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Chapter 1 

Introduction: Substrate scope and applications of amine 

dehydrogenases in asymmetric synthesis of α-chiral amines  
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14 Chapter 1 

 1.1 Towards greener production of α-chiral amines  
Chiral amines are ubiquitously present in many active pharmaceutical 

ingredients (APIs) and agrochemicals (Figure 1). They have also been applied as 

chiral auxiliaries, resolving agents, catalysts as well as intermediates for the 

production of a large number of fine and bulk chemicals.1-3 Although a number 

of amines are present in APIs in racemic form, recent regulations on drug toxicity, 
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Figure 1.   Chiral amine based active pharmaceutical ingredients (APIs) and 
agrochemicals 

safety and efficiency, have raised the need for the introduction of a ‘chiral switch 

policy’ by the U.S. Food and Drug Administration (FDA).4 To fulfil these regulations, 

thus producing amines of high optical purity, pharmaceutical industries have 

been performing environmental-unfriendly processes which consume a lot of 

energy and generate copious amount of waste. It is estimated that during these 

processes the total mass of the waste can reach up to 100 times the mass of the 
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final product5 (E factor more than 100) leading therefore to the need for the 

development of greener processes.6 Towards this aim, new stereoselective and 

environmentally friendly catalysts for the synthesis of enantiomerically pure 

amines have been the subject of extensive investigation for the past couple of 

decades.7,8 As a consequence, considerable advancements have been made 

in the discovery of the new enzymes or in optimization (via engineering) of 

existing biocatalysts that can be applied either for the asymmetric synthesis or 

for deracemization of α-chiral amines.9-13 These newly discovered or evolved 

biocatalysts feature impressive stereoselectivities and high catalytic activities. 

Moreover, they operate under mild reaction conditions, display high atom 

economy and as such, they can be considered a ‘green alternative’ to the 

existing methodologies.  

Stereoselective conversion of ketones into α-chiral primary amines is a well-

studied chemical transformation that can be accomplished by a formal 

reductive amination using ω-transaminases (ωTAs). These PLP (pyridoxal 5’-

phosphate)-depended enzymes have been applied both in laboratory and at 

industrial scale and have been proven to be useful biocatalyst for the 

preparation of valuable compounds.14 However, they usually require supra-

stoichiometric amounts of an amino donor and often multiple enzymes (and 

cofactors) to drive the equilibrium towards amine formation through the removal 

of the undesired by-product(s). To eliminate most of these disadvantages, the 

use of oxidoreductases with cofactor recycling has been proven to increase the 

atom economy. For instance, amine dehydrogenases (AmDHs), imine 

reductases (IREDs) and reductive aminases (RedAms) have all been applied for 

the efficient synthesis of α-chiral primary, secondary and tertiary amines in 

combination with FDH (formate dehydrogenase) or GDH (glucose 

dehydrogenase) for nicotinamide adenine dinucleotide (NAD) cofactor 

regeneration.9,15 IREDs commonly catalyze the asymmetric reduction of cyclic 

pro-chiral imines; however, it has been also reported that IREDs catalyze the 

reductive amination of carbonyl compounds with amines thus giving access to 

secondary and tertiary amines16 in a similar fashion as observed for the RedAms.17 
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In a large number of IRED catalyzed reactions, however, the enantiomeric excess 

of the obtained amines was moderate.9 P450s have also been shown to catalyze 

C-H amination of sulfonic azides to sulfamates or sulfonamide products.9 

However, direct C-H amination of non-functionalized hydrocarbons have been 

only recently enabled by creating cytochrome P411, which requires tosyl azide 

as nitrogen source.18 This strategy is limited to benzylic C-H amination and 

requires a deprotection step to remove the tosyl group. Other enzymatic 

methodologies for the synthesis of chiral amines involve the use of ammonia 

lyases, Pictet-Spenglerases or berberine bridge enzymes, all of which are active 

towards a restricted yet valuable type of compounds.19-24 Classical routes to 

obtain α-chiral amines is via kinetic resolution (KR) or dynamic kinetic resolution 

(DKR) using hydrolases25 or deracemization using monoamine oxidases.13 The 

applicability of KR has also been demonstrated using ω-transaminases,26 whole 

cells coexpressing AmDHs and an NADH oxidase27 or alanine dehydrogenase28 

or using a reductive aminase.29  

Because of their exquisite enantioselectivity, high atom economy and their 

intrinsic ability to utilize cheap ammonia as nitrogen donor for the synthesis of α-

chiral primary amines, AmDHs have attracted considerable attention during the 

past decade. Since the pioneer work of Bommarius and coworkers that resulted 

in the first engineered AmDH in 2012,30 fourteen AmDH members are now 

available. These AmDHs have been obtained either by enzyme engineering or 

discovered as native (i.e., wild-type) enzymes using metagenomic data.31 

Therefore, the toolbox of available AmDHs can now give access to 

approximately eighty valuable α-chiral amines with high conversions and 

excellent enantioselectivities. The applicability of AmDHs have been 

demonstrated for the kinetic resolution of racemic amines as well as these 

enzymes have been incorporated in  novel cascades for the amination of 

alcohols; the AmDHs were applied either in purified form,32 or as immobilized 

enzymes33 or as whole cell systems.34 Recent reports also described the 

application of AmDHs towards the synthesis of secondary or tertiary amines.31,35 

With the recent discoveries of native Amine dehydrogenases and engineering 
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of new members with different properties, this family is expected to expand 

further during the forthcoming years. This chapter focuses exclusively on the 

reactions catalyzed by the available AmDHs until to date and in biocatalytic 

processes of synthetic purpose. Major emphasis is given on the substrate scope 

and in the reactions’ conditions under which the reported activities were 

achieved.  

Table 1. Current pool of available AmDHs 
Ent
ry 

Name Originated 
from 

Parental 
enzyme 

Crystal 
structure 
of 
parental  

Crystal 
structure 
that the 
evolution 
was 
based on  

Mutations of the 
parental scaffold 

Preferred 
Co-factor  

1 Bs-
AmDH 

Bacillus 
stearothermo
philus 

L-Leucine  
Dehydrogena
se (Leu-DH) 

- 1C1D 
(homolog 
from 
Rhodoco
ccus sp. 
M4 Phe-
DH) 

K68S/E114V/ 
N261L/V291C 

NADH 

2 Bb-
AmDH 

Bacillus 
badius 

L-
Phenylalanine  
Dehydrogena
se (Phe-DH) 

- 1C1D 
(homolog 
from 
Rhodoco
ccus sp. 
M4 Phe-
DH) 

K77S/N276L NADH 

3 cFL(1,2)-
AmDH 

Chimera 
(domain 
shuffling 
between 
AmDHs from 
entries 1 and 
2) 

 -  K77S/N270L (cFL1) 
K77S/N270L/N271L 
(cFL2) 

NADH 

4 Rs-
AmDH 

Rhodococcu
s sp. M4 

L-
Phenylalanine  
dehydrogenas
e 

1C1D, 
1BW9, 
1C1X, 
1BXG 

 K66Q/ 
S149G/N262C 

NADH 

5 Cal-
AmDH 

Caldalkaliba
cillus 
thermarum 

L-
Phenylalanine  
dehydrogenas
e 

-  K68S/N266L NADH 

6 Es-
AmDH-
M0, M3 

Exiguobacter
ium 
sibiricum 

L-Leucine  
Dehydrogena
se 

-  K77S/N270L (M0) 
K77S/N270L/A122G/
T143G (M3) 

NADH 

7 Lf-AmDH 
(M0-M3) 

Lysinibacillus 
fusiformis 

L-Leucine  
Dehydrogena
se 

-  K68S/N261L (M0), 
K68S/N261L/A113G 
(M1), 
K68S/N261L/A113G/
T134A (M2), 
K68S/N261L/A113G/
T134G (M3) 

NADH 

8 Bsp-
AmDH- 
M0, M3 

Bacillus 
sphaericus 

L-Leucine  
Dehydrogena
se 

1LEH  K68S/N261L (M0) 
K68S/N261L/A113G/
T134G (M3) 

NADH 

9 LE-
AmDHs 
(v1-v14) 

Geobacillus 
sterothemop
hilus 

L-Lysine-ε-
Dehydrogena
se 

-  F173A (v1), F173G 
(v2), V172A/F173G 
(v3), V172G/F173G 
(v4), V172G/F173A 
(v5), V172A/F173A 

NADH 
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Ent
ry 

Name Originated 
from 

Parental 
enzyme 

Crystal 
structure 
of 
parental  

Crystal 
structure 
that the 
evolution 
was 
based on  

Mutations of the 
parental scaffold 

Preferred 
Co-factor  

(v6), R242M/F173A 
(v7), R242W/F173A 
(v8), V130A/F173V 
(v9), V130G/F173V 
(v10), V130A/F173A 
(v11), V130G/F173A 
(v12), R242M/F173V 
(v13), R242M (v14) 

10 Pm-
AmDH-
4-4 

Petrotoga 
mobilis 

Diaminopenta
noate 

Dehydrogena
se 

6G1M/6
G1H 

 N135V/N163V/R161
M/H264L (Pm-
AmDH-4-4) 

NADH 

11 MsmeA
mDH 

Mycobacteri
um 
smegmatis 

native 6IAQ  - NADH/NA
DPH 

12 MicroA
mDH 

Microbacteri
um sp. 

native -  - NADH/NA
DPH 

13 CfusAm
DH 

Cystobacter 
fuscus 

native 6IAU  - NADH/NA
DPH 

14 ApauA
mDH 

Aminomonas 
paucivorans 

native -  - NADH 

 

1.2 Engineered AmDHs from L-AADHs for the asymmetric synthesis of 
amines  

1.2.1 Evolution of Bacillus stearothermophilus Leu-DH to Bs-AmDH 

Τhe evolution of a L-leucine dehydrogenase (Leu-DH) by Bommarius and co-

workers represents the first example of a highly enantioselective engineered 

amine dehydrogenase (AmDH) for the reductive amination of ketones. This 

AmDH was engineered from an L-amino acid dehydrogenase (L-AADH) from 

Bacillus stearothermophilus.30 Despite the fact that the apo crystal structure of 

the closely related Leu-DH from Bacillus sphaericus (76% sequence identity) was 

available (1LEH)36 (Table 1, entry 8), the authors based their work on the holo 

crystal structure of a L-phenylalanine dehydrogenase (Phe-DH) from 

Rhodococcus sp. M437 (1C1D, 1BW9, Table 1 entry 4) as the two enzymes showed 

a nearly identical secondary structure (38% sequence identity). A first library of 

variants was constructed using saturation mutagenesis of the residue K68. The 

researchers based their work on the analysis of the crystal structure of 1C1D 

(L-Phe-DH), thus excluding the catalytically essential amino acid residues K80 
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and D115 as earlier suggested by Sekimoto and coworkers.38 In particular, K68 

residue interacts with the carboxyl group of the natural substrate 

(L-phenylalanine) in the crystal structure. The best variant K68M showed activity 

towards the reductive amination of 4-methyl-2-pentanone 41a (0.2 mU mg-1) 

and the oxidative deamination of 41b (3.4 mU mg-1).  Further mutagenesis was 

performed by using the CASTing approach.39  Single site libraries were also 

constructed using NNK codons. Following this procedure, a set of different 

libraries was constructed and screened for the desirable activity using 41a. By 

combing the beneficial mutations of each round of mutagenesis the most active 

variant was finally obtained after 11 rounds of mutagenesis. This variant 

contained four mutations (Bs-AmDH:  K68S/E114V/N261L/V291C, Table 1 entry 1). 

It is worth to mention that among the beneficial mutations, were also the 

residues: K68 and N261 that are directly involved in the interaction with the 

carboxyl group of the natural substrate. Substitution of Lys (K) with either Met (M) 

or Ser (S) and of Asn (N) with Val (V) or Leu (L), produced the most active variants. 

As a consequence, the quadruple variant Bs-AmDH showed 690 mU mg-1 activity 

towards reductive amination of 41a as well as 2640 mU mg-1 in the oxidative 

deamination direction of its corresponding amine, with KM of 15 mM and 57.5 mM 

for the ketone and amine, respectively. The enantioselectivity of Bs-AmDH was 

measured in the oxidative deamination direction using as substrates the 

enantiopure amines. Bs-AmDH exhibited 586.3 mU mg-1 for (R)-41b and 1.6 mU 

mg-1 for (S)-41b, thereby retaining the enantioselective properties of the parental 

enzyme (Leu-DH). The Bs-AmDH was further tested in the reductive amination of 

cyclohexanone (27a, 123.4 ± 3.5 mU mg-1), ethyl-pyruvate (76a, 

13.2 ± 5.8 mU mg-1), methyl-acetoacetate (77a, 4.5 ± 0.6 mU mg-1), 

ethyl-3-oxohexanoate (78a, 14 ± 1.2 mU mg-1) and acetophenone (13a, 

58.8 ± 1.7 mU mg-1) as shown in Table 2. The assay was performed with 20 mM of 

substrate. Apart from the oxidative deamination of 41b, the same variant also 

showed measurable activity levels towards 27b (56.0 mU mg-1). Finally large scale 

amination of 41a (10 mM) was performed for 48 h using 26 mg of enzyme in 
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175 mL reaction (0.15 mg/ mL, 3.7 μΜ) and GDH/glucose recycling system 

(Scheme 1A), thus resulting in 85% conv. and 99.8% ee.  

