 5 µL HCl solution (6 M) and 
saturated with sodium chloride. Samples were considered as saturated when a pellet was formed. Extraction was 
performed with 200 µ L methyl tert-butyl ether containing 0.5 mM 2’-iodoacetophenone as internal standard for 
quantification. The organic layers were dried over anhydrous MgSO4 and analyzed immediately using the Hydrodex-
ß-TBDAc column (Macherey & Nagel). Biotransformation samples of 100 µL were quenched with 25 µL of NaOH 
solution (3 M) and saturated with sodium chloride. Extraction was performed with 200 µL of methyl tert-butyl ether 
containing the mentioned internal standard. The organic layers were dried over anhydrous MgSO4 and derivatized 
with N-methyl-bis-trifluoroacetamide (MBTFA) by adding 10 µL of the commercial stock solution to 100 µL of organic 
layer and incubation at 60 °C for 30 min. Afterwards, the samples were analyzed immediately using the mentioned 
column. For the analysis of the Suzuki-Miyaura cross-coupling reaction the following temperature profile was used: 
initial temperature 80 °C, kept for 10 min, linear gradient to 160 °C with a slope of 4 °C min-1, linear gradient to 
220 °C with a slope of 20 °C min-1, kept for 5 min. For the analysis of biotransformation samples the following 
temperature profile was established: initial temperature 150 °C, kept for 5 min, linear gradient to 220 °C with a slope 
of 10 °C min-1, kept for 18 min. For retention times see Table S3. Conversion values were determined by 
quantification of ketone educt / substrate consumption via calculation of the response factor. Each sample included 
the mentioned internal standard and was set in relation to ATA-free or catalyst-free control experiments. The chiral 
GC analysis of amine 3c was performed with the same column with the following temperature profile: initial 
temperature 150 °C, kept for 5 min, linear gradient to 190 °C with a slope of 5 °C min-1, kept for 25 min, linear 
gradient to 195 °C with a slope of 1 °C min-1, linear gradient to 220 °C with a slope of 20 °C min-1, kept for 5 min. 
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Bioinformatic analyses  
Molecular docking studies were performed using YASARA Structure (v.17.1.28).[2] The quinoid intermediate (the 
reactive intermediate in the ATA reaction) consisting of PLP and 1b/3b was modelled by a combination of 
ChemDraw® (v.11) and YASARA followed by energy minimization. Prior to the docking experiments a refinement of 
the lowest energy ligand conformation and the crystal structure 4CHI from the PDB database was performed with the 
built in macro (YAMBER3 force field at 298 K for 500 ps, standard settings). The applied docking method was the 
implemented AutoDock VINA algorithm with standard settings, which means 100 runs in total and subsequent 
clustering to give distinct complex conformations. The output was evaluated visually by superposing the docked 
ligand-receptor complex with the refined, PLP containing crystal structure and checking the coverage of the pyridine 
ring of the PLP. Usually the best conformation revealed by this way was one of those with the highest binding energy 
and lowest dissociation constant according to the docking experiment log file. All illustrations were made with Pymol 
(v.1.7) 

Production of 4CHI variants via QuikChange mutagenesis 
Variants of 4CHI-TA were produced using a modified version of the QuikChange PCR method. Primers were 
designed with the desired mismatches to provide the desired mutations. For each PCR, Pfu buffer, 0.2 mM dNTPs, 
0.2 ng µL −1 parental plasmid, 0.5 µM of each primer and 0.4 µL of Pfu Plus! DNA polymerase were applied. The 
amplification was performed as follows: (a) 94 °C, 2 min; (b) 19 cycles: 95 °C, 30 s; 63 °C, 30 s; 72 °C, 7 min (c) 
72 °C, 10 min. The PCR product was digested with DpnI (40 µL mL−1) for 2 h at 37 °C and the restriction enzyme was 
inactivated by incubation at 80 °C for 20 min. Chemo-competent Top10 E. coli cells were transformed with the PCR 
product after verification of an amplification product via agarose gel electrophoresis. The plasmids were isolated from 
Top10 and the correct sequence was confirmed. Afterwards chemo-competent E. coli BL21 (DE3) cells were 
transformed for protein expression as described above. 

ATA immobilization procedure  
Commercially available EziGTM carriers were pre-treated with HEPES buffer (50 mM, pH 7.5) containing 0.1 mM PLP 
and 300 mM sodium chloride at room temperature for 1 h. After careful removal of buffer the crude lysate containing 
the overexpressed 4CHI-TA variant was added and incubated for 1 h at 4 °C under agitation. After enzyme 
immobilization the supernatant was discarded. To remove unspecific bounded protein the immobilisate was washed 
via sequential adding and removal of HEPES buffer containing PLP and sodium chloride. Finally the immobilisate 
was centrifuged in order to reduce the residual amount of buffer.  

Continuous flow reaction  
The continuous flow reaction setup was designed as follows: The Suzuki-Miyaura cross-coupling reaction was 
performed initially as described above. The crude reaction product (the biphenyl ketone 1b) was pumped 
simultaneously with an IPA (from a 4 M IPA-HCL-HEPES stock solution) and PLP containing solution into a packed 
bed reactor (column volume 0.3 mL) filled with immobilized 4CHI-I146A. The flow rate was set to 0.1 mL h-1 resulting 
in a residence time of 3.5 h. Samples were withdrawn after 1.5 column volumes (0.45 mL) and extracted as well as 
analyzed as described.  

SDS-PAGE analysis  
Analysis of protein samples was carried out by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) with 4% stacking gel and 12.5% resolving gel containing 2,2,2-tri-chloro-ethanol as staining agent. Samples 
were mixed with 4-fold stock of SDS sample buffer and were denaturated by incubation at 95 °C for 10 min. 
Unstained protein molecular weight marker (Thermo Scientific, Waltham, MA, USA) was used as reference. Protein 
staining was done via irradiation with UV light to trigger the fluorescence detection of proteins. 
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Suzuki-Miyaura-cross coupling reaction of model compounds 
 
Table S1. Synthesis of biphenyl ketones 1b – 4b (see Scheme 1, main article) via Suzuki-Miyaura cross-coupling 
reaction. Reaction conditions: 2 mM (final concentration) of starting material 1a or 3a, 1.5 eq. of (fluoro-) phenyl 
boronic acid, 3 eq. of Na2CO3, 50% DMF, 30 °C, 2h. The reaction was started by adding of 0.1 eq. PdCl2. The 
conversion was determined via gas chromatography (GC) analysis. 
 

