Oxidoreductase-Catalyzed Synthesis of Chiral Amines
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Abstract
Chiral amines are valuable constituents of many important pharmaceutical compounds and their intermediates. It is estimated that nearly 40-45% small molecule pharmaceuticals contain chiral amine scaffolds in their structures. The major challenges encountered in the chemical synthesis of enantiopure amines are the use of toxic chemicals, formation of a large number of by-products, and multi-step syntheses. To address these limitations, cost-effective biocatalytic methods are maturing and proving to be credible alternatives for the synthesis of chiral amines in enantiomerically pure forms. Herein, we report the recent progress achieved and current perspectives in the enzymatic synthesis of chiral amines using four important enzymes i.e. imine reductases, amine dehydrogenases, monoamine oxidases and cytochrome P450s. Applications to the industrial synthesis of chiral amines are highlighted. Protein engineering approaches, which play a critical role in improving or altering enzyme activity and substrate scope, are also addressed along with the discovery of pioneering enzymatic activities from nature. This survey of recent work demonstrates that enzymatic approaches to the synthesis of chiral amines will continue to be a major focus of research in biocatalytic chemistry in the years to come. 
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1. Introduction
In recent years, biocatalysis has emerged as a competent and superior alternative to traditional organo-catalysis for the production of fine chemicals, pharmaceuticals and agricultural products.1-8 Enzyme-mediated processes are well-recognized for asymmetric transformations because they can be conducted under mild conditions, and as part of short synthetic routes.9-11 The use of biocatalysts also does not require the activation of functional groups; thus, the protection and deprotection steps that are generally required in conventional synthesis are avoided.12-14 Also, the generation of fewer by-product while avoiding the use of toxic reagents, and the excellent chemo-, regio- and stereo-selectivities exhibited by enzymes can give biocatalytic routes considerable advantage over traditional abiotic catalysis.15,16 
Chiral amines play an important role as the building blocks of many life-saving drugs and other industrially important chemicals such as agrochemicals17-19 [Figure 1]. It has been estimated that nearly 40% of the currently used pharmaceuticals contain chiral amine functional groups in their structure.20,21 In this regard, the ACS Green Chemistry Institute, Pharmaceutical Roundtable has also acknowledged that the asymmetric synthesis of amines from prochiral ketones and ammonia is one of the top aspirational reactions challenging the pharmaceutical industry.22 Consequently, various enzymatic methods have been developed that provide sustainable synthetic alternatives towards a range of chiral amines.23-25 
Enzymes such as ω-transaminases (ω-TAs), monoamine oxidases (MAOs), amine dehydrogenases (AmDHs), phenylalanine ammonia lyases (PALs), imine reductases (IREDs), lipases, P450 monooxygenases (P450s), Pictet-Spenglerases and berberine bridge enzymes (BBEs) can be useful for the biocatalytic synthesis of various chiral amines [Figure 1]. Many of these enzymes have already been optimized by protein engineering and currently serve as alternatives to chemical syntheses of chiral amines.26-33
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Figure 1. Enzymatic synthesis of chiral amines and important pharmaceuticals containing chiral amine scaffolds
Owing to their importance in various industries, progress in the field of the enzymatic synthesis of chiral amines, especially using transaminases, has been reviewed in the past few years.20,26-36 The current review endeavors to describe advances in the discovery, recent developments and current perspectives in the applications of four important enzymes: imine reductases, amine dehydrogenases, monoamine oxidases and cytochrome P450s, for the synthesis of chiral amines. The pivotal role played by protein engineering approaches in the improvement of these biocatalysts is emphasized along with the discovery of new enzymatic activities from nature. 
2 Imine Reductases (IREDs)
Owing to their high structural diversity and propensity for hydrogen bond formation, chiral amines are involved in a variety of biological activities.37,38 The majority of the enzymes used for amine biocatalysis generate primary amines. However, secondary and tertiary amines constitute the motifs of many important pharmaceuticals and industrially important chemicals. One of the efficient approaches for the generation of these structural motifs is the reductive amination of carbonyl compounds with amines.39 This reaction enables the formation of a stereogenic center by directly coupling two smaller fragments. For example, Huang et al. have recently reported a highly efficient direct asymmetric reductive amination of arylacetones that uses diphenylmethylamine as the nitrogen source.40 Notwithstanding the significant advances achieved in the chemically-catalyzed asymmetric reductive amination, it suffers considerable challenges, such as disfavoured equilibrium of imine formation in an aqueous medium, and chemoselectivity of the catalyst.41 The benefits offered by biocatalytic reductive amination processes would make them a desirable alternative to the abiotic examples. 
Imine reductases (IREDs) are NADPH-dependent oxidoreductases that catalyze the asymmetric reduction of cyclic prochiral imines to amines. Also, IREDs can enable the reductive amination of carbonyl compounds with amines and thereby give access to the synthesis of secondary and tertiary amines.42,43 Therefore, depending on the structures of substrates and the reactions catalyzed by them, IREDs scan be categorized into two classes: A) Enzymes that catalyze only the reduction of pre-formed cyclic imines [Figure 2A], and B) Enzymes that catalyze reductive amination [Figure 2B] and reduction of pre-formed cyclic imines.44
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Figure 2. A) Reduction of cyclic imines by IREDs and B) Reductive amination of carbonyl compounds catalysed by IRED