1.2.2 Evolution of Bacillus badius Phe-DH to Bb-AmDH 

After the evolution of Bs-AmDH, Bommarius and coworkers further developed a 

second AmDH by transposition of the mutations of Bs-AmDH to a L-phenylalanine 

dehydrogenase (Phe-DH) scaffold.40 The authors used the closely related 

scaffold of the Phe-DH from Bacillus badius41 that shares 48% sequence identity 

with the one of Leu-DH from Bacillus stearothermophilus. Therefore, both enzymes 

share similar structure with the Phe-DH from Rhodococcus sp. M4.37,42 The 

analogous substitutions in Phe-DH scaffold were identified by sequence 

alignment to be K77, N276. Transposition of the previously reported beneficial 

mutations Lys (K) to Met (M) and Asn (N) to Val (V), directly generated an active 

variant with AmDH activity towards 41a (0.0722 s-1, for reductive amination) and 

41b (0.0037 s-1, for oxidative deamination) as well as for 

para-fluorophenyl-acetone 2a (0.128 s-1, for reductive amination). Nevertheless, 

the authors decided to create a library by simultaneously mutating these two 

residues (K77 and N276) using DDK codons (encoding 15 amino acids). In total 

21 active variants were identified and among them, the K77S/N276L variant 

(Bb-AmDH Table 1 entry 2) was selected due to its high activity for the reductive 

amination of 2a. As expected, the Bb-AmDH showed (R)-enantioselectivity. 

Thermostability measurements revealed a melting point of 59.9 °C. Initially the 

substrate scope of the Bb-AmDH was evaluated in the oxidative deamination 

using (R)-13b (1.9 mU mg-1) and 41b (166.3 mU mg-1). The kcat for rac 2b was 

determined to be 1.92 s-1 (Table 2). A variety of substrates (20 mM) were tested 

for the reductive amination reaction including 41a (77 mU mg-1), 

phenoxy-2-propanone (62a, 540.8 mU mg-1), 2-hexanone (36a, 155.7 mU mg-1), 

3-hexanone (54a, 1.6 mU mg-1), 3-pentanone (53a, 1.3 mU mg-1), 

cyclopentanone (24a, 0.9 mU mg-1), 27a (27.5 mU mg-1), 76a (18.4 mU mg-1), 

benzaldehyde (21a, 31.4 mU mg-1), 2-methylcyclohexanone (28a, 19.3 mU mg-1), 

3-methylcyclohexanone (29a, 41.1 mU mg-1) and 3-methylbutan-2-one (44a, 
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72.7 mU mg-1). It is worth to mention that the Bb-AmDH exhibited approximately 

100-fold higher activity for 2-hexanone compared with 3-hexanone. The 

Bb-AmDH showed the highest activity with compounds 2a and 62a followed by 

the linear ketones (e.g. 36a, 41a). Despite the fact that Bb-AmDH can now 

provide access to 2b, which was impossible with Bs-AmDH, it completely lost its 

activity towards the amination of 13a. Four years later the Bb-AmDH was used in 

a systematic study performed by Knaus et al.43 In this study among the other 

AmDHs used, the authors reported that Bb-AmDH converted 50 mM of 2a (93%) 

as well as 50 mM of phenylacetaldehyde (10a, 34%) using 50 μΜ of the Bb-AmDH 

and 14 μΜ of Cb-FDH after 48 h in ammonium formate buffer (1 M, pH 8.5) 

(scheme 1A). All specific activities or conversions are reported in Table 2.  

1.2.3 Generation of a chimeric amine dehydrogenase from Bs-AmDH and 

Bb-AmDH 

One year after the development of the Bb-AmDH, Bommarius and co-workers 

generated an improved variant following a novel approach. Using the previously 

generated Bs-AmDH30 (derived from a Leu-DH) and Bb-AmDH40 (derived from a 

Phe-DH) and by employing domain shuffling using overlap PCR they created the 

cFL1-AmDH.44 The residues used from Bb-AmDH were from 1-149 while from 

Bs-AmDH were 140-344. The new chimera (cFL1-AmDH Table 1 entry 3) retains the 

substrate binding domain of Bb-AmDH and the cofactor binding domain of 

Bs-AmDH. The new enzyme not only maintained its substrate binding ability 

towards the original substrates, but now accepts new benzylic carbonyl 

substrates. Moreover, the enantioselective properties of the enzyme remained 

intact (as its parent enzymes) and therefore displayed (R)-stereoselectivity. 

Interestingly the cFL1-AmDH showed an increased temperature optimum (Topt) of 

60 °C (10 °C higher than its parent enzymes). The cFL1-AmDH contains the 

mutations K77S (from Bb-AmDH) and N270L (from Bs-AmDH). The sequence of 

cFL1-AmDH revealed two adjacent asparagines at positions 270 and 271. In 

order to examine any influence of the N271 the authors mutated also the N271 

to L, generating in this way the cFL2-AmDH (Table 1 entry 3). cFL2-AmDH showed 
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a higher kcat for 2a (2.52 s-1) compared with cFL1-AmDH (1.24 s-1) but the turnover 

number was lower for compound 13a (0.24 s-1 for cFL1 and 0.1 s-1 for cFL2). The 

Topt was further increased another 10 °C for cFL2-AmDH, indicating an influence 

of the asparagine residues in the thermal stability of the enzyme. Nevertheless, 

the authors tested the cFL1-AmDH for the reductive amination of eight ketones 

and for the oxidative deamination of three amines (Table 2) using 20 mM of 

substrate in 5 M NH4Cl buffer pH 9.5 at 60 °C. The enzyme was found to be 

capable of aminating 2a (1725 mU mg-1), 13a (301 mU mg-1), α-tetralone (23a, 

107 mU mg-1), adamantly methyl ketone (20a, 69 mU mg-1) and pinacolone 

(45a, 133 mU mg-1). In the oxidative deamination the enzyme showed activity 

towards the (R)-α-methylbenzylamine (13b, 19 mU mg-1) and 

methoxy-isopropylamine (79b, 40 mU mg-1). Overall cFL1-AmDH showed 2.3-fold 

decrease in activity for the amination of 2a but 5.1-fold increase in activity for 

the amination of 13a compared with Bs-AmDH under the same reaction 

conditions. Notably, Bb-AmDH showed no activity towards 13a. In contrast the 

oxidative deamination of 13b proceeded better using Bs-AmDH than cFL1-AmDH 

with almost 10-fold higher activity under the same conditions. The applicability of 

cFL1-AmDH was further demonstrated three years later by Knaus et al.43 The 

authors used this enzyme to aminate a wide panel of pro-chiral ketones and 

aldehydes at 50 mM scale. In total fourteen compounds were tested in the 

reductive amination direction using 30–130 μM of cFL1-AmDH, 14 μM of Cb-FDH 

in ammonium formate buffer (1 M, pH 8.5) at 30 °C (Table 2). Amination of 2a 

proceeded with 93% conversion using 30 μΜ of enzyme after 24 h, while higher 

loading of Bb-AmDH was required (50 μΜ) to reach the conversion of 93% after 

48 h. In general, cFL1-AmDH showed the highest activity towards 2-heptanone 

(37a) among all of the linear ketones tested (98% conv., 30 μM, for 24 h Table 2), 

and towards 2a (93% conv., 30 μM, for 24h Table 2) among all of the aromatic 

ketones tested. Lower conversion were obtained for amination of 13a (34%) 

despite the higher biocatalyst loading (130 μΜ) and longer reaction time (48 h). 

This conversion value for substrate 13a was the highest observed by testing all of 

the AmDHs developed until 2013. 



 

23 1.2 Engineered AmDHs from L-AADHs for the asymmetric synthesis of amines 

1.2.4 Generation of Rs-AmDH from Rhodococcus sp. M4 Phe-DH 

In all of the above mentioned cases, the parental scaffolds (i.e., wild-type 

L-AADH) of the engineered AmDHs possessed high sequence and structural 

similarity with the Phe-DH from Rhodococcus sp. M4.37 Therefore, the expected 

development of a new AmDH starting precisely from this scaffold was published 

a year later in 2015 by Li and coworkers.45 The fact that the structure of the wild 

type Phe-DH was available37 (PDB:1C1D) and the reported mechanism known,42 

in combination with the gained knowledge from the previous works by 

Bommarius and coworkers (i.e., Bb-AmDH shares 32% identity with Rs-PheDH), 

provided a solid background for the generation of this new AmDH. The 

analogous mutations of K68 and N261 of the Bs-AmDH that were known to play 

a crucial role in the binding of substrates with a carboxylic group, were identified 

to be the K66 and the N262 in the PDB 1C1D scaffold. By performing a double 

site saturation mutagenesis using NNK codons, the authors found six active 

double variants for the deamination of target compounds: amphetamine (1b) 

and 4-phenyl-2-butylamine (60b). Among them, four variants showed activity in 

the amination direction for at least one of the 1a and 60a (phenylacetone and 

4-phenyl-2-butanone), while only two of the variants (K66Q/N262L and 

K66Q/N262C) showed activity with both ketones. To investigate the importance 

of these two single mutations, three single mutants: K66Q, N262L, and N262C 

were prepared. The only active variant proved to be K66Q with lower activity 

towards the amination of both ketones indicating synergistic effects in the 

double variants. Finally, the authors decided to make another round of evolution 

starting from the most active double variant (K66Q/N262C), by mutating 20 

amino acid residues within 6 Å of the active site using NNK codons. A triple variant 

(K66Q/S149G/N262C, Rs-AmDH, Table 1 entry 4) was found to be the only variant 

possessing increased deamination activity towards compounds 1b and 60b; 

therefore, it was further screened for the reductive amination of a number of 

ketones (Table 2). As expected, the enzyme aminated 1a (0.7 s-1) and 60a 

(0.72 s-1) and the products were obtained with (R) configuration. Asymmetric 

amination of 15 mM of 60a using 4 mg/mL (102.8 μΜ) of AmDH at 30 °C for 60 h 
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resulted in 95% conversion. Apart from the reported substrates 1a and 60a,  

Rs-AmDH was later applied for the reductive amination of linear and aromatic 

ketones;43 these data are summarized in Table 2. In general, Rs-AmDH showed 

very high conversions for the amination of phenylacetone and derivatives with 

conversions above or equal to 98% using 50-130 μΜ of enzyme and 50 mM of 

substrate for 24-48 h (for details see Table 2). Bulky-bulky ketones like compounds 

1-phenyl-butan-2-one (57a), 1-phenyl-pentan-2-one (58a) and 

1-phenyl-pentan-3-one (59a) were also accepted with conversions of more than 

70%. Rs-AmDH seems to be active on the linear ketone 37a and 2-octanone 

(38a) with 99% and 93% conversions, respectively, by using 50 μΜ of enzyme for 

48 h reaction time. Although both cFL1-AmDH and Rs-AmDH seem to be the most 

active AmDHs developed up to that time, none of them is able to aminate 

aromatic compounds in which the aromatic ring is adjacent to the carbonyl 

moiety (e.g., propiophenone 64a, butyrophenone 65a and valerophenone 66a) 

to any synthetically useful extent.   

1.2.5 Generation of Es-AmDH from Exiguobactertium sibiricum Leu-DH 

In 2014, the Xu’s group identified an L-amino acid dehydrogenase (L-Leucine 

dehydrogenase) from Exiguobactertium sibiricum46 (Es-LeuDH, Uniprot B1YLR3) 

by using a genome mining approach. The newly discovered scaffold shares 68% 

sequence identity with Bacillus sphaericus LeuDH (Table 1, entry 8), (PDB:1LEH).36 

The Es-LeuDH showed high activity for trimethyl-pyruvic acid and therefore used 

for the preparation of L-tert-Leucine. However, the Es-LeuDH showed 

undetectable levels of activity towards ketones. Inspired by the engineered 

strategy of Bommarius and co-workers, a year later Chen et al. introduced the 

same mutations (K77S/N270L) in the scaffold of Es-LeuDH creating in this way the 

Es-AmDH47 (Table 1, entry 6). Es-AmDH exhibited moderate level of activity for 

13a (98.5 mU mg-1) and was found to be more active for cyclic ketones (Table 

2). For instance, 27a (868 mU mg-1), 28a (403 mU mg-1) and 29a (2465 mU mg-1) 

were all well accepted by the enzyme with the latest to be the best cyclic ketone 

substrate for Es-AmDH. In contrast, the enzyme showed low levels of activity for 
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24a (6.5 mU mg-1) and cycloheptanone (32a, 287 mU mg-1). Es-AmDH proved to 

be a versatile catalyst for the reductive amination of branched linear ketones. 

The highest specific activity was observed for the 3-methyl-2-pentanone (42a, 

3628 mU mg-1) followed by 44a (2559 mU mg-1), 45a (760 mU mg-1) and 41a 

(490 mU mg-1). In general, lower specific activities were observed for the linear 

ketones compared with branched ketones with the highest one to be 

796 mU mg-1 for 2-pentanone (35a). The enzyme showed a preference for 

2-butanone (34a, 137 mU mg-1) instead of 36a (83 mU mg-1).  

1.2.6 Generation of Cal-AmDH from Caldalkalibacillus thermarum Phe-DH 

Two years after the generation of Rs-AmDH, Ahir et al.  used a genome mining 

approach to identify and then mutate a Phe-DH from Caldalkalibacillus 

thermarum (UniProt Accession Code: F5L9G2)48 in order to create the 

Cal-AmDH49 (Table 1, entry 5) possessing a similar but increased catalytic profile 

compared with Bb-AmDH. Cal-PheDH shares 63% sequence identity with 

Bb-PheDH41 and 48% with Bs-PheDH.50 The only reported difference between 

Cal-PheDH and Bb-PheDH in the active site is in position 303, in which there is an 

alanine (Cal-PheDH) instead of a serine (Bb-PheDH).49 Following an identical 

approach as before, the authors choose the two highly conserved residues (K68 

and N266) for double site saturation mutagenesis. Interestingly, the best variant 

(cal-AmDH) bears the same two mutations (K22S/N266L) (Table 1, entry 5) as 

observed in all AmDHs created up to the time of this study. An interesting feature 

of Cal-AmDH is the increased thermal stability compared with Bb-AmDH, which 

is 27 °C higher. This property was retained from the wild type Phe-DH from 

Caldalkalibacillus thermarum. In this work the kinetic parameters of Cal-AmDH 

(Table 1 entry 5) and Bb-AmDH (Table 1 entry 2) were determined from a number 

of substrates (2a, meta-fluoro-phenylacetone, 3a, 62a, 60a, 13a, 41a, Table 2). 