 

 

 

 

 

 

 

 

 

 

 

Table S2. Investigation of disturbing effects of HEPES/CHES buffer and pyridoxal-5’-phosphate (PLP) in the Suzuki-
Miyaura reaction to 4-Acetyl-biphenyl 3b. For reaction conditions see Table S1. * n.d.: not detectable. 

 

 

 

 

 

 

 

  

Product Ar-Br R-Ar-B(OH)2 Conversion 
[%] 

1b 

  

99 

2b 

  

80 

3b 

  

99 

4b 

  

99 

Disturbing factor / 

concentration [mM] 

Conversion of 

3a to 3b [%] 

HEPES / 50 n.d.* 

HEPES / 25 n.d. 

HEPES / 12.5 n.d. 
CHES / 25 n.d. 

CHES / 12.5 n.d. 
PLP / 0.05 25 
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SDS-PAGE of 4CHI-TA variants 

 

Fig. S1. Samples of overexpressed 4CHI-TA wild type and variants were normalized on the basis of OD600. The 
soluble fractions after cell lysis were analyzed via SDS-PAGE. The expression level was compared with the wild type 
expression. The line without annotation contained the molecular weight marker.   

 

Retention times and chromatograms 
	

 

Fig. S2. The determination of conversion in the Suzuki-Miyaura reaction was done via GCMS analysis by calculation 
of educt consumption. The retention time of both educts 1a and 2a (29.2 min) refer to the following temperature 
profile: initial temperature 80 °C, kept for 10 min, linear gradient to 160 °C with a slope of 4 °C min-1, linear gradient to 
220 °C with a slope of 20 °C min-1, kept for 5 min. The GC column Hydrodex-ß-TBDAc (25 m) from Macherey & 
Nagel was used. 

  

IST 
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Table S3. Overview of retention times for the biphenyl compounds (ketones and corresponding amines) of the 
transaminase reaction. Retention times were revealed by GC analysis (for the amines after MBTFA derivatization) 
and refer to the following temperature profile: initial temperature 150 °C, kept for 5 min, linear gradient to 220 °C with 
a slope of 10 °C min-1, kept for 18 min. The GC column Hydrodex-ß-TBDAc (25 m) from Macherey & Nagel was 
used. 

Compound / 
Entry 

Retention time [min] 

 Biphenyl ketone (b) Amine product (c) 

1b/c 14.3 23.1 

2b/c 14.8 23.6 

3b/c 13.5 17.1 

4b/c 13.8 17.5 
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Fig. S3. GC chromatograms and MS spectra of the commercial product standard of 3c after derivatization with 
MBTFA. Table S4 shows the expected and given m/z. 

	

	

Table S4. MS analysis of product standard 3c. 
 

Calculated m/z Measured m/z 

140 139 
155 155 
181 180 
216 216 
224 224 
278 278 
293 293 
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Fig. S4. Chiral GC analysis of the commercial product standard of 3c after derivatization with MBTFA. The following 
temperature profile was used: initial temperature 150 °C, kept for 5 min, linear gradient to 190 °C with a slope of  
5 °C min-1, kept for 25 min, linear gradient to 195 °C with a slope of 1 °C min-1, linear gradient to 220 °C with a slope 
of 20 °C min-1, kept for 5 min. 

 

Chiral GC analysis  
 

Table S5. Chiral GC analysis of amine product 3c after biotransformation reaction with 4CHI-TA wild type and 4CHI 
variants. For the GC temperature profile see Fig. S4. 

4CHI-TA (variant) eeP [%] 

4CHI wild type >99 
4CHI-H53 >99 
4CHI-F112 >99 
4CHI-R126A >99 
4CHI-I146A >99 
4CHI-H53A-R126A >99 
4CHI-F112A-I146A >99 

	

Activity of 4CHI-TA under Suzuki-Miyaura reaction conditions 
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Fig. S5. Crude lysate with overexpressed 4CHI-TA wild type was tested under different reaction conditions or in 
presence of PdCl2, respectively. Volumetric activity (U mL-1) values were determined via the initial activity assay 
(acetophenone assay).[1] Reaction conditions were: 2 mM (R)-1-phenylethylamine, 2 mM pyruvate, 2% DMSO 
dissolved in 1 distilled water (A. dest.) and CHES (50 mM pH 9), 2 A. dest. and CHES (50 mM pH 10), 3 pure A. dest. 
(pH 7.4), 4 A. dest.-NaOH (pH 10), 5 6 mM Na2CO3 in A. dest. (pH 10), 6 CHES (50 mM pH 9) and 125 µM PdCl2, 7 
CHES (50 mM pH 9) and 62.5 µM PdCl2. Measurements were performed in triplicate.  
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Fig. S6. Samples of crude lysate with overexpressed 4CHI-TA wild type (initial activity 6.5 U mL-1) were incubated 
with different concentrations of DMF at 30 °C for 20 h. Samples were withdrawn, centrifuged and pre-diluted 1:20. 
Volumetric activity after incubation was determined via the initial activity assay (acetophenone assay). Reaction 
conditions were: 2 mM (R)-1-phenylethylamine, 2 mM pyruvate, 2% DMSO, CHES (50 mM pH 9). Controls with 
untreated crude lysate were performed in presence of 0.125% DMF – the highest possible residual concentration 
from the 50% DMF-incubation – revealing no drastic negative effect on ATA activity (95% residual activity in presence 
of 0.125% DMF). All measurements were performed in triplicate.  

	

Molecular docking experiments 
	

	

Fig. S7. Output of the molecular docking experiments using the Software Yasara Structure[2] and the crystal structure 
of the ATA from Asperguillus fumigatus (4CHI-TA, PDB-ID: 4CHI).[3] The quinoid intermediate (the key intermediate 
of the transamination reaction) of substrate 1b (A) and 3b (B) were built and docked via the built-in macro of Yasara 
Structure. The best and most plausible ligand-receptor complex was evaluated via an alignment with the crystal 
structure 4CHI and coverage of the containing PMP/PLP molecule. The Van-der-Waals surfaces of those amino acid 
residues with a distance of < 5 Å around the ligand (especially around the biphenyl moiety) were visualized and 
considered as possible interfering: H53, F113, R126 and I146 (according to the PDB numbering, given in red).  

	 	

A          B 
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Immobilization of 4CHI-TA 
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Fig. S8. Evaluation of the immobilization of 4CHI-TA on EziGTM carrier 2 and 3 (each number refers to respective 
carrier in the commercially available kit). A The residual activity in the supernatant after immobilization was 
determined via the initial activity assay (acetophenone assay) with pyruvate as amine acceptor (see method section 
for reaction conditions). The blank experiment contained crude lysate with overexpressed 4CHI-TA incubated under 
immobilization conditions but w/o carrier. B Amounts of U g-1 (wet) carrier determined via the modified acetophenone 
assay according to Ref [4]. 