2.1
Imine reductase for the reduction of cyclic imines
The electrophilic character and lower bond energy of C=N bonds makes them susceptible to attack by nucleophiles. Thus, noncyclic imines are hydrolytically labile in aqueous media.44 On the other hand, cyclic imines are known to be stable in an aqueous environment and therefore serve as substrates for the enzyme-mediated reduction.44,45 A cyclic imine, 2-methyl-1-pyrroline, has been widely used for the screening of novel enzymes for the reduction of cyclic imines to generate the chiral amine building blocks. Mitsukura et al.46 screened a large number of microorganisms and found two novel IREDs from Streptomyces sp. GF 3587 and Streptomyces sp. GF 3546 with (R)- and (S)- selectivity, respectively towards 2-methyl-1-pyrroline for the production of 2-methylpyrrolidine [Figure 3], a building block for H3 histamine receptor antagonist ABT-239. 
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Figure 3. Asymmetric reduction of 2-methyl-1-pyrroline to 2-methylpyrorolidine by (S)- and (R)-IRED
Mitsukura et al. purified and characterized the (R)-selective IRED from Streptomyces sp. GF 3587 (R-IRED-Ss)47 and the (S)-selective IRED from Streptomyces sp. GF 3546 (S-IRED-Ss).48 Furthermore, Rodriguez-Mata et al. solved the crystal structure of the (R)-selective IRED from Streptomyces kanamyceticus (R-IRED-Sk) and its complex with the cofactor NADPH.49 This structure was found to contain four monomers (A–D), arranged as two pairs of dimers (A–B and C–D). These studies demonstrated the potential of R-IRED-Sk in the reduction of cyclic imines, such as 2-methyl-1-pyrroline, 3,4-dihydroisoquinoline and 2-methyl-3,4-dihydroisoquinolin-2-ium triflate. 
The synthetic gene approach, in combination with bioinformatic tools, can play an important role in discovering novel biocatalysts with desired functions. To further explore the scope of imine reductases, Scheller et al. established the ‘Imine Reductase Engineering Database’ with more than 350 protein entries.37 Two novel (R)-type proteins [R-IRED-Sr and R-IRED-St; from Streptosporangium roseum and Streptomyces turgidiscabies, respectively], and one (S)-IRED from Paenibacillus elgii (S-IRED-Pe) from this database were characterized, and used in whole cell biocatalysis for the reduction of 2-methylpyrroline. Though the catalytic efficiencies of these (R)-IREDs were higher by over two orders of magnitude compared to that of the previously reported R-IRED-Sk, the efficiency of S-IRED-Pe was lower than that of S-IRED-Ss. Owing to the low catalytic efficiencies of these IREDs, the authors concluded that 2-methylpyrroline might not be a natural substrate for these IREDs. Similarly, the Grogan and Turner groups demonstrated that cyclic imines, such as 2-methylpyrroline, 3,4-dihydroisoquinoline and 2-methyl-3,4-dihydroisoquinolin-2-ium triflate were unnatural substrates for R-IRED-Sk.49 Recently, Aleku et al.50 have demonstrated the potential of an IRED from Amycolatopsis orientalis [S-IRED-Ao] for the reduction of 2-substituted pyrrolines, piperidines and azepines. S-IRED-Ao exhibited the formation of corresponding (S)-amine products from the cyclic imine substrates with excellent enantioselectivities. Similarly, Li et al. have demonstrated the efficiency of IRED from Paenibacillus lactis [S-IRED-Pl] for the enantioselective reduction of 3H-indoles as well as 3H-indole iodides, for the synthesis of chiral indolines with good stereospecificity.51,52
Tetrahydroisoquinolines (THIQs) are known as important scaffolds in numerous biologically active molecules.53 Though the synthesis of THIQs from their corresponding dihydroisoquinolines using imine reductases is a very attractive approach, it is limited by the strong steric hindrance imposed by the aryl substitution at C1, thereby affecting the enzyme activity.54,55 In this light, Zhu et al. recently screened 88 IREDs and found a group of hindrance-tolerant enzymes, which was then successfully employed for the reduction of methyl-, chloro-, and methoxy-substituted 1-phenyl-dihydroisoquinolines to generate the corresponding aryl-THIQs.53 However, many of the reported IREDs exhibit substrate inhibition by higher quantities of dihydroisoquinoline substrates, and therefore a substrate feeding strategy needed to be applied to avoid possible substrate inhibition.56 Nevertheless, the recently identified (S)-IRED from Stackebrandtia nassauensis (S-IRED-Sn) displayed high catalytic efficiency and enantioselectivity towards dihydroisoquinoline substituents.57 This enzyme could completely reduce 100 mM of 1-methyl dihydroisoquinoline in only 4 h, but more importantly, without a substrate feeding strategy. Moreover, many of the bulky dihydroisoquinolines were efficiently converted to their corresponding THIQs with good yields (up to 81%), and moderate to excellent enantioselectivities (up to 99% ee).57 The studies demonstrating the IRED-catalyzed reduction of cyclic imines are summarized in Table 1.
Table 1. Use of IREDs in the Reduction of Cyclic Imines
	Entry
	Imine substrate
	Product
	Genbank identifier
	Source
	Enzyme characteristics [KM (mM); kcat/KM (mM-1min-1)]
	Conversion (%); ee (%)$
	Reference