Cal-AmDH showed an approximately 2-fold increased turnover number for the 

amination of 2a compare with Bb-AmDH. On the other hand, both enzymes 

showed a very similar kcat value for the rest of the substrates. The specific activities 

were measured with both enzymes for 18 structurally diverse compounds in 2 M 
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ammonium formate buffer (pH 9.6) at 25 °C using a less than 10 mM substrate 

concentration (depending on the solubility) and all results are summarized in 

Table 2. Cal-AmDH showed the highest activity for para-methyl-phenylacetone 

(7a) among all of the substrates tested with a specific activity of 1600.86 mU mg1. 

Bb-AmDH showed 5.74-fold decrease in its specific activity for the same 

substrate. For the ortho-methoxy substituted phenylacetone (4a), the Cal-AmDH 

showed a specific activity of 276.87 mU mg-1 while for the meta-methoxy 

substituted analog 5a the specific activity was reduced to 55.36 mU mg-1. The 

opposite behaviour was observed with Bb-AmDH, which showed 142.79 mU mg-1 

and 294.38 mU mg-1 for 4a and 5a respectively. Cal-AmDH proved to be a better 

catalyst for the meta-trifluoromethyl substituted phenylacetone (9a) compared 

with Bb-AmDH (27.67 mU mg-1 for Cal-AmDH and 12.45 mU mg-1 for Bb-AmDH), 

which were the lowest specific activities that the enzymes displayed among all 

of the tested phenylacetone derivatives. For the rest of the substrates tested, 

both enzymes showed specific activities lower to 45 mU mg-1. Cal-AmDH showed 

severe inhibition profiles with IC50 values of 10-15 mM for (R)-60b and 1-6 mM for 

(R)-13b. The applicability of Cal-AmDH and Bb-AmDH was demonstrated either 

as lyophilized lysate or lyophilized whole cells in the presence or absence of 

water immiscible cosolvents for the reductive amination of 62a at 200 mM scale. 

The best conversion (97%) was observed with lyophilized lysate (10 mg/mL) and 

GDH (3 mg mL-1) in an ammonium chloride buffer (2 M, pH 9.6) containing NAD+ 

(1 mM), glucose (240 mM, 1.2 equiv) at 37 °C for 24 h reaction time. Under the 

same conditions, Bb-AmDH converted 71% of 62a. The cosolvents significantly 

increased the conversion, thereby implying an improved general stability offered 

by this biocatalyst preparation under the reaction conditions, even considering 

potential mass-transfer limitations in the biphasic system.  

1.2.7 Generation of Lf-AmDH and Bsp-AmDH from Leu-DHs 

After the development of Es-AmDH,47 the same research group identified and 

mutated native Leu-DHs originated from Lysinibacillus fusiformis51 (Lf-LeuDH, 

Uniprot D7WWB4) and Bacillus sphaericus52 (Bsp-LeuDH, Uniprot Q76GS2). After 
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the introduction of the same two mutations in both Leu-DHs (K68S/N261L), the 

Lf-AmDH (Table 1 entry 7, M0) and Bsp-AmDH (Table 1 entry 8, M0) were obtained 

and showed activity towards a number of ketones. Without any further 

mutations, both enzymes were tested for the reductive amination of acetone 

(33a),as well as  34a, 45a, 44a, 35a, 42a, 36a and 37a using 20 mM of substrate in 

ammonium chloride buffer (2 M pH 9.5, Table 2). Both variants showed a similar 

substrate preference in the initial screening.  Lf-AmDH and Bsp-AmDH accepted 

short aliphatic ketones like 34a (169 and 202 mU mg-1, respectively) and 35a (927 

and 1030 mU mg-1, respectively). In contrast, these AmDHs showed significantly 

reduced activity with longer aliphatic ketones. For instance, 36a was accepted 

(111 and 89 mU mg-1 for Lf-AmDH and Bsp-AmDH respectively) as well as 37a, but 

no other bulkier aliphatic ketone (38a, 2-nonanone 39a, 2-decanone 40a). 

Lf-AmDH and Bsp-AmDH showed impressive specific activities for 44a (2646 and 

3078 mU mg-1, respectively) and 42a (3077 and 3662 mU mg-1, respectively). 

These substrates were also the most well accepted by Es-AmDH with similar 

specific activities (44a, 2559 mU mg-1 and 42a, 3628 mU mg-1), (Table 2). Despite 

the promising results obtained by Bsp-AmDH and the availability of the crystal 

structure of the parental Bsp-LeuDH36 (1LEH) the authors decided to introduce 

further mutations into Lf-AmDH by creating an homology model based on 1LEH 

(86% sequence identity). Docking of 37a into the active site of Lf-AmDH model, 

revealed that residues A113, E114, T134 and V294 may be potential targets for 

mutagenesis since they provide steric hindrance for more bulky linear ketones. 

First a single site saturation mutagenesis protocol was applied using Lf-AmDH for 

the position 113, resulting in Lf-AmDH-M1 (K68S/N261L/A113G) with improved (ca. 

13-fold increased) activity for 36a (1470 mU mg-1) and acceptance of 37a 

(430 mU mg-1). However, the Lf-AmDH-M1 showed ca. 4 fold decreased activity 

towards 35a (220 mU mg-1) possibly due to the larger active site. Improved 

variants Lf-AmDH-M2 (K68S/N261L/A113G/T134A) and LfAmDH-M3 

(K68S/N261L/A113G/T134G) were generated after mutations of the residues 

surrounding the substrate-binding pocket site of Lf-AmDH-M1. The new 

Lf-AmDH-M2 and  M3 showed 340 and 670 mU mg-1 specific activity for 35a, 1560 
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and 2240 mU mg-1 specific activity for 36a and 1400 and 2590 mU mg-1 specific 

activity for 37a, respectively, indicating that the two introduced glycine residues 

in the  Lf-AmDH-M3 enhanced its catalytic performance towards linear ketones. 

The Lf-AmDH-M2 and M3 were found to capable of aminating linear ketones up 

to 2-decanone (2.5 mU mg-1). Analytical scale synthesis of α-chiral amines using 

the developed Lf-AmDHs (1.5 mg mL-1, 40 μΜ) at 50 mM substrate concentration 

(35a-39a), at 30 °C for 24 h reaction time showed that all of the amine 

dehydrogenases quantitatively aminated 36a, while only Lf-AmDH-M1and M3 

reached ≥99% conversion for 37a (Table 2). The most challenging substrate 39a 

was converted only by Lf-AmDH-M2 (12%) and M3 (22%) while for 38a conversion 

was observed also using Lf-AmDH-M1 (45%), Lf-AmDH-M2 (61%) and Lf-AmDH-M3 

(80%). A different behavior was observed for the less bulky 35a. The highest 

conversion was observed for Lf-AmDH-M0 (>99%) followed by Lf-AmDH-M3 (98%), 

Lf-AmDH-M2 (97%) and finally Lf-AmDH-M1 (86%). All amine products were 

obtained with R configuration. Circular dichroism measurements showed that 

Lf-AmDH-M0 to M3 have a Tm of 68.5 °C, 67.9 °C, 70 °C, 68.1 °C, respectively. 

Finally the authors validated the mutations A113G and T134G of Lf-AmDH-M3 by 

transposition into the Es-AmDH (A122G/T143G) and Bsp-AmDH (A113G/T134G). 

The new variants:  Es-AmDH-M3 and Bsp-AmDH-M3 (Table 1, entry 6 and entry 8, 

respectively), were tested for the acceptance of bulkier ketones.  Es-AmDH-M3 

showed a specific activity of 460 mU mg-1, 1430 mU mg-1 and 1480 mU mg-1 for 

35a, 36a and 37a respectively. Bsp-AmDH-M3 showed even higher specific 

activities of 760 mU mg-1 for 35a, 2360 mU mg-1 for 36a, and 2800 mU mg-1 for 37a.  

It is worth to mention that Bsp-AmDH was not active at all towards 37a.  

1.2.8 Generation of LE-AmDHs from ε-deaminating L-Lysine dehydrogenase 

All of the AmDHs discussed so far have been engineered from similar L-amino 

acid dehydrogenases (L-AADHs) (deaminating at the α-amino group) using an 

identical approach. As all parental enzymes displayed high sequence identity, 

the two highly conserved residues (i.e., lysine and aspartate) were mutated to 

serine or glutamine and leucine or cysteine, respectively. Therefore, all AmDH 
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members (Table 1, entries: 1-8) displayed similar catalytic properties. In order to 

create AmDHs with different catalytic profile (i.e., substrate scope, 

enantioselectivity) we have recently engineered the ε-deaminating L-lysine 

dehydrogenase from Geobacillus stearothermophilus (LysEDH).53 The folding of 

LysEDH is significantly different from the almost identical folding of members 1-8 

(Table 1). The wild type LysEDH was found to be capable of aminating 

6-oxo-heptanoic acid (71a, 44% analytical yield) and 6-oxo-hexanoic acid (72a, 

90% analytical yield).54 Notably, in contrast with all AmDHs engineered so far, the 

amine 71b was obtained with (S)-configuration confirming our hypothesis that 

the hydride of NADH must be transferred towards the Si-face of the prochiral 

carbonyl moiety as observed in the homology model. After the examination of 

the residues that interact with the natural substrate (L-Lysine) in the active site of 

LysEDH, we designed a library of 14 variants potentially active towards non 

functionalized ketones (i.e., that lack of the terminal carboxyl group). Initial 

screening with a number of structurally diverse ketones revealed that the best 

variant bears the mutation F173A (LE-AmDH-v1, Table 1 entry 9). LE-AmDH-v1 

(90 μΜ) was tested with a number of ketones (10-100 mM) using FDH (16 μΜ) for 

48 h reaction time and at different temperatures. For comparison purposes, 

conversions reported in Table 2 have been determined for substrate 

concentration of 50 mM at 50 °C. The Tm of LE-AmDH-v1 was found to be 69 °C 

when measured in the presence of NAD+ and longer term stability measurements 

showed that the enzyme retained its initial activity for 7 days upon incubation at 

room temperature. The LE-AmDH-v1 showed approximately 20 fold decreased 

IC50 value for enzymatic assays performed in the presence of (R)-13b as inhibitor, 

compared with cFL1-AmDH. Furthermore, determination of the inhibition 

constant (KI) for both enzymes revealed that cFL1-AmDH is ca. 38-fold more 

inhibited that LE-AmDH-v1. This support the fact that although cFL1-AmDH 

possess a slightly higher kcat (0.128 s-1) than LE-AmDH-v1 (0.095 s-1), the latest 

converted >99% of 13a while cFL1-AmDH converted only 34% of the same 

compound into the corresponding amine product, under the same reaction 

conditions. This feature of LE-AmDH-v1 enabled high substrate loading of 13a 
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(100 mM), thus resulting in 80% conversion after 48 h reaction time and using the 

same amount of enzyme (90 μΜ). Apart from 13a, LE-AmDH-v1 was found to be 

the first AmDH capable of aminating 64a (95% conv.), 65a (65% conv.), 66a (26% 

conv.), α-chromanone (22a, 55% conv.), α-tetralone (23a, 50% conv.) as well as 

fluoro-substituted acetophenones (14a, 16a, 17a) with >95% conversion in all 

cases. Best substrate for LE-AmDH-v1 was 21a, which was converted with >99% 

even at 200 mM scale (kcat: 0.72 s-1). An interesting property of LE-AmDH-v1 is its 

enantioselective preferences for different substrates. For example, 

6-oxoheptanoic acid was obtained with >99% conv. and >99% ee for the 

(S)-configured amino acid indicating that LE-AmDH-v1 has an (S)-selective 

binding cavity where R242 interacts with the carboxyl-moiety of the substrate. In 

contrast, non-functionalized aromatic and aliphatic ketones—thus lacking the 

terminal carboxylic group—are accommodated in another (R)-selective binding 

cavity that has been created by the introduction of the F173A mutation. Notably, 

all of the non-functionalized aromatic ketones were aminated with >99% - >99.9% 

ee and (R)-configuration. The only exceptions were substrates 35a and 41a 

which were obtained with 89% and 97% ee, respectively. For these substrates 

multiple binding poses can be generated in the active site of the enzyme 

resulting in lower ee values. These findings were explained by in silico studies using 

molecular dynamic simulations of the docked enzyme-substrate binding 

possesses, using a number of different substrates.  

1.2.9 Discovery of Pm-AmDH-4 and engineering for the acceptance of 

2-pentanone 

In 2016, Mayol et al. explored metabolic databases55,56 for reactions transforming 

ketones to amines (α-keto acids were excluded) to identify a 2,4 diaminopimilate 

dehydrogenase (2,4-DAPDH) from Clostridium sticklandii57,58 (UniprotKB identifier: 

E3PY99). This enzyme was used in a sequence driven approach to identify 169 

enzymes sharing at least 30% sequence identity over the 80% of the target gene 

(2,4-DAPDH). In total, 26 candidates were chosen, based on the sequence 

diversity and availability of the genomic DNA and 20 of them were successfully 
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cloned. The enzymes were tested towards a panel of compounds including: 35a, 

36a, 4-oxo-pentanoic acid (68a), and 5-oxo-hexanoic acid (70a); six of the 

enzymes were found to be active towards 68a. One out of the three that were 

found to possess the highest specific activities towards 72a, namely AmDH-4 from 

Petrotoga mobilis, was chosen. AmDH-4 is originated from a thermophilic 

organism (possibly will be a thermostable nezyme) and showed some activity 

towards 70a thus suggesting higher substrate promiscuity.59 Indeed, the enzyme 

showed an increased catalytic profile at 90 °C for 68a. Pm-AmDH-4 converted 

almost quantitatively 10 mM of 68a with 0.1 mg mL−1 of catalyst loading, 0.4 mM 

of cofactor using the FDH/formate recycling system (3 U mL−1). The reaction was 

performed in HCOONH4/NH4OH 5 M buffer pH 8.5 at 50 °C for 24h. The enzyme 

was claimed by the authors to be a wild type AmDH, because it can aminate 

ω-substituted ketones without introducing any mutation. The same feature was 

observed in the wild type (ε-deaminating) LysEDH. However, neither 

Pm-AmDH-459 nor LysEDH54 showed activity to any of non-functionalized ketones 

tested (13a, 27a and 45a for Pm-AmDH-4 and 13a, 22a, 37a and 38a for LysEDH) 

and therefore, in our opinion, they cannot be considered as native AmDHs. Three 

years later,31 crystallization of the Pm-AmDH-4 allowed for rational engineering of 

the enzyme. The best variant was obtained by introducing four mutations 

(N135V/N163V/R161M/H264L). The new enzyme (Table 1, entry 10, Pm-AmDH-4-4) 

can now be included in the AmDH toolbox as it is active for the reductive 

amination of 35a (104 mU mg-1) which is structurally related with the natural 

substrate 68a. Notably, Pm-AmDH-4-4 produced the 2-aminopentane (35b) with 

S configuration representing the first (S)-selective AmDH developed up that date. 