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Fig. S9. Enzyme leaching test with immobilisates of 4CHI-TA on EziGTM carrier. 50 mg of freshly prepared 
immobilisates were incubated at different temperatures and final concentrations of DMF/HEPES buffer in a volume of 
0.5 mL. After incubation the supernatant was analyzed via SDS-PAGE. A sample was treated with EDTA (50 mM 
final concentration in HEPES buffer, 50 mM, pH 7.5) to visualize the specificity of the immobilization. 4CHI-TA is 
indicated with an arrow. 
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fficient matrix for lipase and
transaminase immobilization†

Stefânia P. de Souza,a Ivaldo I. Junior,b Guilherme M. A. Silva,a Leandro S. M. Miranda,a

Marcelo F. Santiago,c Frank Leung-Yuk Lam,d Ayad Dawood,e Uwe T. Bornscheuer*e

and Rodrigo O. M. A. de Souza*a

Immobilization of enzymes is important to improve their stability and to facilitate their recyclability, aiming

to make biocatalytic processes more efficient. One of the important aspects is the utilization of cheap,

abundant, and environmentally friendly carriers for enzyme immobilization. Here we report the use of

functionalized cellulose for lipase and transaminase immobilization. High immobilization efficiencies (up

to 90%) could be achieved for the transaminase from Vibrio fluvialis. For immobilized lipase CAL-B as

well as the transaminase, good conversions and recyclability could be demonstrated in kinetic

resolutions to afford chiral alcohols or amines. Moreover, such application of the immobilized

transaminase enabled very high conversions in a continuous-flow process in the asymmetric synthesis of

(S)-phenylethylamine (80% conversion, >99% ee).
Introduction

As already pointed out by Sheldon & van Pelt,1 enzymes are
Nature's sustainable catalysts. This statement is based on the
mild conditions required for performing the requested trans-
formation in addition to biocompatibility and biodegradability
characteristics.2 Producing large quantities of an efficient and
stable biocatalyst is still an important challenge even with
advances in the 90s in biotechnology and protein engineering
which have provided researchers with better tools for the
discovery and improvement of enzymes by means of genetic
manipulations.3

The commercial large scale application of enzymes is not
hampered by a lack of immobilization protocols, since it is easy
to nd different methods for enzyme immobilization in the
literature,4–11 but rather because most of them use expensive
carrier materials with prices being prohibitive for large-scale
operations. Hence, nding a cheap and readily available
support for enzyme immobilizations is crucial for the develop-
ment of new immobilized biocatalysts. Cellulose is the most
Chemistry Institute, Federal University of
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neiro, Rio de Janeiro, Brazil

o (IBCCF), Federal University of Rio de

Engineering, The Hong Kong University of
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tion (ESI) available. See DOI:

hemistry 2016
abundant biopolymer consisting of a linear polysaccharide
chain composed of D-glucose units linked by b(1/ 4) glycosidic
bonds, fully decorated with hydroxyl groups. Since the discovery
of cellulose in 1839 by Anselme Payen, this natural biopolymer
has been used for many different applications ranging from
thermoplastic polymers to cellulose nanobers.12–15

The use of cellulose as a matrix for enzyme immobilization
dates from the beginning of the seventies when Kennedy and
co-workers have modied cellulose for chymotrypsin A immo-
bilization.16–18 A few years later lipases were also immobilized on
cellulose by different methods and successfully used for
hydrolytic and esterication reaction.19 As a cheap and abun-
dant biopolymer, cellulose occurs as a very interesting matrix
for enzyme immobilization representing an affordable immo-
bilized biocatalyst for large-scale operations.

In continuation of our efforts on the development of carriers
and protocols for enzyme immobilization,20–26 herein we report
the functionalization of cellulose followed by enzyme immobi-
lization (exemplied for lipase and transaminase) via covalent
bonds and its application in the production of chiral alcohols
and amines.
Materials and methods
Materials

Cellulose, 3-aminopropyltriethoxysilane (APTES), (3-glycidylox-
ypropyl)trimethoxysilane (GLYMO) and glutaraldehyde were
purchased from Sigma-Aldrich. Immobilized Candida antarctica
lipase B (Novozyme 435, NZ435 – 30 mg g�1 of support) was
purchased from Novozymes as well as free Candida antarctica
lipase B on phosphate buffer (Cal-B, 5.7 mg mL�1). GDH-105
RSC Adv., 2016, 6, 6665–6671 | 6665
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(Lot# D12010) and LDH-101 (Lot# A10036) was purchased from
Codexis Inc (Redwood City, CA). All other materials were at least
reagent-grade.
Preparation of APTES functionalized cellulose

(3-Aminopropyl)trimethoxysilane, APTES (5 mL) and tetrahy-
drofuran (50 mL) were mixed and 500 mg of cellulose were
added. This mixture was stirred at room temperature for 3 h.
Then the solvent was evaporated and 10 mL phosphate buffer
pH 7 (50 mM) was added to the product, followed by 2 mL
glutaraldehyde. This mixture was stirred at room temperature
for 24 h. The product was ltered and washed repeatedly with
distilled water to eliminate unreacted residues.
Preparation of Glymo functionalized cellulose

(3-Glycidyloxypropyl)trimethoxysilane, GLYMO (5 mL) and
tetrahydrofuran (50 mL) were mixed and 500 mg cellulose were
added. This mixture was stirred at room temperature for 5 h.
Then the solvent was evaporated and the product was ltered
and washed repeatedly with distilled water to eliminate
unreacted residues.
Vibrius uvialis transaminase production

Overnight cultures of V-TA-WT (in pET24b vector with kana-
mycin resistance) were used for inoculation of 150mL TBmedia
containing 50 mg mL�1 kanamycin. When OD600 of 0.6 was
reached IPTG was added for induction in a nal concentration
of 0.2 mM. The expression occurs at 20 �C for 18–20 h. The
harvesting of cells was performed at 4000 � g for 15 min and 4
�C. French Press at 1700 psi was used for cell disruption aer re-
suspension in 50 mM NaPP pH 7.5, 0.1 mM PLP and 300 mM
NaCl. The subsequent centrifugation step was done at 37 000 �
g for 1 h and 4 �C. The crude lysate was ltered with a 0.2 mm
lter and stored at 4 �C.
Immobilization conditions

The support (functionalized cellulose) was subjected to the
following immobilization process:

Lipase immobilization protocol: 2 mL lipase B from Candida
antarctica enzyme solution (5.7 mg mL�1) was dissolved in 10
mL 0.025 mM phosphate buffer pH 7.0 and added to support (2
g). The mixture was stirred for 24 h at 40 �C using a ask shaker
or thermomixer, before being ltered and dried under vacuum
followed by drying over night at ambient temperature. Immo-
bilization efficiency was evaluated by the difference between
initial amount of units added and that in the supernatant aer
ltration of the immobilized enzyme.