	1
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


	WP_015347361.1
	Myxococcus stipitatus
	1; 134
	>98; >98 (R)
	42

	2
	
	
	WP_015347361.1a
	Myxococcus stipitatus
	12; 0.7
	46; >98 (R)
	42

	3
	
	
	WP_015347361.1 b
	Myxococcus stipitatus
	6.8; 0.2
	11; >98 (R)
	42

	4
	
	
	WP_015347361.1
	Myxococcus stipitatus
	23; 0.2#
	14; >98 (R)
	42

	5
	
	
	WP_015347361.1 a
	Myxococcus stipitatus
	9.8; 24#
	>98; >98 (R)
	42

	6
	
	
	WP_015347361.1 b
	Myxococcus stipitatus
	11; 7.9#
	94; >98 (R)
	42

	7
	
	
	BAM99301.1
	Streptomyces sp. GF 3546
	7.15; N.D.
	100; 92.3 (S)
	46,47

	8
	
	
	WP_107099103.1
	Streptomyces kanamyceticus
	8.21; 0.132
	23; 99.6 (R)
	49

	9
	
	
	WP_009330409
	Streptomyces ipomoeae 91-03
	N.D.
	99; 99 (R)
	65

	10
	
	
	WP_010953707.1
	Pseudomonas putida
	N.D.
	97; 99 (R)
	65

	11
	
	
	YP_003336672.1
	Streptosporangium roseum sp. DSM 43021
	1.085; 53.13
	100; 98.3 (R)
	37