The Pm-AmDH-4 was not tested with any other ketone as substrate; therefore, its 

substrate scope remains unexplored. 

1.3 Native AmDHs for the asymmetric synthesis of amines  

The first reported examples of native amine dehydrogenases arise from 1967 to 

1971 by Eady and Large, when used whole cell extracts from Pseudomonas AMI 

to oxidize aliphatic monoamines or diamines, histamine and ethanolamine.60,61 
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Whether this enzyme is an AmDH remains questionable since it requires either 

phenazine ethosulfate (PES) or phenazine methosulfate (PMS) as electron 

acceptor and is unable to utilize oxygen, NAD or NADP. Thirty years later, in 2000 

Itoh et al., discovered NADH dependent enzyme from Streptomyces virginiae62 

IFO 1282, which was able to catalyze oxidative deamination of amines, amino 

acids and amino alcohols. This enzyme was also found active in the reductive 

amination of ketones (35a-37a, 13a and 60a), keto-alcohols, keto-acids and 

aldehydes. Unfortunately, no other reports based on this AmDH were published 

since then, and both DNA and amino acid sequences were never determined 

or published.  

Earlier this year, native AmDHs were discovered in the same work in which 

Pm-AmDH-4 was engineered to accept 2-pentanone by Mayol et al.31 As before, 

a sequence-driven search was performed, this time using as template the 

Pm-AmDH-4. The resulted 23 enzymes were characterized as potential AmDHs 

and screened for the oxidative deamination of (2R, 4S)−2,4-diaminopentanoate 

and 4-aminopentanoate as well as for the non-functionalized substrates: 

2-pentylamine (35b), α-methylbenzylamine (13b) and cyclohexylamine (27b). 

From the 23 enzymes only one originated from Mycobacterium smegmatis 

(MsmeAmDH, Table 1, entry 11, Uniprot: A0A0D6I8P6), was found to be active for 

the oxidative deamination of 27b (6 mU mg-1) and for the reductive amination 

of 29a and 37a. Subsequently, the MsmeAmDH was used as starting template to 

discover other native AmDHs (nat-AmDHs). Searching criteria were defined in 

order for the new enzymes to show >38% sequence identity with MsmeAmDH 

and activity towards at least one of the above mentioned substrates. This 

approach resulted in another three nat-AmDHs (Table 1 entries: 12-14, 

CfusAmDH, MicroAmDH and ApauAmDH). All of the four nat-AmDHs (Table 1, 

entries 11-14) were screened against a number of carbonyl compounds (10 mM), 

(Table 2). In general, MsmeAmDH, CfusAmDH (Uniprot: S9Q235) and MicroAmDH 

(Uniprot: C3UMY1) showed a similar carbonyl acceptor spectrum, with a 

preference for cycloalkanones and accepted both NADH and NADPH. In 

contrast, ApauAmDH (Uniprot: E3CZE3) showed a specificity for NADH and a 
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preference for aliphatic aldehydes albeit with moderate specific activities. 

ApauAmDH did not accept any of the cycloalkanones tested with the exception 

of 27a. In all cyclic ketones used (27-29a, 4-methyl-cyclohexanone 30a, 

3,5-dimethyl-cyclohexanone 31a, 24a, 2-methyl-cyclopentanone 25a, 

3-methyl-cyclopentanone 26a, cyclohexyl-ethanone 47a and 

cyclohexen-2-one 67a), MsmeAmDH showed highest specific activity with 

NADPH rather than NADH with the exception being substrate 27a. The same 

feature was observed for MicroAmDH and CfusAmDH, although for the last two 

the discrepancies in their specific activities using either NAD+ or NADP+ were 

lower than MsmeAmDH. The best nat-AmDH among all nat-AmDHs for the 

amination of cyclic ketones under the same reaction conditions was 

MicroAmDH, which showed the highest specific activities for 27a, 28-31a, 24-26a, 

47a and 67a. The same behavior was observed for the linear ketones (53a, 54a, 

35a, 42a, 3-hydroxy-butanone 48a and 4-hydroxybutan-2-one 49a), since 

MicroAmDH was found to be better for the amination of these compounds 

compared with the other enzymes. All reported activities are summarized in Table 

2. The discovered AmDHs reported in this study showed a preference towards 

the synthesis of (S)-configured amines with ee values from 68% to ≥98.5%, 

depending on the substrate. Notably, these nat-AmDHs are evolutionary 

unrelated with the engineered AmDHs described in the previous sections but 

highly related with each other.  
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Table 1: Substrate scope of available AmDHs  

Compound Structure Reductive Amination (1-84a) 
AmDH (activity)a 

Oxidative 
Deamination 

(1-84b) 
AmDH (activity)a 

Kinetic 
resolution 

(rac 1-84b) 
(Conv. % , 
ee % -S-) 

1a 

O
 

4 (0.7 s-1)   

2a 

O
F

 

2 (6.85 s-1, 93%50/50/48, 4000 mU 
mg-1) 
3 (1725 mU mg-1, 93%50,30,24) 
5 (11.33 s-1) 

2 (rac 1.92 s-1) 3 (51, >99)c 

3a 

O

F  

2 (4.04 s-1) 
5 (3.46 s-1) 

  

4a 

O
O

 

2 (142.79 mU mg-1) 
3 (>99%50,130,48) 
5 (276.87 mU mg-1) 

  

5a 

O

O
 

2 (294.38 mU mg-1) 
4 (98%50,50,24) 
5 (55.36 mU mg-1) 

3 (19 mU mg-1)  

6a 

O
O

 

4 (>99%50,50,24) 
 

  

7a 

O
 

4 (98%50,130,48) 
5 (1600.86 mU mg-1) 

  

8a 

O

CF3  

4 (98%50,130,48) 
 

  

9a 

O
F3C

 

2 (12.45 mU mg-1) 
5 (27.67 mU mg-1) 

  

10a O

 

2 (34% 50/50/48)   

11a O

 

3 ( 9% 50,130,48)  3 (50, >99)b, 
(51, >99)c 

12a O

 

3 (39% 50,50,48)  3 (50, >99)b, 
 (52, >99)c 

13a O

 

1 (58.8 mU mg-1) 
3 (301 mU mg-1, 34% 50,130,48) 
6 (98.5 mU mg-1) 
9 (0.11 s-1, >99%50,90,48) 
 

2 (R, 1.9 mU mg-1) 
3 (R, 19 mU mg-1, 
rac 0.016 s-1) 
 

3 (50, >99)b,  
(50, >99%)c 
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Compound Structure Reductive Amination (1-84a) 
AmDH (activity)a 

Oxidative 
Deamination 

(1-84b) 
AmDH (activity)a 

Kinetic 
resolution 

(rac 1-84b) 
(Conv. % , 
ee % -S-) 

14a O

F
 

3 ( 22% 50,130,48) 
9 ( 92% 50,90,48) 
 

 3 (40, 66)b, 
(51, >99)c 

15a O

Cl
 

4 ( 33% 50,100,48)   

16a O

F
 

3 ( 43% 50,50,48) 
9 ( 96% 50,90,48) 
 

  

17a O

F
 

9 ( 98% 50,90,48) 
 
 

  

18a O

F
F

 

  3 (50, >99)b, 
(50, >99) c 

19a O

F

F

 

  3 (22, 28)b 
 

20a O

 

3 (69 mU mg-1)   

21a O

 

2 (31.4 mU mg-1) 
3 (0% 50,30,24) 
4 (0% 50,50,24) 
2 (1.29 mU mg-1) 
5 (1.68 mU mg-1) 
9 (0.72 s-1, >99% 50,90,48) 
11NADH (16.4 mU mg-1) 
11NADPH (3 mU mg-1) 
12NADH (0 mU mg-1) 
12NADPH (0 mU mg-1) 
13NADH (0 mU mg-1) 
13NADPH (0 mU mg-1) 
14 (6.4 mU mg-1) 

  

22a 

O

O

 

9 ( 55% 50,90,48) 
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Compound Structure Reductive Amination (1-84a) 
AmDH (activity)a 

Oxidative 
Deamination 

(1-84b) 
AmDH (activity)a 

Kinetic 
resolution 

(rac 1-84b) 
(Conv. % , 
ee % -S-) 

23a O

 

2 (0.96 mU mg-1) 
3 (107 mU mg-1) 
5 (3.22 mU mg-1) 
9 ( 50% 50,90,48) 

  

24a O

 

2 (0.9 mU mg-1) 
6 (11.8 mU mg-1) 
11NADH (2.3 mU mg-1) 
11NADPH (5.6 mU mg-1) 
12NADH (14.9 mU mg-1) 
12NADPH (60.6 mU mg-1) 
13NADH (40.1 mU mg-1) 
13NADPH (41.5 mU mg-1) 
14 (0 mU mg-1) 

  

25a O

 

11NADH (0 mU mg-1) 
11NADPH (63.2 mU mg-1) 
12NADH (31.9 mU mg-1) 
12NADPH (90.3 mU mg-1) 
13NADH (9.4 mU mg-1) 
13NADPH (15.2 mU mg-1) 
14 (0 mU mg-1) 

  

26a O

 

11NADH (0 mU mg-1) 
11NADPH (7.7 mU mg-1) 
12NADH (0 mU mg-1) 
12NADPH (23.3 mU mg-1) 
13NADH (14.1 mU mg-1) 
13NADPH (23.9 mU mg-1) 
14 (0 mU mg-1) 

  

27a O

 

1 (123 mU mg-1) 
2 (27.5 mU mg-1) 
2 (11.26 mU mg-1) 
5 (12.26 mU mg-1) 
6 (868 mU mg-1) 
9 (84% 50,90,48) 
11NADH (196.2 mU mg-1) 
11NADPH (25.1 mU mg-1) 
12NADH (614.5 mU mg-1) 
12NADPH (388.6 mU mg-1) 
13NADH (233.2 mU mg-1) 
13NADPH (60.2 mU mg-1) 
14 (9.8 mU mg-1) 

1 (56 mU mg-1)  

28a O

 

2 (19.3 mU mg-1) 
6 (403 mU mg-1) 
11NADH (37.3 mU mg-1) 
11NADPH (175.2 mU mg-1) 
12NADH (337 mU mg-1) 
12NADPH (252.6 mU mg-1) 
13NADH (19.6 mU mg-1) 
13NADPH (25.5 mU mg-1) 
14 (0 mU mg-1) 

  

29a O

 

2 (41.1 mU mg-1) 
6 (2465 mU mg-1) 
11NADH (38 mU mg-1) 
11NADPH (160.9 mU mg-1) 
12NADH (160.7 mU mg-1) 
12NADPH (206.5 mU mg-1) 
13NADH (33.8 mU mg-1) 
13NADPH (63.6 mU mg-1) 
14 (0 mU mg-1) 
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Compound Structure Reductive Amination (1-84a) 
AmDH (activity)a 

Oxidative 
Deamination 

(1-84b) 
AmDH (activity)a 

Kinetic 
resolution 

(rac 1-84b) 
(Conv. % , 
ee % -S-) 

30a O

 

11NADH (9.3 mU mg-1) 
11NADPH (85.2 mU mg-1) 
12NADH (60.1 mU mg-1) 
12NADPH (170.1 mU mg-1) 
13NADH (18.8 mU mg-1) 
13NADPH (35.0 mU mg-1) 
14 (0 mU mg-1) 

  

31a O

 

11NADH (0 mU mg-1) 
11NADPH (9.7 mU mg-1) 
12NADH (0 mU mg-1) 
12NADPH (61.6 mU mg-1) 
13NADH (0 mU mg-1) 
13NADPH (0 mU mg-1) 
14 (0 mU mg-1) 

  

32a O

 

6 (287 mU mg-1)   

33a O

 

7MO (0.36 mU mg-1) 
8 (1.2 mU mg-1) 

  

34a O

 

2 (3.68 mU mg-1) 
3 (8% 50,30,24) 
4 (4% 50,50,24) 
5 (8.26 mU mg-1) 
6 (137 mU mg-1) 
7MO (169 mU mg-1) 
8 (202 mU mg-1) 

  

35a O

 

3 (75% 50,130,48) 
6 (796 mU mg-1, 0.84 s-1) 
6M3 (460 mU mg-1) 
7MO (927 mU mg-1, 30.6 s-1, >99% 

50,40,24) 
7M1 (220 mU mg-1, 86% 50,40,24) 
7M2 (340 mU mg-1,97% 50,40,24) 
7M3 (670 mU mg-1,98% 50,40,24) 
8 (1030 mU mg-1, 32.4 s-1) 
8M3 (760 mU mg-1) 
9 (81% 50,90,48) 
104-4 (104 mU mg-1) 
11NADH (0 mU mg-1) 
11NADPH (9 mU mg-1) 
12NADH (0 mU mg-1) 
12NADPH (51.2 mU mg-1) 
13NADH (5.3 mU mg-1) 
13NADPH (11 mU mg-1) 
14 (0 mU mg-1) 

 3 (37, 59)c 

36a O

 