Transaminase immobilization protocol: 5 mL Vibrius uvia-
lis transaminase solution (8.8 mg mL�1) was dissolved in 30 mL
50 mM phosphate buffer pH 7.5 and added to the support (1 g).
The mixture was stirred for 24 h at 30 �C using a ask shaker or
thermomixer, before being ltered and dried under vacuum
followed by drying over night at ambient temperature. Immo-
bilization efficiency was evaluated by the difference between the
6666 | RSC Adv., 2016, 6, 6665–6671
initial amount of units added and that in the supernatant aer
ltration of the immobilized enzyme.

Esterication reactions

The immobilized lipase (10 mg of support in 1 mL reaction
media) was evaluated in an esterication reaction between oleic
acid and ethanol (1 : 1, 100 mM in n-heptane) at different
temperatures. The reactions were performed in cryotubes at 200
rpm agitation on a shaker. Samples (10 mL) were collected aer
1 h. For calculation of the initial reaction velocity, the reaction
times were varied from 5, 10, 15, 20, and 30 min. For thermal
stability, the reaction was investigated at 50–70 �C. Quantica-
tion of esters formed was performed by GC-MS analysis.

Kinetic resolution using immobilized lipase

Rac-1-Phenylethanol (1 mmol, 122 mg), vinyl acetate (1 mol per
eq.) as acyl donor, and 18 mg (15% w/w) of the corresponding
immobilized enzyme were reacted in cyclohexane (3 mL) for 2, 4
and 5 h at 60 �C. Enantiomeric excess values (ee) were deter-
mined by chiral GC analysis (chiral column Betadex-325, for
details as shown in the section of “GC analysis”).

Discontinuous acetophenone assay

For immobilized transaminases a 24 deep-well plate was heated
in a thermomixer to 30 �C. A total of 50 mg wet immobilized
transaminase was used for each measurement. The reaction
was started by adding 5 mL of pre-warmed reaction solution
(HEPES buffer 50 mM, pH 7.5, 2.5 mM (�)-a-phenylethylamine
((�)-a-PEA), 5 mM pyruvate, and 0.5% DMSO). Then, 200 mL
samples were taken and the absorbance was measured at 245
nm. The slope was determined and conversions calculated.27

Asymmetric synthesis using immobilized transaminase

Asymmetric synthesis of (S)-phenylethylamine was performed
using the GDH/LDH system for shiing the equilibrium and
cofactor recycling.28,29 Reactions were performed in a 5 mL
mixture using 50 mM HEPES buffer (pH 7.5), 10 mM aceto-
phenone, 250 mM alanine, 10% DMSO, LDH-GDH (88 U mL�1

and 15 UmL�1, respectively), 1 mMNADH and 150mM glucose,
at 30 �C. For batch experiments, 100 mg immobilized enzyme
was used in a total reaction volume of 5 mL on a thermomixer at
800 rpm. The starting mixture was stirred for 5 min while the
instrument Asia Flow Reactor was equipped with Omnit (6.6
mm � 10 mm with 0.3421 cm2 base and height 10 cm column)
containing 2 g of the immobilized catalysts. The reaction solu-
tion was pumped using an Asia syringe pump at different ow
rates in order to achieve the desired residence time. Samples
were collected and analysed by HPLC.32

GC analysis

All GC-MS measurements were carried out in duplicate using
a DB 5 (Agilent, J&W Scientic®, USA) capillary column (30 m �
0.25 mm � 0.25 mm). The GC-MS samples were prepared by
dissolving 10 mL of the sample in 98 mL of heptane and 10 mL of
MSTFA (N-methyl-N-(trimethylsilyl) triuoroacetamide). 1 mL of
This journal is © The Royal Society of Chemistry 2016

http://dx.doi.org/10.1039/c5ra24976g


Paper RSC Advances

Pu
bl

is
he

d 
on

 1
7 

D
ec

em
be

r 
20

15
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ita
t G

re
if

sw
al

d 
on

 1
1/

14
/2

01
8 

8:
00

:1
8 

A
M

. 
View Article Online
this sample was then injected into the Shimadzu CG2010 GC.
The injector and detector temperatures were 250 �C and the
oven temperature was constant at 60 �C for 1 min, and then
increased by 10 �C min�1 to 250 �C, where it was held constant
for 3min. The conversion and the selectivity were analyzed from
the peak areas in the chromatograms. GC-FID: chiral column
Betadex-325 capillary column; 1 mL samples were injected at 100
�C. The oven was heated at 15 �C min�1 to 150 �C, at 8 �C min�1

to 200 �C, at 2 �C min�1 to 240 �C and then maintained for 4
min. Aer this, the oven was heated at 15 �C min�1 to 300 �C.
Chiral GC analysis was performed on a Shimadzu GC-2010
chromatograph equipped with a FID, an AOC-20i autosampler
and a chiral CP-Chirasil-Dex CB (25 m� 0.25 mm ID) or a chiral
b-Dex325 (30 m � 0.24 mm ID) column using hydrogen as
carrier gas. Injector and detector temperatures were set at 220
�C. GC-FID temperature program for 1-phenylethylamine (PEA)
using b-Dex325 column: 90 �C|30 min / 180 �C, 40 �C
min�1|10 min.
HPLC analysis

For quantitative analysis 150 mL samples of the reaction mixture
were derivatized with 15 mL triuoroacetic acid (TFA), centri-
fuged (13 000 g, 5 min) and 15 mL of the supernatant were
directly analyzed by HPLC (Hitachi LaChrom) using a reversed-
phase C18 column (LiChrospher®). Detection took place with
a UV detector set at 245 nm.
Thermogravimetric (TG) analysis

The TG curves were obtained in a thermogravimetric module,
coupled to a thermal analyzer, both manufactured by Netzsch®.
Thermogravimetric measurements were performed using
a platinum sample holder containing about 10 mg of each
immobilized enzyme. Each sample was heated from 35 to 600
�C at 10 �C min�1, under atmosphere of synthetic air and N2,
both at a ow rate of 60 mL min�1.
X-Ray photoelectron spectroscopy (XPS)