	12
	
	
	WP_006374254.1
	Streptomyces turgidiscabies
	1.815; 14.729
	100; 99 (R)
	37

	13
	
	
	WP_010497949.1
	Paenibacillus elgii
	1.29; 1.224
	96.8; 94.9 (S)
	37

	14
	
	
	WP_008741284.1
	Streptomyces sp. Mg1
	N.D.
	70; 99 (S)
	56

	15
	
	
	WP_003931250.1
	Mycobacterium vaccae
	N.D.
	99; 98 (S)
	56

	16
	
	
	BAM99302.1
	Streptomyces sp. GF3587
	1.88; 11.22
	>98; >98 (R)
	54

	17
	
[image: image6.emf]N


	
[image: image7.emf]NH




	WP_016644884
	Streptomyces aurantiacus
	N.D.
	>95; 99 (S)
	73

	18
	
	
	YP_008010673
	Amycolatopsis orientalis
	0.72; 61.8 
	100; 81 (S)
	50

	19
	
	
	WP_009737838.1
	Frankia sp. QA3
	N.D.
	98; 99 (R)
	56

	20
	
	
	WP_003931250.1
	Mycobacterium vaccae
	N.D.
	93; 97 (S)
	56

	21
	
	
	BAM99301.1
	Streptomyces sp. GF3546
	1.05; 2.28 
	>98; 98 (S)
	45

	22
	
	
	WP_013019548.1
	Stackebrandtia nassauensis
	0.056; 3240
	>99; >99 (S)
	57

	23
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	BAM99301.1
	Streptomyces sp. GF 3546
	N.D.
	92; >98 (S)
	45

	24
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	WP_009737838.1
	Frankia sp. QA3
	N.D.
	99; 98 (R)
	56

	25
	
	
	WP_013733165.1
	Verrucosispora maris
	N.D.
	97; 88 (R)
	56

	26
	
	
	WP_026403156.1
	Actinomadura rifamycini
	N.D.
	96; 17 (S)
	56

	27
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	WP_015611605.1
	Streptomyces fulvissimus
	N.D.
	60; 69 (S)
	56

	28
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	BAM99301.1
	Streptomyces sp. GF 3546
	N.D.
	34; 27 (R)
	48

	29
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	BAM99301.1
	Streptomyces sp. GF3546
	0.63; 42.48
	>98; N.A. 
	45

	30
	
	
	WP_107099103.1
	Streptomyces kanamyceticus
	1.16; 0.0444
	N.D; N.A. 
	49

	31
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	WP_107099103.1
	Streptomyces. kanamyceticus
	0.724; 0.312
	N.D; N.A. 
	49

	32
	
	
	YP_008010673
	Amycolatopsis orientalis
	0.96; 48
	90; N.A. 
	50

	33
	
	
	BAM99301.1
	Streptomyces sp. GF3546
	0.60; 48.06
	>90; N.A. 
	45

	34
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	WP_009330409
	Streptomyces ipomoeae
	N.D.
	57; 99 (R)
	65

	35
	
	
	WP_010953707.1
	Pseudomonas putida
	N.D.
	72; 99 (R)
	65

	36
	
	
	WP_010497949.1
	Paenibacillus elgii
	N.D.
	68; 99 (R)
	65

	37
	
	
	YP_008010673
	Amycolatopsis orientalis
	0.65; 31.8
	>99; 98 (S)
	65

	38
	
	
	WP_018958796.1
	Streptomyces sp. CNB091
	N.D.
	99; 81 (R)
	56

	39
	
	
	WP_008741284.1
	Streptomyces sp. Mg1
	N.D.
	99; 98 (S)
	56

	40
	
	
	WP_015611605.1
	Streptomyces fulvissimus
	N.D.
	9; 99 (S)
	56

	41
	
	
	BAM99302.1
	Streptomyces sp. GF3587
	0.371; 684 
	>98; >98 (R)
	54

	42
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	YP_008010673
	Amycolatopsis orientalis
	0.22; 22.8 
	>99; 40 (S)
	50

	43
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	YP_008010673
	Amycolatopsis orientalis
	0.51; 16.2 
	>99; 60 (R)
	50

	44
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	WP_012921542.1
	Kribbella flavida sp. DSM 17836
	N.D.
	91; 97 (S)
	56

	45
	
	
	YP_005263141.1
	Nocardia cyriacigeorgica GUH-2
	N.D.
	90; 96 (R)
	56

	46
	
	
	WP_008741284.1
	Streptomyces sp. Mg1
	N.D.
	94; 99 (S)
	56

	47
	
	
	BAM99302.1
	Streptomyces sp. GF3587
	5.22; 41.88
	>98; >98 (R)
	54

	48
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	MF540777
	Actinomadura madurae
	0.026; 3554
	100; 96 (R)
	53

	49
	
	
	MF540792
	Frankia sp. EAN1pec
	0.19; 163.8
	99; >99 (R)
	53

	50
	
	
	MF540819
	Streptomyces aurantiacus
	0.17; 112.8
	99; >99 (S)
	53

	51
	
	
	MF540777
	Actinomadura madurae
	0.024; 23925
	100; 99 (R)
	53

	52
	
	
	MF540792
	Frankia sp. EAN1pec
	0.019; 6600
	99; >99 (R)
	53

	53
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	MF540819
	Streptomyces aurantiacus
	0.031; 79.2
	99; 91 (S)
	53