2 (155.7 mU mg-1) 
3 (92%50,30,24) 
5 (30.08 mU mg-1) 
6 (82.8 mU mg-1) 
6M3 (1430 mU mg-1) 
7MO (111 mU mg-1, 99% 50,40,24) 
7M1 (1470 mU mg-1, >99% 50,40,24) 
7M2 (1560 mU mg-1, >99% 50,40,24) 
7M3 (2240 mU mg-1, >99% 50,40,24) 
8 (89 mU mg-1) 
8M3 (2360 mU mg-1) 
9 ( 71% 50,90,48) 

  

37a O

 

2 (11.11 mU mg-1) 
3 (98% 50,30,24) 
4 (99% 50,50,24) 

3 (0.198 s-1) 
 

3 (50, >99)b, 
(50, >99) c 
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Compound Structure Reductive Amination (1-84a) 
AmDH (activity)a 

Oxidative 
Deamination 

(1-84b) 
AmDH (activity)a 

Kinetic 
resolution 

(rac 1-84b) 
(Conv. % , 
ee % -S-) 

5 (42.42 mU mg-1) 
6M3 (1480 mU mg-1) 
7MO (0 mU mg-1, 4% 50,40,24) 
7M1 (430 mU mg-1, 99% 50,40,24) 
7M2 (1400 mU mg-1, >99% 50,40,24) 
7M3 (2590 mU mg-1, >99% 50,40,24) 
8 (0 mU mg-1) 
8M3 (2800 mU mg-1) 

38a O

 

3 (50% 50,30,48) 
4 (93% 50,50,48) 
7MO (0 mU mg-1, 0% 50,40,24) 
7M1 (45% 50,40,24) 
7M2 (61% 50,40,24) 
7M3 (80% 50,40,24) 
8 (0 mU mg-1) 

  

39a O

 

7MO (0 mU mg-1, 0% 50,40,24) 
7M1 (0% 50,40,24) 
7M3 (12% 50,40,24) 
7M3 (22% 50,40,24) 
8 (0 mU mg-1) 

  

40a O

 

7MO (0 mU mg-1) 
7M1 (0 mU mg-1) 
7M3 (2.5 mU mg-1) 
7M3 (2.5 mU mg-1) 

  

41a O

 

1 (690 mU mg-1, 85% conv10,4,48) 
2 (77 mU mg-1, 0.03 s-1) 
3 (96% 50,130,48) 
4 (91% 50,130,48) 
5 (0.06 s-1) 
6 (490 mU mg-1) 
9 (53% 50,90,48) 

1 (2640 mU mg-1) 
2 (166.3 mU mg-1) 

3 (50, >99)c 

42a O

 

6 (3628 mU mg-1) 
7MO (3077 mU mg-1) 
8 (3662 mU mg-1) 
11NADH (18.6 mU mg-1) 
11NADPH (129 mU mg-1) 
12NADH (54.4 mU mg-1) 
12NADPH (245.6 mU mg-1) 
13NADH (120.6 mU mg-1) 
13NADPH (109.6 mU mg-1) 
14 (0 mU mg-1) 

  

43a O

 

7MO (~1 mU mg-1) 
7M1 (>1000 mU mg-1) 
7M2 (>1000 mU mg-1) 
7M3 (>1000 mU mg-1)  
 

  

44a O

 

2 (72.7 mU mg-1) 
6 (2559 mU mg-1) 
7MO (2646 mU mg-1) 
8 (3078 mU mg-1) 

  

45a O

 

3 (133 mU mg-1) 
6 (760 mU mg-1) 
7MO (637 mU mg-1) 
8 (681 mU mg-1) 

  

46a O

 

6 (11.8 mU mg-1)   
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Compound Structure Reductive Amination (1-84a) 
AmDH (activity)a 

Oxidative 
Deamination 

(1-84b) 
AmDH (activity)a 

Kinetic 
resolution 

(rac 1-84b) 
(Conv. % , 
ee % -S-) 

47a O

 

2 (0.044 s-1) 
5 (0.007 s-1) 
11NADH (0 mU mg-1) 
11NADPH (2.1 mU mg-1) 
12NADH (0 mU mg-1) 
12NADPH (64.0 mU mg-1) 
13NADH (0 mU mg-1) 
13NADPH (0 mU mg-1) 
14 (0 mU mg-1) 

  

48a O

OH
 

11NADH (0 mU mg-1) 
11NADPH (177.7 mU mg-1) 
12NADH (0 mU mg-1) 
12NADPH (324 mU mg-1) 
13NADH (43.1 mU mg-1) 
13NADPH (72.7 mU mg-1) 
14 (0 mU mg-1) 

  

49a O

HO
 

6 (4.5 mU mg-1) 
11NADH (0 mU mg-1) 
11NADPH (10.3 mU mg-1) 
12NADH (0 mU mg-1) 
12NADPH (11.0 mU mg-1) 
13NADH (3.1 mU mg-1) 
13NADPH (6.1 mU mg-1) 
14 (0 mU mg-1) 

  

50a 

O  

3 ( >99% 50,30,24) 
4 ( 99% 50,130,48) 

  

51a O
 

11NADH (0 mU mg-1) 
11NADPH (26.8 mU mg-1) 
12NADH (0 mU mg-1) 
12NADPH (57.8 mU mg-1) 
13NADH (85 mU mg-1) 
13NADPH (125.1 mU mg-1) 
14 (33.9 mU mg-1) 

  

52a  

O
 

11NADH (16.4 mU mg-1) 
11NADPH (75.2 mU mg-1) 
12NADH (159.4 mU mg-1) 
12NADPH (97.6 mU mg-1) 
13NADH (397.9 mU mg-1) 
13NADPH (131.6 mU mg-1) 
14 (129.6 mU mg-1) 

  

53a 

O  

2 (1.3 mU mg-1) 
11NADH (0 mU mg-1) 
11NADPH (48.1 mU mg-1) 
12NADH (0 mU mg-1) 
12NADPH (190.2 mU mg-1) 
13NADH (3.1 mU mg-1) 
13NADPH (5.8 mU mg-1) 
14 (0 mU mg-1) 

  

54a 

O  

2 (1.6 mU mg-1) 
11NADH (0 mU mg-1) 
11NADPH (6.8 mU mg-1) 
12NADH (0 mU mg-1) 
12NADPH (28.1 mU mg-1) 
13NADH (0 mU mg-1) 
13NADPH (0 mU mg-1) 
14 (0 mU mg-1) 

  

55a 

O  

3 ( 57% 50,90,48) 
4 ( 32% 50,100,48) 

  

56a 

O  

2 (4.70 mU mg-1) 
5 (3.30 mU mg-1) 
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Compound Structure Reductive Amination (1-84a) 
AmDH (activity)a 

Oxidative 
Deamination 

(1-84b) 
AmDH (activity)a 

Kinetic 
resolution 

(rac 1-84b) 
(Conv. % , 
ee % -S-) 

57a 

O
 

4 ( 99% 50,130,48)   

58a 

O
 

4 ( 71% 50,100,48)   

59a O

 

 
4 ( 87% 50,100,48) 

  

60a O

 

2 (0.005 s-1) 
4 (0.72 s-1, >99% 50,50,24) 
5 (0.007 s-1) 

 3 (25, 33)b, 
51, >99) c 

61a O

 

2 (0.62 mU mg-1) 
5 (2.13 mU mg-1) 

  

62a 
O

O

 

2 (540.8 mU mg-1, 0.39 s-1) 
5 (0.35 s-1) 
 

  

63a O

 

2 (15.27 mU mg-1) 
4 ( 96% 50,100,48) 
5 (17.06 mU mg-1) 

  

64a O

 

3 ( 8% 50,90,48) 
4 ( 0% 50,100,48) 
9 ( 95% 50,90,48) 

  

65a O

 

3 ( 0% 50,90,48) 
4 ( 1% 50,100,48) 
9 ( 65% 50,90,48) 

  

66a  
O

 

3 ( 2% 50,90,48) 
4 ( 2% 50,100,48) 
9 ( 26% 50,90,48) 

  

67a O

 

2 (1.15 mU mg-1) 
5 (1.93 mU mg-1) 
11NADH (2.3 mU mg-1) 
11NADPH (7.4 mU mg-1) 
12NADH (34.0 mU mg-1) 
12NADPH (37.1 mU mg-1) 
13NADH (4.3 mU mg-1) 
13NADPH (3.6 mU mg-1) 
14 (0 mU mg-1) 

  

68a 

OH

O

O

 

10wt (51.9 mU mg-1)   

69a 
O

 

11NADH (119.2 mU mg-1) 
11NADPH (88.1 mU mg-1) 
12NADH (541 mU mg-1) 
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Compound Structure Reductive Amination (1-84a) 
AmDH (activity)a 

Oxidative 
Deamination 

(1-84b) 
AmDH (activity)a 

Kinetic 
resolution 

(rac 1-84b) 
(Conv. % , 
ee % -S-) 

12NADPH (269.8 mU mg-1) 
13NADH (955 mU mg-1) 
13NADPH (73.8 mU mg-1) 
14 (514 mU mg-1) 

70a OH

OO  

10wt (N.R.)   

71a 
OH

O

O

 

9 (>99% 50,90,48)   

72a OH

O
O

 

9 (>99% 50,90,48)   

73a O

 

11NADH (2.7 mU mg-1) 
11NADPH (7.9 mU mg-1) 
12NADH (0 mU mg-1) 
12NADPH (0 mU mg-1) 
13NADH (0 mU mg-1) 
13NADPH (0 mU mg-1) 
14 (0 mU mg-1) 

  

74a O

 

7MO (0 mU mg-1) 
7M1 (~2 mU mg-1) 
7M2 (~80 mU mg-1) 
7M3 (~90 mU mg-1)  
 

  

75a O
O

O  

6 (1.4 mU mg-1)   

76a O
O

O  

1 (13.2 mU mg-1) 
2 (18.4 mU mg-1) 

  

77a O

O

O

 

1 (4.5 mU mg-1)   

78a 

O

OO

 

1 (14 mU mg-1)   

79a 
O

O

 

 3 (40 mU mg-1)  

80a O

O

O

 

2 (0.36 mU mg-1) 
5 (1.69 mU mg-1) 

  

81a 

O

OO

 

2 (3.71 mU mg-1) 
5 (9.77 mU mg-1) 

  

82a 

ON

O
O

 

2 (0.46 mU mg-1) 
5 (0.86 mU mg-1) 
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Compound Structure Reductive Amination (1-84a) 
AmDH (activity)a 

Oxidative 
Deamination 

(1-84b) 
AmDH (activity)a 

Kinetic 
resolution 

(rac 1-84b) 
(Conv. % , 
ee % -S-) 

83a O

 

2 (<0.1 mU mg-1) 
5 (<0.1 mU mg-1) 

  

84a O

 

9 (>99% 20,90,48) 
11NADH (0 mU mg-1) 
11NADPH (0 mU mg-1) 
12NADH (0 mU mg-1) 
12NADPH (12 mU mg-1) 
13NADH (0 mU mg-1) 
13NADPH (0 mU mg-1) 
14 (0 mU mg-1) 

  

a Activities reported here are expressed as: i) kcat (s-1), ii) specific activity (mU mg-1) or iii) 
conversion (%). In the case of reported conversion, the subscripts after % means: 1) 
substrate concentration in mM; 2) enzyme concentration in μΜ and 3) time (h). 
Conversions reported for LE-AmDH-v1 (No 9) have been obtained at 50 °C, while for the 
rest of the AmDHs at 30 °C. The number in front of the activity (1-14) refers to the AmDH 
based on the numbering of Table 1. WT refers to the wild type enzyme; M0-M3 refers to the 
variants as described in Table 1 and NADH or NADPH refers to the form of cofactor used 
for the determination of the activity. 
b The kinetic resolution was performed using 5-10 mM of substrate, 120 mgDCW mL-1 of 
lyophilized cFL1-AmDH-NOx bi-enzymatic system in Tris/HCl buffer (100 mM, pH 8.5) for 24 h 
at 37 °C 
c The kinetic resolution was performed using 20 mM of substrate, 30 mgDCW mL-1 of lyophilized 
cFL1-AmDH/AlaDH bi-enzymatic system in glycine buffer (100 mM, pH 10.0) for 24h at 37 °C 
N.R.: Not reported (the exact number) 
Compounds 1-84a are shown in the Table 2. Compounds 1-84b are the aminated products 
of compounds 1-84a.  

1.4 Applicability of AmDHs 

Because of the availability of (R)-stereoselective members, AmDH family has 

been successfully applied for the preparation of (S)-configured amines via kinetic 

resolution of racemates. This strategy requires a driving force towards the 

oxidative deamination direction that is provided either by an oxidase or by an 

alanine dehydrogenase, which consume the hydride produced by the AmDH 

oxidative step to re-oxidise NADH to NAD+. NAD+ is then use by the AmDH for 

another catalytic cycle (Scheme 1B). The inherent high AmDHs’ 

enantioselectivity enabled this process to reach the theoretical maximum of 50% 

yield with excellent ee of the remaining amine (>99% S). AmDHs combined with 
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(S)-selective ω-transaminases have also been involved in deracemization 

cascades. They have been applied either in the enantioselective amination step 

(Scheme 1C) or in the enantioselective deamination step (scheme 1D). The 

challenging simultaneous execution of oxidative and reductive steps has been 

enabled by the use of AmDHs and ADHs (scheme 1E) for the asymmetric 

amination of alcohols using enzymes in purified form, immobilized or as whole 

cells. Finally, AmDHs have been applied in a thermodynamically favored 

biocatalytic network employing in total five different enzymes (Scheme 1G). 
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Scheme 1. Reactions and/or biocatalytic cascades in which AmDHs have been 
implemented so far. (A) Reductive amination of carbonyl compounds with cofactor 
recycling; (B) kinetic resolution of racemic amines with cofactor recycling; (C) and (D) 
deracemization cascades employing R selective AmDHs and S selective ω-transaminases; 
(E) Hydrogen borrowing cascade for the asymmetric amination of alcohols (F) biocatalytic
network for the amination of alcohols utilizing alcohol dehydrogenases and amine
dehydrogenases with orthogonal cofactor recycling systems (G) application of AmDHs for
the synthesis of secondary and tertiary amines.
RL: Large substituent, Rs: Small substituent
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1.4.1 Kinetic resolution and deracemization of racemic amines  

AmDHs cover already a respectable substrate scope (Table 2) but one of the 

major limitations relies on the enantioselectivity that the majority of the members 

display. Apart from the recently discovered nat-AmDHs, the rest of the AmDHs 

exhibit (R)-enantioselectivity and thus are unable to give access to the 

(S)-enantiomer via asymmetric amination. However, the scarce availability of 

(S)-selective AmDHs can be overcome by performing kinetic resolution (KR) of 

racemic amines using the available (R)-selective AmDHs. This strategy is 

particularly attractive since amine racemates, as starting materials, can be 

available. KR has been demonstrated using ωΤΑs,26 the recently discovered 

reductive aminases (RedAms)29 and has been extensively studied using 

monoamine oxidases (MAOs).13,63 The applicability of the AmDHs in the kinetic 

resolution is a less studied reaction with only a few examples reported so far. For 

instance, Hyunwoo et al.27 have been used whole cells co-expressing 

cFL1-AmDH and an NADH oxidase (NOx) from Lactobacillus brevis.64 The authors 

first examined a panel of substrates for the oxidative deamination reaction to 

ensure that the enzyme was active in this direction. Most well accepted 

substrates were rac-13b (0.016 s-1) and rac-2-aminoheptane (37b, 0.198 s-1). 