The XPS was conducted using a Kratos Axis Ultra DLD spec-
trometer. A monochromatic Al source was used as X-ray source.
The so X-rays emitted from excitation of Al source generate
photoelectrons from the surface layers of atoms in a solid
sample. The electrons thus emitted are analyzed according to
their kinetic energy and the spectrum produced is used to
identify the elements present and their chemical states.
Scheme 1 GLYMO- and APTES-functionalized cellulose.
Infrared analysis

Analysis by infrared spectroscopy used a Shimadzu 8300 FTIR
spectrophotometer. The spectrum was obtained with 32 scans
and with 4 cm�1 resolution. For the analysis, 10 mg of a sample
was placed in the sample collector to form tablets of approxi-
mately 2 mm thickness and 5 mm diameter without KBr
addition.
This journal is © The Royal Society of Chemistry 2016
Scanning electron microscopy (SEM) analysis

Cellulose, functionalized cellulose and supported enzyme had
their structure analyzed by scanning electron microscopy (SEM)
using a Zeiss EVO® 50H microscope. All micrographs were
obtained using a Shimadzu® sputter equipment. For this, each
sample was placed in a sample holder on carbon tape and then
they were metallized under vacuum. Aer preparation, the
samples were placed under the microscope and bombarded by
an electron beam interacting with the sample's atoms. From the
interaction between the electron beam and the sample, the
radiation was possible to form amagnied image of the sample.
Laser confocal microscopy analysis (LCMS)

Prior to being analyzed, the immobilized enzyme samples were
mixed with uorescamine solution (50 mgmL�1, in acetone) for
3 min to form a highly uorescent product through the reaction
between the primary amines in proteins and the uorescamine.
Fluorescence intensity quantication of both biocatalyst con-
taining uorescent lipase (GCel-CalB) and transaminase (ECel-
VF) were analyzed by confocal microscopy (Zeiss, LSM 510
META). For this purpose, slides were mounted with VectaShield
(Vector Laboratories) and covered with a glass lamina. Stack
images were analyzed using Image J soware (NIH).
Results and discussion

First, cellulose was modied in order to introduce the epoxy
(GLYMO) and amino (APTES) groups for covalent bond immo-
bilization protocols. Cellulose was successively mixed with
APTES and glutaraldehyde in order to deliver the
glutaraldehyde-functionalized cellulose (GCel), aer 24 h. The
epoxy-functionalized cellulose (ECel), was also produced by the
reaction between GLYMO and cellulose for 5 h, using THF as
solvent (Scheme 1).

Aer drying the functionalized cellulose (GCel and ECel) at
ambient temperature for 48 h, the enzyme immobilization was
performed. For the lipase immobilization, 2 mL lipase B from
Candida antarctica solution was dissolved in 10 mL 0.025 mM
phosphate buffer pH 7.0. The functionalized cellulose (GCel
and ECel) was added (2 g) and allowed to react for 24 hours at 40
�C. Immobilization efficiency was evaluated by the difference
RSC Adv., 2016, 6, 6665–6671 | 6667
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Fig. 1 Confocal Laser Scanning Microscopy (CLSM) and Scanning
Electron Microscopy (SEM) analysis of ECel-VF and GCel-VF. (1) SEM
analysis of cellulose before functionalization; (2) SEM analysis of ECel-
VF; (3) SEM analysis of GCel-VF; (4) CLMS analysis of ECel-VF; (5) CLMS
analysis of GCel-VF.

RSC Advances Paper

Pu
bl

is
he

d 
on

 1
7 

D
ec

em
be

r 
20

15
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ita
t G

re
if

sw
al

d 
on

 1
1/

14
/2

01
8 

8:
00

:1
8 

A
M

. 
View Article Online
between initial amount of enzyme added and that in the
supernatant aer ltration of the immobilized enzyme (Table
1). For the transaminase immobilization procedure, 5 mL
Vibrius uviaris transaminase solution was dissolved in 30 mL
50 mMHEPES buffer pH 7.5. The functionalized cellulose (GCel
and ECel) was added (1 g) and underwent the reaction for 24
hours at 30 �C. No optimization was done in order to rst verify
the feasibility of using the functionalized cellulose as a matrix
for enzyme immobilization. All supports were characterized by
infrared (IR), thermogravimetry analysis (TG), scanning elec-
tron microscopy (SEM) and X-ray Photoelectron Spectroscopy
(XPS) (see ESI† for further details).

The immobilization efficiency obtained for Cal-B on epoxy-
cellulose (ECel-CalB), Cal-B on glutaraldehyde–cellulose (GCel-
CalB), VF transaminase on epoxy–cellulose (ECel-VF) and VF
transaminase on glutaraldehyde–cellulose (GCel-VF) are shown
on Table 1.

As shown on Table 1, the immobilization protocol developed
did not present efficient results for the immobilization of lipase
B from Candida antarctica, leading to very low protein incor-
poration. The VF transaminase leads to good to excellent
immobilization efficiencies on both epoxy (up to 90.1%, Table
1) and glutaraldehyde functionalized cellulose. In order to prove
the concept of using functionalized cellulose as a renewable
support for enzyme immobilization, the two supports were
attempted where the immobilization efficiency was higher, C–B
on glutaraldehyde–cellulose (GCel-CalB) and VF transaminase
on epoxy–cellulose (ECel-VF).

The solid state 13C NMR spectroscopy of the functionalized
cellulose clearly demonstrates the incorporation of the APTES
and glutaraldehyde in the cellulosic material. The presence of
the imino as well as the silyl propyl groups can be inferred by
the presence of the signals in 163–164 ppm and the signals at
higher eld 10–50 ppm, respectively. When the same analysis
was performed aer the incorporation of the enzyme into the
cellulosic support, an increase in the number of signals in the
range of 164–180 ppm can be observed, which correlates to the
presence of imino and amide functions (see ESI† for further
details). This result corroborates the XPS analysis where a peak
at the binding energy of 400 eV is observed for the
glutaraldehyde-functionalized cellulose (GCel) being an indi-
cator of nitrogen atoms in the sample. For the sample GCel-
Table 1 Immobilization efficiency of lipase B from Candida Antarctica
and Vibrius fluviaris transaminase into glutaraldehyde–cellulose and
epoxy-cellulose

Immob. biocatalyst
Immob.
efficiencya (%)

Amount of protein
(mg g�1 of support)

ECel-CalB 3.5 0.2
GCel-CalB 10.5 0.6
ECel-VF 90.1 40.5
GCel-VF 27.7 12.4

a Immobilization efficiency was evaluated by the difference between
initial amount of units added and that in the supernatant aer
ltration of the immobilized enzyme.