	54
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	MF540777
	Actinomadura madurae
	0.029; 3186
	100; >99 (R)
	53

	55
	
	
	MF540792
	Frankia sp. EAN1pec
	0.12; 354.6
	99; >99 (R)
	53

	56
	
	
	MF540819
	Streptomyces aurantiacus
	0.034; 18.6
	99; >99 (S)
	53

	57
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	BAM99301.1
	Streptomyces sp. GF3546
	N.D.
	>95; 98 (S)
	73

	58
	
	
	MF540819
	Streptomyces aurantiacus
	N.D.
	>91; 99 (S)
	73

	59
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	BAM99302.1
	Streptomyces sp. GF3587
	N.D.
	>98; 8 (S)
	54

	60
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	BAM99302.1
	Streptomyces sp. GF3587
	N.D.
	20; >98 (S)
	54

	61
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	BAM99302.1
	Streptomyces sp. GF3587
	N.D.
	86; 26 (S)
	54

	62
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	BAM99302.1
	Streptomyces sp. GF3587
	N.D.
	>98; 66 (S)
	54

	63
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	BAM99302.1
	Streptomyces sp. GF3587
	1.05; 15
	>98; >98 (S)
	54

	64
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	WP_013019548.1
	Stackebrandtia nassauensis
	N.D.
	>99; >99 (S)
	57

	65
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	MF540833
	Paenibacillus lactis
	0.48; 1404
	75; 99 (S)
	52

	$Absolute configuration of the product is mentioned in parenthesis

a mutant N32E/R33Y/T34E/K37R/L67I/T71V

b mutant N32E/R33Y/T34E/K37A/L67I/T71V

# NADH was used as cofactor

N.D. -Not determined

N.A.- Not applicable


Until recently, transition-metal-mediated homogenous catalysis and organo-catalytic methods were the main chemical strategies for the enantioselective reductions.37,58-62 However, the application of expensive and toxic metals and the requirement of several deprotection steps are the major challenges faced by chemical methods.63,64 Also, chemically catalyzed imine hydrogenation methods require the starting ketone to react with the activated groups of nitrogen sources.65
IRED-mediated approaches have provided a proficient alternative for the preparation of chiral amine intermediates.37,63,66 However, the stereospecific reduction of imine to the corresponding amines by IREDs was confined to the few naturally occurring imines such as dihydrofolate and D-1-pyrroline-2-carboxylate.67,68 The major issue related to the reduction of imines is their rapid degradation to aldehyde or ketone and ammonia and amines.46 It is worth emphasizing that the recent advances achieved for the identification, purification, and characterization of novel IREDs from various microbial sources57,69,70 permit the biocatalytic synthesis of chiral amines from preformed imine substrates. 
2.2 Reductive amination of carbonyl compounds with amine nucleophiles
One of the most stunning discoveries of recent years in imine reduction reactions is the exploration of reductive aminases. Reductive aminases, a subclass of imine reductases, functionally differ from imine reductases in that later enzymes catalyze only the reduction of pre-formed cyclic imines. On the other hand, reductive aminases catalyze the reductive amination between carbonyl substrates and amine nucleophiles in addition to the reduction of pre-formed cyclic imines.71 As amines are derived from a diverse range of metabolic pathways, very few enzymes were explored until recently for their potential for direct reductive amination of ketone substrates to their amine counterparts. The important potential of the utility of this method lies in the in-situ production of the imine, thereby omitting the need for the chemical synthesis of a substrate prior to the reduction step.56 The selective reduction of imines, which are formed during the condensation of amine and ketone in an aqueous environment, is feasible due to the excellent enantioselectivity of IREDs towards imines and not towards the excess ketone present.72
Huber et al. in 2014 demonstrated the first direct reductive amination potential of two native enzymes, from Streptomyces sp. GF 3546 (S-IRED-Ss) and Streptomyces aurantiacus (S-IRED-Sa).73 Furthermore, these enzymes were crystallized, and their three-dimensional structures were solved by the molecular replacement method. These studies further proposed the catalytic mechanism for the binding of the cofactor NADPH and subsequent catalysis performed by IREDs [Explained in the later Section]. Scheller and group have demonstrated the enzyme-mediated reductive amination of various aldehydes and ketone substrates with different amine nucleophiles.74 It has been reported that increasing the nucleophilicity of the amines can significantly affect the production of amination products by favoring the equilibrium of the reaction intermediate towards imine formation. Therefore, in these cases, the higher generation of imines in solution leads to the higher interaction of the enzyme molecules with their substrate. 
Aromatic unsaturated ketones are known as challenging substrates for various IREDs. Nevertheless, R-IRED-Sr successfully converted unsaturated ketones, such as 1-cyclohexylethanone and the aromatic acetophenone to their corresponding amination products.74 Recently, France et al. have investigated the biocatalytic potential of 45 IREDs for the reductive amination of stoichiometric ratios of ketones and amine substrates.39 Moreover, IRED from Rhizobium sullae (S-IRED-Rs) also afforded high conversion with the N-protected pyrrolidinone and secondary amine pyrrolidine substrates, which were previously reported as challenging substrates for reductive amination by IREDs. A notable difference between the studies by Huber et al.73 and France et al.39 was the ratio of ketone:amine substrates. While France et al. could demonstrate the reductive amination at very low amine:ketone ratio (2.5:1), significantly higher amount of amine partner was used in the studies by Huber et al.73 [Table 2].
Ketone reduction to alcohol has also been reported as a promiscuous behavior of IREDs. It has been principally established that depending on the substrate and the reaction conditions, IRED-mediated reduction of ketones to alcohols is catalytically achievable.70 Lenz et al. have recently demonstrated the electronic effects of substituents on IRED-mediated asymmetric hydrogenation of 2,2,2-trifluoroacetophenone, benzoyl cyanide, and acetophenone as substrates.75 However, R-IRED-Sr could transform only trifluoroacetophenone substrate to its corresponding alcohol with 57.4 % conversion and excellent enantioselectivity (ee 96%) [Figure 4]. No product was detected for benzoyl cyanide, and acetophenone substrates. 
No product formation was detected with 1b or 1c as