These two substrates were chosen for optimization of the reaction’s conditions. 

Determination of the optimum pH, revealed a preference for pH 10.0 for AmDHs, 

while NOx found more active at pH 7.5. The AmDH-NOx coupled assay did not 

proceeded well when tested for the kinetic resolution of rac-37b irrespectively of 

pH of the reaction buffer giving a maximum of 26% ee of the amine product after 

24 h due to strong product inhibition. Indeed, the enzyme’s initial activity for the 

deamination of rac-37b decreased by 40% when 2 mM of 2-heptanone was 

present in the reaction mixture. In contrast, the activity of NOx was not affected 

by the presence of the ketone. To overcome the moderate activity of the 

coupled AmDH-NOx assay, the authors used whole cells co-expressing the 

cFL1-AmDH and NOx (cloned in different expression vectors). Both rac-13b and 

37b were successfully resolved at 10 mM scale using 20 mg mL-1 at pH 8.5 after 
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24 h without any addition of the cofactor. Higher substrate loading of 20 mM, 30 

mM, 40 mM and 50 mM for rac-37b resulted in ee values of (S)-37b of >99%, 87%, 

48% and 30%, respectively. The minimum amounts of whole cells required to 

resolved 50 mM of rac-37b and 20 mM of rac-13b were 60 and 100 mgDCW mL-1, 

respectively. The whole cell system was further applied for the KR of a panel of 

racemic amines (para-methyl-α-methylbenzylamine 11b, 

meta-methyl-α-methylbenzylamine 12b, meta-fluoro-α-methylbenzylamine 14b, 

3,4-difluoro-α-methylbenzylamine 18b, 3,5-difluoro-α-methylbenzylamine 19b, 

37b and 60b) using 5-10 mM of substrate, 120 mgDCW mL-1 in Tris/ HCl buffer 

(100 mM, pH 8.5) for 24 h at 37 °C. 11b, 12b and 18b were successfully resolved 

at 10 mM scale, under the assay conditions. The KR of 14b proceeded with 77% 

ee at 5 mM scale. Similar results were obtained for 19b since the obtained ee 

after 24 h was 77% (5 mM) and significantly lower (28%) at 10 mM substrate 

concentration. Finally, resolution of rac-60b proceeded with moderate ee of 

51%. All results are summarized in Table 2. 

Two years later in 2019, Patil and coworkers developed another biocatalytic 

cascade utilizing an AmDH and an alanine dehydrogenase (Ala-DH) as shown 

in Scheme 1Β.28 In this study cFL1-AmDH (Table 1, entry 3) and Rs-AmDH (Table 1, 

entry 4) were used. In the initial set of reactions the authors tested various 

racemic amines for the oxidative deamination potential of these AmDHs. The 

cFL1-AmDH showed the highest activity towards 37b and Rs-AmDH towards 60b. 

Both enzymes also displayed high activity for para-fluorophenyl-propan-2-amine 

(2b) and meta-methyl-α-methylbenzylamine (12b). Nevertheless, the authors 

chose 37b and 13b as substrates to optimize the AmDH/Ala-DH system. The pH 

optimum of Ala-DH was determined at 10.0, which is identical to the pH optimum 

of cFL1-AmDH (pH 10.0) and very close to the one of Rs-AmDH (pH 9.5). Thus, the 

kinetic resolution using cFL1-AmDH/Ala-DH and Rs-AmDH/Ala-DH was carried at 

pH 10.0 and 9.5, respectively. Increasing the concentration of pyruvate 

correlated with a consistent increase in the oxidative deamination reaction 

reaching its maximum rate when the molar ratio between substrate and 

pyruvate was equal or higher to 1:2. Using this molar ratio, 50 mM of rac-37b were 
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successfully resolved by both enzymes using 1 mg mL-1 AmDH, 1 mg mL-1 of 

Ala-DH in 100 mM glycine buffer (pH 9.5-10.0). In contrast, under the same 

reaction conditions, the resolution of 50 mM of rac-13b proceeded with 43% ee 

for the reaction catalyzed by cFL1-AmDH,  possibly due to substrate or product 

inhibition as we have also shown later this year for this AmDH.54 Therefore, the 

authors decided to study the inhibition effects of rac-37a and alanine on 

Rs-AmDH as well as the effects of rac-37b and 13b and their corresponding 

ketones (37a and 13a) on Ala-DH. Rs-AmDH retained 61% and 65% of its original 

activity in the presence of 15 mM rac 37a and 50 mM alanine, respectively. 

Moreover, the relative activity of Ala-DH was 63% and 84% in the presence of 

10 mM rac-37b and rac-13b, respectively. As shown in the past by the same 

group, the authors decided to overcome these inhibitory effects by using whole 

cells expressing the AmDHs and Ala-DH. Using 10 mgDCW mL-1 of cells, 10 mM of 

rac-37b and rac-13b were successfully resolved into the corresponding 

(S)-configured amines (ee > 99%) without any addition of cofactor due to 

efficient cofactor regeneration in whole cells. The most challenging rac-13b was 

successfully resolved at 50 mM or 100 mM using 30 mgDCW mL-1 or 40 mgDCW mL-1 

of whole cells co-expressing cFL1-AmDH and Ala-DH, respectively. Moreover, 

30 mgDCW mL-1 was enough resolve 100 mM of rac-37b. The applicability of the 

whole cell system was further investigated with various substrates (2b, 11b, 12b, 

14b, 18b, 35b, 4-methyl-2-pentylamine 41b and 60b) using 20 mM of substrate, 

30 mgDCW mL-1 of the cFL1-AmDH/Ala-DH system, 40 mM pyruvate (1:2, substrate: 

pyruvate) in 100 mM glycine buffer pH 10.0 at 37 °C for 24 h. In all cases, the 

kinetic resolution proceeded with >99% ee for the (S)-configured amine with the 

exception of 35b which resulted in 37% conv. into the corresponding ketone with 

59% ee. 

Recently Sanghan and coworkers established a deracemization protocol 

employing the (R)-selective AmDHs (cFL1-AmDH or Rs-AmDH) in tandem with 

enantiocomplementary (S)-selective ω-ΤΑ (or vice versa) in order to access both 

enantiomers of chiral amines by controlling the direction of the reactions.65 This 

one-pot, two-step cascade can be accomplished by enantioselective 
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deamination of the racemic amine followed by stereoselective amination of the 

ketone generated according to scheme 1C and D. The AmDHs can be applied 

either in the first step (enantioselective deamination) or in the second step 

(enantioselective amination). The authors investigated the influence of the pH 

for the reductive amination reaction catalyzed by AmDHs in the respective 

activity assay. The highest activity was observed at pH 9.5. The AmDH-FDH system 

for cofactor recycling was chosen because of its better performance compared 

with the AmDH-GDH system. This system was used as whole cells co-expressing 

the AmDH and FDH in different vectors. Among the four ω-TAs tested in the 

deamination direction, the enzyme from Polaromonas sp. JS666 (S-ω-TAPO)66 

showed broader substrate scope and therefore was used for subsequent studies 

as lyophilized whole cells. With the two individual whole cells systems the 

deracemization of 11 racemic amines of Table 2 (2b, 11b, 12b, 13b, 14b, 18b, 

2-hexylamine 36b, 37b and 60b) was attempted according to Scheme 1C  using 

10 mM racemic substrate, 10 mM pyruvate, 0.1 mM PLP, 3.3 mgDCW mL-1 ω-TAPO 

cells and 30 mgDCW mL-1 Rs-AmDH-FDH cells. Reactions were performed at 37 °C 

in 100 mM glycine buffer (pH 9.5) and 200 mM ammonium formate for 24 h. The 

cascade resulted in 4 successful deracemization examples (60b, 2b, 36b, 37b) 

with full conversion and excellent enantioselectivities (>99% ee). Excellent ee was 

also observed for the rest of the substrates tested albeit lower conversions 

(52%-77%) were observed. The authors attributed these results in the low 

expression of the AmDHs in the whole cell system (AmDH/FDH). Increased 

expression of the AmDHs was observed when cloned in different vectors. Indeed, 

the new system resulted in excellent conversions in 8 cases (2b, 11b, 12b, 14b, 

18b, 36b, 37b, 60b) and excellent enantioselectivity in all cases. Using the 

approach described in Scheme 1D, the authors aimed at deracemizing the 

same panel of substrates to their corresponding (S)-configured amines. A major 

issue of this cascade, is that the alanine dehydrogenase system used for 

recycling the pyruvate and regenerating the nicotinamide adenine 

dinucleotide cofactor performed poorly when both enzymes were combined. 

Therefore, benzylamine was used as amino donor and an aldehyde reductase 
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(AHR) from Sunechocystis sp.67 was also added to produce benzyl-alcohol 

thereby regenerating the NAD+ cofactor. In the reductive amination direction, 

the authors chose the ωTA originated from Vibrio fluvialis JS17 (S-ω-TAVF).68 In the 

initial set of experiments the cascade was performed using rac 60b as substrate. 

At the end of the reaction, the obtained ee was 91% for the (S) amine. Notably, 

addition of 0.2 mM of benzaldehyde (using 20 mM of racemic amine as substrate 

in the first step) served as driving force towards the desirable direction with >99% 

conversion and 95.4% ee of (S)-60b. This deracemization cascade was employed 

as whole-cell system expressing AmDH-AHR and the (S)-ωΤΑ. Addition of 1 mM 

benzaldehyde with 10 mM of racemic amine as substrate, 0.1 mM PLP as well as 

10 and 27 mgDCW mL-1 cells of ωTAVF and cFL1-AmDH-AHR, respectively, resulted 

to full resolution of 14b, 18b, 11b, 12b, 60b, 2b, 36b and 37b with >99% conversion.  

1.4.2 Biocatalytic cascades for the asymmetric amination of αlcohols 

Up to date there are a few examples of biocatalytic cascades employing 

AmDHs for the synthesis of α-chiral amines. The first example has been 

demonstrated in 2015 when Mutti, Turner and coworkers reported an elegant 

biocatalytic hydrogen-borrowing amination cascade employing an alcohol 

dehydrogenase (ADH) for the oxidation of racemic alcohols to the 

corresponding ketones, and the subsequent reductive amination using an AmDH 

(Scheme 1E).32 This redox self-sufficient cycle uses ammonium ion/ammonia as 

the source of the nitrogen and generates only water as the by-product. 

Moreover, the catalytic amount of nicotinamide adenine dinucleotide 

coenzyme is internally recycled by the two enzymes. For this study the authors 

used the Bb-AmDH40 (Table 1 entry 4) and cFL1-AmDH44 (Table 1 entry 3) and two 

stereo-complementary NAD+-depended ADHs: an (S)-selective from 

Aromatoleum aromaticum (AA-ADH)69 and the (R)-selective from Lactobacillus 

brevis (LBv-ADH).70 After purification of the LBv-ADH and Bb-AmDH, the 

enzymatic cascade was attempted for the amination of (R)-phenyl-propan-2-ol 

(1c). However, low conversions were obtained due to enzyme precipitation in 

the buffer when both ADH and AmDH were present. The authors speculated that 
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enzyme precipitation in the dual-enzyme cascade, might have been caused by 

coordination of free divalent cations, coming from the ADHs, to the imidazole 

groups of the His-terminal tag of the AmDHs. After cleavage of the tag, the 

cascade proceeded with 85% conversion and >99% ee (R) after 24 h using the 

AA-ADH (1.88 mg mL-1) and Bb-AmDH (20 U) (S-1a: 20 mM, NAD+: 1 mM, and 

NH4Cl/NH3: 2 M pH 8.7). High conversions (93%) and >99% ee (R) was also 

obtained using the LBv-ADH for the amination of (R)-1a, only when the buffer of 

the reaction was reduced to pH 8.0-8.5, indicating that LBv-ADH was not stable 

in ammonium chloride at pH 8.7. The hydrogen-borrowing cascade was tested 

for amination with inversion of configuration starting from S configured secondary 

alcohols and using the AA-DH or for retention of configuration starting from 

(R)-configured alcohols and using the LBv-ADH. In both cases, most of the 

substrates were converted to the enantiopure amines with good to excellent 

conversions. The cascade was also attempted by combining both ADHs in 

tandem with either Bb-AmDH or cFL1-AmDH for the asymmetric amination of 

racemic amines (Table 3, cascade 1). Reaction conditions were: AA-ADH (1.0-2.3 

mg mL-1), LBv-ADH (1.0-2.6 mg mL-1), AmDH (20 U) in ammonium formate buffer 

(pH 8.5, 2 M) containing catalytic NAD+ (1mM). High conversions (>70%) with 

excellent ee (>99% R) were obtained for substrates 1c, 

1-(1-methoxyphenyl)-propan-2-ol (5c),1-phenyl-butan-2-ol (57c) and 

phenoxy-propan-2-ol (62c) using the Bb-AmDH as well as 2-hexanol (36c), 

2-heptanol (37c), 2-octanol (38c) and 4-methy-pentan-2-ol (41c) using the 

cFL1-AmDH. Notably, the substrate 4-phenyl-butan-2-ol (60c) was obtained with 

92% conversion and 83% ee although Bb-AmDH showed excellent 

stereoselectivity for the ketone 60a in previous studies.43,45 Small aromatic 

substrates like phenyl-ethanol (13c) and derivatives (11c, 12c, 14c, 16c, 17c) 

resulted in poor conversions (9%-20%) but excellent ee (>99% R). A possible 

explanation is that the corresponding ketones of these compounds are poor 

substrates for cFL1-AmDH as demonstrated two years later in a follow-up 

publication;43 The reason was the issue of product inhibition as demonstrated 

earlier this year in another publication.54 
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A few months after the first report by Mutti, Turner and co-workers, Chen et al. 