6668 | RSC Adv., 2016, 6, 6665–6671
CalB there is a shoulder peak shown at the binding energy of
402 eV. This shoulder peak is the main difference compared to
the GCel sample, meaning that the nitrogen atom is in a higher
oxidation state, which can be related to the protein binding to
the support (see ESI† for further details). In order to verify the
presence of protein on the functionalized cellulose, we decided
to perform a confocal laser scanning microscopy (CLSM)
experiment to visualize the dispersion of protein into the
Table 2 Temperature profile for the esterification reaction catalyzed
by GCel-CalB and comparisonwith the results obtained for Novozyme
435a

Entry Immob. enzyme Temperature (�C) Conversion (%)

1 GCel-CalB 50 85
2 60 97
3 70 84
4 Novozyme 435 50 84
5 60 80
6 70 81

a Reaction conditions: GCel-CalB or Novozyme 435 (10 mg immobilized
enzyme in 1 mL reaction media) was evaluated in the esterication
reaction between oleic acid and ethanol (1 : 1 – 100 mM in n-heptane)
at different temperatures.

This journal is © The Royal Society of Chemistry 2016

http://dx.doi.org/10.1039/c5ra24976g


Paper RSC Advances

Pu
bl

is
he

d 
on

 1
7 

D
ec

em
be

r 
20

15
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ita
t G

re
if

sw
al

d 
on

 1
1/

14
/2

01
8 

8:
00

:1
8 

A
M

. 
View Article Online
support (Fig. 1).29,30 As displayed in Fig. 1a (ECel-VF) the white
color reveals the presence of well dispersed protein on the
surface of cellulose granules. In addition, the CLSM analysis of
GCel-VF (Fig. 1b) shows a punctual localization of protein,
which reects the low immobilization efficiency compared to
the epoxy-functionalized pattern (Table 1).

With the characterized results, catalytic performances of the
immobilized enzymes at different reaction temperatures were
evaluated in the designed reactions. The immobilized lipase
Table 3 Temperature profile of the ATA as determined by the ace-
tophenone assay for ECel-VFa,31

Entry Immob. enzyme Temp. (�C) Conv. (%)

1 ECel-VF 30 38
2 40 42
3 50 43
4 60 35

a Reaction conditions: ECel-VF (50 mg immobilized enzyme in 5 mL
reaction media) was evaluated using the discontinuous acetophenone
assay (5 mL 50 mM HEPES buffer, (�)-PEA 2.5 mM, 5 mM pyruvate,
0.5% DMSO and 800 rpm) at different temperatures.

Table 4 Recyclability of the immobilized enzymes under standard
conditions

Entry Immob. enzyme

Conversion (%)

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5

1 Novozyme 435a 84 71 56 26 20
2 GCel-CalBa 85 60 54 51 43
3 ECel-VFb 43 39 39 40 35

a Reaction conditions: GCel-CalB or Novozyme 435 (10 mg immobilized
enzyme in 1 mL reaction media) was evaluated in the esterication
reaction between oleic acid and ethanol (1 : 1 – 100 mM in n-heptane)
at 50 �C. b Reaction conditions: ECel-VF (50 mg immobilized enzyme
in 5 mL reaction media) was evaluated using the discontinuous
acetophenone assay (5 mL 50 mM HEPES buffer, (�)-PEA 2.5 mM, 5
mM pyruvate, 0.5% DMSO and 800 rpm) at 30 �C.

Table 5 Kinetic resolution of (R,S)-a-phenylethanol catalyzed by GCel-

Entry Immob. enzyme Reaction time Conv.(%)

1 Novozyme 435 2 hours 49
2 GCel-CalB 2 hours 35
3 4 hours 40
4 5 hours 42

a Reaction conditions: (R,S)-a-phenylethanol (1 mmol), vinyl acetate (1 mo
reacted in cyclohexane (3 mL) for 2, 4, and 5 h at 60 �C. Enantiomeric exc

This journal is © The Royal Society of Chemistry 2016
GCel-CalB was evaluated by the esterication reaction between
oleic acid and ethanol (1 : 1, 100 mM in heptane and 200 rpm),
at different temperatures (50–70 �C) for 1 h. The behavior pre-
sented by GCel-CalB was compared to the commercial immo-
bilized lipase Novozyme 435 and the results are presented, as
shown in Table 2. A similar evaluation was made for ECel-VF
immobilized enzyme, in this case the kinetic resolution of
(+/-)-phenylethylamine (PEA) was used as standard reaction at
temperatures ranging from 30 to 60 �C. Unfortunately, there is
no commercial transaminase that can be used as a positive
control for comparison purpose.

A rst look at the results presented on Table 2, can take the
reader to the wrong assumption that GCel-CalB and Novozyme
435 have the same behavior at different temperatures, but it is
worthy to note that Novozyme 435 has 50� more protein
attached to the support compared to GCel-CalB, making this
one much more efficient than the commercial immobilized
enzyme. GCel-CalB was also evaluated at higher temperatures
(80 �C) and the results obtained show a similar behavior,
leading to the desired product on 75% of conversion (see ESI†
for further details). The results for temperature prole of ECel-
VF (Table 3) show good results at temperatures ranging from 30
to 50 �C and a slight decrease is observed at 60 �C. Especially for
the transaminase, the pH prole was also evaluated in the range
between 7.5 and 9.5, where the case at pH 7.5 offered the best
result.

At this stage we also evaluated the recyclability of the
immobilized biocatalysts GCel-CalB and ECel-VF. Aer each
reaction the immobilized biocatalyst was washed three times
with buffer and dried at ambient temperature for 24 h and this
was repeated ve times (Table 4).

The ndings of the recyclability study show that using the
GCel-CalB immobilized lipase a decrease of the conversion was
observed in the second cycle compared to the commercial
enzyme while Novozyme 435 continues to lose its activity for
four consecutive cycles to only 20% conversion. The immobi-
lized transaminase ECel-VF presented a better stability afford-
ing the same conversion in fours cycles and only a slight
decrease in the last one.
CalBa

E Productivity (g of product per h per mg protein)

>200 0.053
>200 1.80
>200 1.08
>200 0.91

l per eq.) as acyl donor, and 18 mg (15% w/w) immobilized enzyme were
ess values (ee) were determined by chiral GC analysis.

RSC Adv., 2016, 6, 6665–6671 | 6669
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Table 6 Asymmetric synthesis catalyzed by ECel-VF in batch and
under continuous-flow conditionsa

Entry Reaction/residence time Conv. (%) ee (%)

1 48 h (batch) 31 >99
2 96 h (batch) 33 >99
3 15 min (cont. ow) 14 >99
4 30 min (cont. ow) 37 >99
5 60 min (cont. ow) 72 >99
6 90 min (cont. ow) 80 >99

a Reaction conditions: 50 mM HEPES buffer (pH 7.5), 10 mM
acetophenone, 250 mM alanine, 10% DMSO, LDH-GDH, 1 mM NADH
and 150 mM glucose. For the batch experiments, 100 mg immobilized
enzyme was used in a total reaction volume of 5 mL on a shaker at 800
rpm at 30 �C. For continuous-ow experiments, 2 g immobilized enzyme
were packed arriving on a packed bed with a total volume of 10 mL.
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Finally, the newly developed immobilized biocatalysts GCel-
CalB and ECel-VF were used for the synthesis of chiral products.
The immobilized biocatalysts GCel-CalB was applied in the
kinetic resolution of (R,S)-a-phenylethanol using vinyl acetate
as acyl donor at 60 �C for 5 h (Table 5).

Comparatively, GCel-CalB immobilized enzyme could not
mimic the efficiency shown by Novozyme 435, arriving to 49% of
conversion aer 2 h. However a promising result could be ob-
tained by the use of GCel-CalB with conversions reaching 40%
aer 4 h. The most important feature of this immobilized bio-
catalyst is the fact that even a low protein loading can lead to
very high productivities (up to 1.8 g of product per h per mg
immob. enzyme), which could never be reached by the
commercial immobilized enzyme.

The immobilized transaminase ECel-VF was subject to an
asymmetric synthesis protocol using acetophenone as starting
material. At this stage – since the development of immobilized
transaminases is an emerging area – the performance of ECel-
VF was evaluated in both, batch and continuous-ow reactors
(Table 6).

As observed in Table 6, the asymmetric synthesis protocol
under continuous-ow conditions is better than in batch mode
since lower reaction/residence times are needed and higher
conversions could be obtained without compromising the
enantiomeric excess. Probably, the continuous-ow system
enables to enhance mass transfer and consequently leads to
better conversions. The packed bed, aer washing for 3 h with
HEPES buffer, was stored and re-used with the same behaviour
presented before.
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Conclusion

In conclusion, we have developed one lipase (GCel-CalB) and
one transaminase (ECel-VF) immobilized onto functionalized
cellulose for different applications. Effects of temperature, pH
and recyclability proles were evaluated and satisfactory results
were presented. The GCel-CalB immobilized enzyme has shown
very good results in the kinetic resolution of (R,S)-a-phenyl-
ethanol enabling high productivities. ECel-VF immobilized
enzyme demonstrates its excellent catalytic activity in the
kinetic resolution as well as in asymmetric synthesis where
batch and continuous ow protocols have been applied,
reducing the reaction time from 48 h to 90 min and increasing
the conversion from 30% to 80%.
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1. Laser Confocal Microscopy Analysis (LCMS). S4

Figure S1: CLMS analysis of glutaraldehyde-functionalized cellulose (GCel_VF).

Figure S2: CLMS analysis of epoxy-functionalized cellulose (ECel_VF).
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2. Scanning electron microscopy (SEM) analysis. S7

Figure S3: SEM analysis of celullose. S7

Figure S4: SEM analysis of APTES functionalized celullose. S7

Figure S5: SEM analysis of APTES + Glutaraldehyde functionalized celullose. S8

Figure S6: SEM analysis of Cal-B immobilized on glutaraldehyde functionalized 
cellulose.
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Figure S7: SEM analysis of cellulose functionalized with Glymo. S8

Figure S8: SEM analysis of  glymo functionalized cellulose with Cal-B S9

Figure S9: SEM analysis of glymo functionalized cellulose with transaminase S9

Figure S10: SEM analysis of glutaraldehyde-functionalized cellulose with transaminase S10

3. Infrared analysis. S10

Figure S11: IR-RT spectra of celullose.

Figure S12: IR-RT spectra of celullose functionalized with Aptes.

Figure S13: IR-RT spectra of Cal-B immobilized on glutaraldehyde functionalized 
cellulose.
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4. X-Ray Photoelectron Spectroscopy (XPS). S11

Figure S14: XPS analysis of cellulose.

Figure S15: XPS analysis of glutaraldehyde functionalized cellulose.

Figure S16: XPS analysis of Cal-B immobilized on functionalized cellulose.
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S20

5. Thermo gravimetric analysis. S20

Figure S17: TG spectra of celullose.

Figure S18: TG spectra of  glutaraldehyde functionalized celullose.

Figure S19: TG spectra of Cal-B immobilized on glutaraldehyde functionalized cellulose.

S21

S21
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6. Esterification reactions. S22

Figure S20: Esterification actitivty of immobilized Cal-B. S22

7. Kinetic resolution using immobilized lipase. S22

Figure S21. GC-FID of (RS)-1-Phenylethanol.

Figure S22: (S)-1-Phenylethanol.

Figure S23: Kinetic Resolution of (RS)-1-Phenylethanol mediated by Novozyme 435.

Figure S24. Kinetic Resolution of (RS)-1-Phenylethanol mediated by immobilized lipase

Figure S25. Kinetic Resolution of (RS)-1-Phenylethanol mediated by immobilized lipase 
after 4 hours of reaction

Figure S26. Figure S5. Kinetic Resolution of (RS)-1-Phenylethanol mediated by 
immobilized lipase after 5 hours of reaction
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8. Solid State C13 NMR analysis S26

Figure S27: C13 NMR spectra of celullose.

Figure S28: C13 NMR spectra of glutaraldehyde functionalized celullose.

Figure S29: C13 NMR spectra of cellulose functionalized with Cal-B lipase.
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1. Laser Confocal Microscopy Analysis (LCMS). 

The immobilized enzyme samples were mixed with fluorescamine solution (50 mg/mL, in 

acetone) for 3 min to form a highly fluorescent product through the reaction between the 

primary amines in proteins and the fluorescamine. Fluorescence intensity quantification of both 

biocatalyst containing fluorescent lipase (GCel-CalB) and transaminase (ECel-VF) was 

analyzed by confocal microscopy (Zeiss, LSM 510 META). For this purpose, slides were 

mounted with VectaShield (Vector Laboratories) and covered with a glass lamina. Stack images 

were analyzed using Image J software (NIH). 
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Figure S1: CLMS analysis of glutaraldehyde-functionalized cellulose (GCel_VF).
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Figure S2: CLMS analysis of epoxy-functionalized cellulose (ECel_VF).
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2. Scanning electron microscopy (SEM) analysis. 