published the results of an identical cascade using an ADH from Streptomyces 

coelicolor71 (Sc-ADH) and the engineered ,above mentioned, Es-AmDH.47 The 

Sc-ADH was chosen, after screening of 20 available ADHs, because of its ability 

to convert both isomers of the racemic secondary alcohols into the 

corresponding ketones and its desirable substrate scope. Optimization studies of 

the cascade using 2-pentanol (35c) as substrate, showed that the best 

conversion (92%) obtained in NH4Cl/NH4OH buffer (2 M, pH 9.5) with 1 mM of 

NAD+ at 30 °C after 24h. Using these reaction conditions and both enzymes as 

lyophilized cell-free extracts (10 mg) substrates: 35c, 41c, 3-methyl-pentan2-ol 

(42c), isobutanol (44c), 3,3-dimethyl-butanol (45c), cyclohexanol (27c), 

3-methyl-cyclohexanol (29c), 2-methyl-cyclohexanol (28c), and cycloheptanol 

(32c) were tested at 50 mM scale (Table 2, cascade 2). In all cases in which the 

authors reported information about the absolute configuration of the products 

(35b, 41b, 44b, 45b and 13b), the ee was >99% (R). The highest conversion was 

observed for compound 27c (97%), following by 35c (94%), 44c (93%) and 41c 

(73%). The challenging substrate 13c was poorly converted to the corresponding 

amine (21%) using the newly developed Es-AmDH.  

Three years later, this system was further improved by co-immobilizing the 

AA-ADH and cFL1-AmDH on controlled porosity glass (CPG)-FeIII ion-affinity 

beads (EziG) by Böhmer et al.33 The co-immobilized dehydrogenases 

(50 mgenz. gbeads-1) were tested for the amination of (S)-1c, 2c, 62c, 36c and 37c 

(20 mM) and the least converted alcohol substrate was 62c (28%), while using 

this system, 95% of both 1c and 37c were converted. In all cases, the obtained 

ee values were >99% for the (R)-configured product. Notably, the total turnover 

numbers were improved from 2 to 15-fold compared with the previous studies 

with free enzymes in solution. Moreover, the immobilized system enabled 

recyclability and limited product inhibition phenomenon. In another study, 

co-immobilization of the cFL1-AmDH and Cb-FDH was reported by Thompson et 

al. The authors investigated the AmDH/FDH system in continuous flow. The best 

activity was obtained with 1:1 molar ratio of AmDH:FDH on EziGTM Amber beads 
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type. The immobilized system converted 64% of 10 mM of 2a to the 

corresponding amine after 3 h with a flow rate of 0.2 mL min-1 of ammonium 

formate (1 M, pH 9.0) supplemented with 0.5 mM NAD+. Having successfully 

demonstrated this process in continuous flow the authors co-immobilized the 

TeS-ADH72 variant (W110A/G198D) with cFL1-AmDH. Using a flow rate of 

0.02 mL min-1, compound rac-2c (10 mM) was converted to 2b using ammonium 

formate buffer (1 M, pH 9.0) and 1 mM of NAD+. After 10 column volumes the 

reaction reached steady state (ca. 30% conversion) which was maintained for 

20 h. 

The applicability of the ADH-AmDH bioamination was further investigated earlier 

this year by Houwman et al. using resting E.coli cells.34 The (S)-selective AA-ADH 

and the (R)-selective LBv-ADH in combination with cFL1-AmDH were selected for 

this study. Equal mass production of AA-ADH and cFL1-AmDH was achieved by 

using a Duet plasmid when the His-tagged cFL1-AmDH precedes the AA-ADH 

gene in the final DNA construct. The gene of a GST-tagged LBv-ADH was 

co-expressed in a pET-28b vector in the same host. Using these optimized 

constructs the authors examined a number of parameters that may affect the 

whole cell biocatalytic cascade. For instance, they examined the influence of 

the intracellular NAD+/NADH redox balance which is shifted towards the oxidized 

form under physiological conditions in the cell. Indeed, addition of glucose 

(equal to 1: 0.6, substrate to glucose molar ratio) led to higher conversion by this 

system with an optimum cell amount of 60 mgwcw mL−1. A series of toxicity assays 

were performed to investigate the survival rate of the cells and/or the influence 

of the toxicity of the compounds (substrates, intermediates and products) in the 

productivity of the system. Among all compounds tested for their toxicity against 

E.coli cells, using a minimal inhibitory concentration (MIC), the amines showed 

the highest toxicity levels, even at low quantities resulting in cell death. This 

toxicity led to large variations of the productivity of the system when the substrate 

concentration was increased above a critical value. Substrate concentrations 

below this value resulted in elevated and consistent conversions among different 

experiments. Notably, addition of hexadecane as co-solvent (10% v v-1) was 
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beneficial at higher substrate concentrations (e.g., 20 mM) but detrimental when 

lower amount of substrate was used (e.g., 1-10 mM) probably due to the side 

effects of the cosolvent when the amount of amine produced does not reach 

toxicity levels. Based on the gained knowledge, the authors tested the whole cell 

cascade for the amination of (S)-configured alcohols (1c, 35c-38c) using an 

E.coli strain that expresses the cFL1-AmDH and AA-ADH (cFL1-AA). The amination 

of racemic alcohols (1c, 36c) was also attempted but using a strain that 

co-expresses the cFL1-AmDH and AA-ADH in the same vector and also contains 

another vector encoding for LBv-ADH (cFL1-AA-LBv). Reactions consisted of 1 mL 

cell suspension in ammonium chloride buffer (60 mg mL‐1 E. coli cells) with 20 mM 

glucose and 20 mM substrate at 30 °C. The (S)-36c (20 mM) showed the highest 

conversion (82%) among the alcohols tested, while using the racemic form of the 

same substrate, the conversion was slightly lower (64%). A similar scenario was 

observed for the amination of (S)-1c (46%) compared with rac-1c (21%) possibly 

due to the elevated toxicity of the R enantiomer. The rest of the (S)-configured 

alcohols were converted with 12% (20 mM 37c), 81% (10 mM, 37c) and 33% 

(5 mM, 38c). In all cases, the (R)-configured product was obtained with >99 ee. 

In 2017, a biocatalytic system employing in total five enzymes (ADH, 

NADP+-oxidase, catalase, AmDH and FDH) was constructed as an orthogonal 

two-step oxidation–reduction network comprising a combination of 

dehydrogenases with divergent cofactor dependence (NAD or NADP) as 

illustrated in Scheme 1F.73 In the oxidation-reduction step, an ADH oxidizes the 

alcohol to the carbonyl compound by the transfer of a hydride from the 

substrate to NADP+. The NADP-oxidase (YcnD) from Bacillus subtilis74 regenerates 

the NADP+, consuming dioxygen and liberating H2O2 which is disproportionated 

by catalase to water and dioxygen. In the second cycle, an NAD+ depended 

AmDH catalyze the reductive amination of the carbonyl compound 

intermediate in tandem with a formate dehydrogenase from Candida boidinii 

(Cb-FDH) for cofactor recycling. This enzymatic network possesses elevated 

atom efficiency, since the ammonium formate buffer is both the source of 

nitrogen and electrons for the reductive amination step, while the first step 
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requires only molecular oxygen from air (O2). Furthermore, this system offers a 

more favorable thermodynamic equilibrium compared to the hydrogen 

borrowing amination cascade.32 As the ADH should be NADP+-dependent and 

non-stereospecific the authors focused on variants of TeS-ADH.72 The authors 

decided to use the double variant of TeS-ADH I86A/W110A or a combination of 

the single variant TeS W110A with LBv-ADH. These TeS-ADH variants have been 

reported to possess relaxed stereoselctivity as confirmed with computational 

models by the authors.73 For the second cycle, the authors used the three 

(R)-selective AmDHs: Rs-AmDH, cFL1-AmDH and Bb-AmDH. The applicability of 

this network was demonstrated for the asymmetric amination or racemic 

compounds (20 mM) shown in Table 3 (third column). Reaction conditions were: 

TeS-ADH I86A W110A (52 μM) or TeS-ADH W110A (23 μΜ) plus LBv-ADH (23 μM), 

YcnD (10 μM), AmDH (100-126 μM), Cb-FDH (20 μM), catalase (0.2 μM), NAD+ (0.5 

mM) and NADP+ (0.5 mM) in HCOONH4 buffer (1 M, pH 8.5) at 30 °C. Results are 

summarized in Table 3. In all cases the (R)-configured amine was obtained with 

excellent ee. Quantitative conversions were obtained for 60c, using a 

combination of ADHs (TeS W110A + LBv-ADH) and Rs-AmDH or the TeS I68A 

W110A variant together with cFL1-AmDH for 36c and 37c. The latter combination 

of enzymes showed good conversions (66%-97%) for substrates: 1c, 2c, 35c and 

41c. Similarly, to the hydrogen borrowing cascade, the most challenging 

racemic alcohols (11c, 12c, 14c and 16c) were poorly aminated using the newly 

developed biocatalytic network due to the lack of a highly active AmDH for the 

reductive amination of the corresponding ketones.  
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Table 2. Biocatalytic synthesis of α-chiral amines from racemic alcohols using ADHs and 
AmDHs. 

Compound Structure Cascade 132  
Conv %a, (ee 
%) 

Cascade 247  
Conv %b, (ee 
%) 

Cascade 373 
Conv %c, (ee 
%) 

1c 

OH
 

81, >99(R) 
AADH+ 
LBv-ADH 
Bb-AmDH 

 97, >99(R) 
TeS 
I86A/W110A 
CFL1-AmDH 

2c 
OH

F  

66, >99(R) 
AADH+ 
LBv-ADH 
Bb-AmDH 

 91, >99(R) 
TeS 
I86A/W110A 
cFL1-AmDH 

7c 

OH
 

47, 97(R) 
AADH+ 
LBv-ADH 
Bb-AmDH 

 53, >99(R) 
TeS 
I86A/W110A 
Rs-AmDH 

5c 

OH

O

 

78, >99(R) 
AADH+ 
LBv-ADH 
Bb-AmDH 

  

6c 

OH

O

 

30, 82(R) 
AADH+ 
LBv-ADH 
Bb-AmDH 

 91, >99(R) 
TeS W110A + 
Lb 
Rs-AmDH 

57c 

OH
 

87, >99(R) 
AADH+ 
LBv-ADH 
CFL1-AmDH 

 86, >99(R) 
TeS W110A + 
Lb 
Rs-AmDH 

60c OH

 

92, 83(R) 
AADH+ 
LBv-ADH 
CFL1-AmDH 

 <99, >99(R) 
TeS W110A + 
Lb 
Rs-AmDH 

62c 
O

OH

 

84, >99(R) 
AADH+ 
LBv-ADH 
CFL1-AmDH 

 63, >99(R) 
TeS W110A + 
Lb 
Bb-AmDH 

13c OH

 

16, >99(R) 
AADH+ 
LBv-ADH 
CFL1-AmDH 

21, >99(R)  

17c OH

F  

16, >99(R) 
AADH+ 
LBv-ADH 
CFL1-AmDH 
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Compound Structure Cascade 132  
Conv %a, (ee 
%) 

Cascade 247  
Conv %b, (ee 
%) 

Cascade 373 
Conv %c, (ee 
%) 

16c OH

F  

20, >99(R) 
AADH+ 
LBv-ADH 
CFL1-AmDH 

 29, >99(R) 
TeS W110A + 
Lb 
cFL1-AmDH  

14c OH

F  

12, >99(R) 
AADH+ 
LBv-ADH 
CFL1-AmDH 

 23, >99(R) 
TeS W110A + 
Lb 
cFL1-AmDH 

12c OH

 

19, >99(R) 
AADH+ 
LBv-ADH 
CFL1-AmDH 

 21, >99(R) 
TeS W110A + 
Lb 
cFL1-AmDH 

11c OH

 

9, >99(R) 
AADH+ 
LBv-ADH 
CFL1-AmDH 

 17, >99(R) 
TeS W110A + 
Lb 
cFL1-AmDH 

38c OH

 
93, 99(R) 
AADH+ 
LBv-ADH 
CFL1-AmDH 

 94, >99(R) 
TeS 
I86A/W110A 
cFL1-AmDH 

37c OH

 
96, 99(R) 
AADH+ 
LBv-ADH 
CFL1-AmDH 
 

 >99, >99(R) 
TeS 
I86A/W110A 
cFL1-AmDH 

36c OH

 
95, >99(R) 
AADH+ 
LBv-ADH 
CFL1-AmDH 

 >99, >99(R) 
TeS 
I86A/W110A 
cFL1-AmDH 

35c OH

 
66, >99(R) 
AADH+ 
LBv-ADH 
CFL1-AmDH 

94, >99(R) 70, >99(R) 
TeS 
I86A/W110A 
cFL1-AmDH 

41c OH

 
80, >99(R) 
AADH+ 
LBv-ADH 
CFL1-AmDH 

73, >99(R) 92, >99(R) 
TeS 
I86A/W110A 
cFL1-AmDH 

42c OH

 

 57, N.D  

44c OH

 

 93, >99(R)  
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Compound Structure Cascade 132  
Conv %a, (ee 
%) 

Cascade 247  
Conv %b, (ee 
%) 

Cascade 373 
Conv %c, (ee 
%) 

45c OH

 

 29, >99(R)  

27c OH

 

 97, N.A.  