Cellulose, functionalized cellulose and supported enzyme had their structure analysed by 

scanning electron microscopy (SEM) using a Zeiss EVO® 50H microscope. All micrographs 

were obtained from the fractured surfaces of SECs coated with gold, prepared using a 

Shimadzu® sputter equipment. For this, each sample was placed in a sample holder on carbon 

tape and was metallized under vacuum. After preparation, the samples were placed under the 

microscope and bombarded by an electron beam interacting with the sample's atoms. 

Figure S3: SEM analysis of celullose. Experimental Conditions: 1 mg sample metallized by 
gold under vacuum, analysed in a Zeiss EVO® 50H microscopy.

 

Figure S4: SEM analysis of APTES functionalized celullose. Experimental Conditions: 1 mg 
sample metallized by gold under vacuum, analysed in a Zeiss EVO® 50H microscopy.
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Figure S5: SEM analysis of APTES + glutaraldehyde functionalized celullose. Experimental 
Conditions: 1 mg sample metallized by gold under vacuum, analysed in a Zeiss EVO® 50H 

microscopy.

Figure S6: SEM analysis of Cal-B immobilized on glutaraldehyde functionalized cellulose. 
Experimental Conditions: 1 mg sample metallized by gold under vacuum, analysed in a Zeiss 

EVO® 50H microscopy.

  
Figure S7: SEM analysis of cellulose functionalized with Glymo. Experimental Conditions: 1 

mg sample metallized by gold under vacuum, analysed in a Zeiss EVO® 50H microscopy.
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Figure S8: SEM analysis of  Glymo functionalized cellulose with Cal-B. Experimental 

Conditions: 1 mg sample metallized by gold under vacuum, analysed in a Zeiss EVO® 50H 
microscopy.

  

  
Figure S9: SEM analysis of Glymo functionalized cellulose with transaminase. Experimental 
Conditions: 1 mg sample metallized by gold under vacuum, analysed in a Zeiss EVO® 50H 

microscopy.
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Figure S10: SEM analysis of glutaraldehyde-functionalized cellulose with transaminase. 

Experimental Conditions: 1 mg sample metallized by gold under vacuum, analysed in a Zeiss 
EVO® 50H microscopy.

3. Infrared analysis. 

Analysis by infrared spectroscopy used a Shimadzu 8300 FTIRspectrophotometer. The 

spectrum was obtained with 32 scans and with 4 cm-1 of resolution. For the analysis, 10 mg 

sample was placed in sample collector to form tablets of approximately 2 mm of thick and 5 

mm in diameter, without KBr addition.

Figure S11: IR-RT spectra of cellulose.
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Figure S12: IR-RT spectra of cellulose functionalized with Aptes.

Figure S13: IR-RT spectra of Cal-B immobilized on glutaraldehyde functionalized cellulose.

4. X-Ray Photoelectron Spectroscopy (XPS). 

The XPS was conducted using a Kratos Axis Ultra DLD spectrometer. Monochromatic Al 

source was used as X-ray source. Depending upon the sample the spectrum mode may vary 

from 10 mA to 15 KV. X-ray Photoelectron Spectroscopy (XPS) used soft X-rays emitted from 

excitation of Al source to produce photoelectrons from the surface layers of atoms in a solid 
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sample. The electrons thus emitted are analyzed according to their kinetic energy and the 

spectrum produced is used to identify the elements present and their chemical states.
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Figure S14: XPS analysis of cellulose.
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Figure S15: XPS analysis of glutaraldehyde functionalized cellulose.
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Figure S16: XPS analysis of Cal-B immobilized on functionalized cellulose.

5. Thermogravimetric analysis. 

The TG curves were obtained in a thermogravimetric module, coupled in a thermal analyzer, 

both manufactured by Netzsch®. Thermogravimetric measurements were performed using a 

platinum sample holder containing about 10 mg of each immobilized enzyme. Each sample was 

heated from 35 to 600 °C at 10 °C min-1, under atmosphere of synthetic air and N2, both with a 

flow rate of 60 mL min-1.
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Figure S17: TG spectra of celullose.
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Figure S18: TG spectra of  glutaraldehyde functionalized celullose.
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Figure S19: TG spectra of Cal-B immobilized on glutaraldehyde-functionalized cellulose.

6. Esterification reactions. 

The immobilized lipase (10 mg support in 1 mL reaction media) was evaluated in an 

esterification reaction between oleic acid and ethanol (1 : 1 – 100 mM in n-heptane) at different 

temperatures. The reactions were performed in cryotubes under 200 rpm of agitation on a 

shaker. Samples (10 μL) were collected after 1 h. For calculation of the initial reaction velocity, 

reaction times were varied from 5, 10, 15, 20, and 30 min. For thermal stability, reaction were 

investigated at 50–70 °C. All quantifications were done by GC-MS analysis.

Figure S20: Esterification actitivty of immobilized Cal-B. Experimental conditions: 10 
mg support in 1 mL oleic acid and ethanol (1:1 – 100mM in n-heptane) at 60 °C.

7. Kinetic resolution using immobilized lipase. 

rac-1-Phenylethanol (1 mmol, 122 mg), vinyl acetate (1 mol. eq.) as acyl donor, and 18 mg 

(15% w/w) of the corresponding immobilized enzyme were reacted in cyclohexane (3 mL) for 2 

h, 4 h, and 5 h at 60 °C. Enantiomeric excess values (ee) were determined by chiral GC analysis 

(chiral column Betadex-325).
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Figure S21. GC-FID of (RS)-1-Phenylethanol. 

Figure S22: (S)-1-Phenylethanol. 

Figure S23: Kinetic resolution of (R,S)-1-Phenylethanol mediated by Novozyme 435. 
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Figure S24. Kinetic resolution of (R,S)-1-Phenylethanol mediated by immobilized lipase after 2 
h.
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Figure S25. Kinetic resolution of (R,S)-1-Phenylethanol mediated by immobilized lipase after 4 
h
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Figure S26. Kinetic resolution of (R,S)-1-Phenylethanol mediated by immobilized lipase after 5 
h

8. Solid state C13 NMR analysis
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Figure S27: 13C-NMR spectra of celullose.
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Figure S28: 13C-NMR spectra of glutaraldehyde functionalized celullose.
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Figure S29: 13C-NMR spectra of cellulose functionalized with Cal-B lipase.
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