29c OH

 

 75, N.D.  

28c OH

 

 43, N.D.  

32c OH

 

 35, N.A.  

 

a Conversions reported here were obtained using the following conditions: [substrate]: 
20 mM, [AA-ADH]: 1.0-2.3 mg mL-1; [LBv-ADH]: 1.0-2.6 mg mL-1; [AmDH]: 20 U; ammonium 
formate buffer (pH 8.5, 2 M); [NAD+]: 1 mM: T 30 °C, 48 h, 190 rpm, Volume: 500 μL. 
b Conversions reported here were obtained using the following conditions: [substrate]: 
50 mM, [Sc-ADH]: 10 mg lyophilized cell free extract; [Es-AmDH]: 10 mg lyophilized cell free 
extract; ammonium chloride buffer (pH 9.5, 2 M); [NAD+] 1 mM: T 30 °C, 24 h , 1000 rpm, 
Volume: 1000 μL. 
c Conversions reported here were obtained using the following conditions: [substrate]: 
20 mM, [TeS-ADH I86A/W110A]: 52 μΜ or [TeS-ADH W110A]: 23 μΜ plus [LBv-ADH]: 23 μΜ; 
[cFL1-AmDH]: 126 μΜ or [Bb-AmDH}: 117 μΜ or [Rs-AmDH]; 100 μΜ; [YncD]: 10 μΜ; 
[Cb-FDH]: 20 μΜ; [Catalase]: 0.2 μΜ; [NADP+]: 0.5 mM in ammonium formate buffer (1 M 
pH 8.5); T 30 °C, 24 h , 170 rpm. 
N.D.: Not determined, N.A.: Not applicable  

 

1.4.3 Synthesis of secondary and tertiary amines by AmDHs. 

In 2019, we investigated the catalytic promiscuity of the Rs-AmDH and 

cFL1-AmDH for the synthesis of secondary and/or tertiary amines when other 

amino-donors rather than ammonia were present in the reaction mixture.35 After 

an extensive screening of these AmDHs with a panel of carbonyl compounds 
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(ketones and aldehydes) and eleven different amino donors (constituting the 

buffer of the reaction at 1 M concentration and pH 8.5) we were able to obtain 

secondary and tertiary amines. The AmDHs (Rs-AmDH 103 μΜ, and cFL1-AmDH 

92 μΜ) were used together with Cb-FDH (24 μΜ) and catalytic amount of NAD+ 

(1 mM). Conversions of 15% and 40% were obtained with 2a and cFL1-AmDH 

using 1 M or 6 M methylamine buffer, respectively. The Rs-AmDH catalyzed 

reaction resulted in 4% conversion using ethylamine and 11% conversion with 

cyclopropylamine for the same substrate. The cFL1-AmDH also produced 

secondary amines starting from 36a (5% conv.), 37a (32% conv.) and heptanal 

(41%) in methylamine buffer. The Rs-AmDH showed a preference for 21a 

producing non chiral secondary amines with methylamine (29% conv.), 

ethylamine (40% conv.), n-propylamine (43% conv.) or even with dimethylamine 

(3% conv.) and ethyl-methylamine (8% conv.). In all those cases in which the 

product was chiral, the secondary amines were obtained in an enantioenriched 

form for the (R)-enantiomer. Interestingly in the cases in which a ketone was used 

as substrate the production of secondary amines were always accompanied 

with the formation of the corresponding primary amine as by-product with 

perfect optical purity (ee >99% R). After a series of mechanistic experiments we 

concluded that the production of the primary amines was due to a promiscuous 

formal transamination mechanism through NAD+/NADH redox-mediated 

iminium isomerization step. In fact, when the secondary imine (intermediate I in 

Scheme 2A) is formed during the catalytic cycle of the AmDHs, isomerization of 

the imine may takes place due to the action of NADH/NAD+ resulting in imine 

intermediate II (Scheme 2A). The latest is being attacked by a water molecule, 

due to the particular catalytic environment in the active site of the enzyme, thus 

generating the primary amine. These findings were further explained with the aid 

of computational models. Molecular dynamic simulations with the model of 

cFL1-AmDH docked with intermediate I (Scheme 1A) revealed that both pro-(R) 

and pro-(S) binding modes can be productive for the biocatalytic reaction to 

occur, resulting in low ee values for the secondary amine product. In contrast, 

the generated primary amine (last step in Scheme 2A) is more stable in the 
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pro-(R) configuration than in the pro-(S), due to interaction of D125 residue with 

the amino group of the substrate. Apparently, this binding pose of the primary 

amine is the only productive one as molecular dynamic simulations revealed. 

Therefore, although the pro-(S) configuration of the primary amine is an 

acceptable conformation (in terms of binding energy) the substrate will switch 

to pro-(R) prior to the reduction by the cofactor, resulting in >99% ee for the 

(R)-configured primary amine product. Finally, we proposed a catalytic 

mechanism for the reductive amination catalyzed by the Rs-AmDH and 

cFL1-AmDH with amine donors differed from ammonia (Scheme 2B). This 

mechanism rationalized the formation of all products observed in the reaction 

mixture and is based on the catalytic mechanism of Phe-DH from Rhodococcus 

sp. M4.42 

Later the same year, Mayol and co-workers tested the purified nat-AmDHs with 

a number of amine donors (methylamine, ethylamine, benzylamine, 

cyclopentylamine and 3-pentanamine) with 100:1 equivalent of amine donor: 

substrate molar ratio.31 Three out of five nat-AmDHs, named: MsmeAmDH, 

MIcroAmDH, MvacAmDH accepted methylamine using 27a or 69a as substrates. 

The MicroAmDH showed even higher specific activity for methylamine 

(90 mU mg-1) than ammonia (37 mU mg-1) for 27a. Similarly, for substrate 69a, 

MicroAmDH showed a specific activity of 851.3 mU mg-1 with methylamine and 

269.8 mU mg-1 with ammonia. The MsmeAmDH was also found to be active with 

methylamine for the amination of 27a (10 mU mg-1) and 69a (144 mU mg-1). These 

activity levels are slightly increased for those observed with ammonia using the 

same substrates. Finally, MvacAmDH which has not been tested for the reductive 

amination using ammonia for any substrate, showed 12.6 mU mg-1 for 27a and 

262.6 mU mg-1 for 69a with methylamine. A pH study using MicroAmDH revealed 

only a minor influence of the pH value on the enzyme specific activity for the 

amination of isobutyraldehyde using methylamine; in fact, the specific activity 

was maintained at 70% of its highest value (obtained at pH 9.0) within a pH range 

between 6.7 and 12.2. Finally, the authors showed that the specific activity for 

the amination of 69a remained at the same level when the methylamine 
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concentration was decreased to 2 equivalents, thus indicating that the activity 

does not depend on the amount of the pre-formed imine in solution and that the 

enzyme is able to catalyze both imine formation and reduction. However, the 

authors were not able to provide data for the enatioselectivity of the obtained 

secondary amines since all products were not chiral. Moreover, consumption of 

the cofactor in a spectrophotometric assay may not correlate entirely with the 

generation of secondary amines; conversely, as it was explained before, a 

primary amine product can be formed during the catalytic mechanism of the 

enzymes. Therefore, the product(s) of the reaction should be identified.  
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Scheme 2. (A) mechanistic explanation for the promiscuous formation of enantiopure 
primary amine during the catalytic cycle of the AmDHs for the synthesis of secondary 
amines, (B) proposed catalytic mechanism for reductive amination catalysed by Rs-AmDH 
and cFL1-AmDH with amine donors different from ammonia . Two stereocomplementary 
binding modes are the most probable (either intermediate II or intermediate II’). Reduction 
of intermediate II’ through a hydride shift from NADH forms the secondary amine product 
in the (S)-configuration. Reduction of intermediate II by a hydride shift from NADH forms the 
secondary amine product in the (R)-configuration. However, intermediate II can also be 
re-oxidised to iminium isomer III. After this formal imine isomerization step, the hydrolysis of 
intermediate III yields the primary amine product in the (R)-configuration. 
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1.5 Outline of the thesis 

This chapter makes evident that the past few years have witnessed tremendous 

advancements in the amine dehydrogenase catalyzed reactions and, only 

recently the implementation of AmDHs in state-of-the-art biocatalytic cascades 

was accomplished. The increased scientific interest for the discovery and 

engineering of new AmDHs is mainly caused by two factors, both of which are 

of utmost importance. First, the high atom economy of the AmDHs when 

combined with recycling enzymes (e.g., FDH or GDH) and second, the exquisite 

enantioselectivity that the AmDH family members display. These two factors 

make both the final product as well as the process for amine synthesis 

compatible with the recent policies related to APIs manufacturing. Despite this 

accelerated rate of new entries in the AmDH family, this class of enzymes remains 

underdeveloped. For instance, the diversity of substrate scope and activity 

among these AmDHs is poor because they were engineered from very similar 

scaffolds and following an identical strategy. Moreover, accessibility to the 

(S)-configured amines using AmDHs is a major limitation due to the lack of 

members possessing (S)-selectivity. This limitation can be partly overcome by the 

application of (R)-selective AmDHs for the kinetic resolution of racemic mixtures 

of amines. In addition to that, reductive amination of carbonyl-containing 

compounds catalyzed by AmDHs with amino donors other than ammonia has 

not been previously investigated. In terms of catalytic promiscuity, the AmDHs 

may also give access to secondary or tertiary amines by using alternative amine 

donors than ammonia. Furthermore, catalytic promiscuity of AmDHs may be 

exploited starting from scaffolds with different folding for the generation of 

enzymes with different catalytic activities. Overcoming these limitations is the 

main objectives of this thesis.  

For example, the catalytic promiscuity of previously engineered AmDHs for the 

synthesis of secondary and tertiary amines is demonstrated in Chapter 2. In this 

study, we have investigated two AmDHs for the synthesis of secondary and 

tertiary amines using various amino donors. Through the combination of practical 
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lab experiments and computational simulations, we gained new insights into the 

catalytic mechanism of these AmDHs, thus revealing new aspects related to their 

applicability and current limitations in organic synthesis. Extensive computational 

studies served as a valuable tool to elucidate the chemo-and stereo-selective 

behaviour of these biocatalysts. 

In Chapter 3 we report new amine dehydrogenases (AmDHs) with expanded 

substrate scope. These enzymes were created starting from the ε-deaminating 

L-lysine dehydrogenase that operates through the oxidative deamination of a 

non-chiral terminal amine group. Via a rationalized approach, we evolved the 

new enzymes to reveal and harness a stereoselective behaviour that was 

‘hidden’ in the wild-type enzyme. The new enzymes are an important addition 

to the current enzyme toolbox for the synthesis of chiral amines. They are 

particularly relevant for the synthesis of key intermediates in the production of 

important pharmaceuticals displaying exquisite enantioselectivity. The 

thermostable scaffold used in this study offers also the possibility to reverse the 

stereoselectivity of the reductive amination (i.e., both (R)- or (S)-configured 

amines can be obtained), representing a rare example of substrate-dependent 

stereo-switchable selectivity. The applicability of the most active AmDH obtained 

in this study (LE-AmDH-v1) was demonstrated in preparative scale amination 

reactions.  

In Chapter 4 we applied the LE-AmDH-v1, as developed in the study described 

in chapter 3, for the kinetic resolution of pharmaceutically relevant racemic 

mixtures of primary amines in order to access the (S)-enantiomer. The AmDH was 

applied together with NAD-oxidase from Streptococcus mutans (NOx), which 

reduces O2 by oxidizing the cofactor. Serving as recycling enzyme, it allows for 

maximizing the atom economy of the whole process. After a series of 

optimization studies (i.e. pH optimum, type of buffer, temperature, and substrate 

concentration) we were able to resolve all compounds tested. Moreover, the 

application of this AmDH in deracemization cascades or with chemical reducing 

agents (amine boranes) is also reported. 
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The catalytic promiscuity of the ε-deaminating L-lysine dehydrogenase is the 

subject of chapter 5. In this study we exploited the promiscuous formation of 

alcohols by the wild type enzyme as well as of some variants for the synthesis of 

primary alcohols and (a)chiral amines. By controlling the conditions of the 

biocatalytic reaction, some variants could produce exclusively either amines or 

alcohols. As amine dehydrogenases, these enzymes were highly 

enantioselective and afforded (R)-configured amines with >99% ee. As ADHs, 

only primary alcohols could be obtained. This bi-funtinal role of the enzymes was 

harnessed for the direct conversion of benzyl alcohol to benzylamine using two 

cascades. As a proof of principle, we were able to obtain the amine product 

confirming an unprecedented ‘alcohol aminase’ behavior.  

Finally, in order to increase the possibility to identify new (S)-selective AmDHs in 

the future, in Chapter 6, we describe a novel methodology for screening new 

(S)-selective AmDHs. Expression and purification of the variants can be 

performed in 96-deep well blocks. The purified variants can be applied in the 

desirable, reductive amination reaction for the synthesis of (S)-configured 

amines. The products can be then observed using a highly enantioselective 

colorimetric assay employing an (S)-selective monoamine oxidase (MAO) that 

selectively oxidizes the S configured amines to imines by producing H2O2. The 

latest can be used by horseradish peroxidase (HRP) to conjugate 

2,4,6-tribromo-3-hydroxybenzoic acid with 4-aminoantipyrine thereby forming a 

compound that can be detected spectrophotometrically at 510 nm and by eye 

(magenta). After a series of optimization studies, the reported methodology is 

expected to be applied for the screening of potential (S)-selective AmDHs that 

we have created starting from a D-AADH scaffold.  
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