substrate 

No product formation was detected with 1b or 1c as

substrate 

[image: image50.png]o)

R-IRED-Sr

CF3

2,2,2-trifluoro-1-phenylethanone NADPH+ H*

NADP*

IRED

OH

©/\CF3

(5)-2,2,2-trifluoro-1-phenylethanol

P

R3_NH2 .

NADPH

Gluconolactone =

C 7

(S)-IRED

H

(S)-2-Methylpyrrolidine NADP*

NADPH

GDH

Glucose

O\ _ (R)-IRED Q\

N
2-methyl pyrroline

H

NADPH NADP+ (R)-2-Methylpyrrolidine




Figure 4. IRED-mediated asymmetric hydrogenation of 2,2,2-trifluoroacetophenone to the corresponding alcohol.75
These studies utilized the approach of calculating energy barriers for the hydride transfer from the nicotinamide subunit to various substrates. It has been reported that ammonium salts undergo faster reduction compared to their imine counterparts.52,54 Lenz and group have also reported that energy barriers for selected ketones are higher than for iminium ions, but lower than for imine compounds.75 
Table 2. Imine Reductase-mediated Reductive Amination Between Ketone Substrates and Amine Nucleophiles
	Entry No.
	Carbonyl substrate
	Amine nucleophile
	Genbank identifier
	Source
	Amine:ketone ratio
	Conversion (%); ee (%)$
	Reference

	1
	
[image: image51.emf]O


	
[image: image52.emf]H

2

N


	WP_023809753.1
	Mesorhizobium sp. L2C084A000
	2.5:1
	45; >98 (S)
	39

	2
	
	
	WP_026324618.1
	Salinispora pacifica
	2.5:1
	19; >78 (S)
	39

	3
	
	
	WP_027512056.1
	Rhizobium sullae
	2.5:1
	41; >98 (S)
	39

	4
	
	
	WP_029347354.1
	Mesorhizobium ciceri
	2.5:1
	46; >98 (S)
	39

	5
	
	
	WP_034788492.1
	Ensifer sp.
	2.5:1
	43; >98 (S)
	39

	6
	
	
	AKU97888.1
	Labilithrix luteola
	2.5:1
	43; >98 (S)
	39

	7
	
	
	WP_053252429.1
	Ensifera dhaerens
	2.5:1
	43; >98 (S)
	39

	8
	
	
	WP_013733165.1
	Verrucosispora maris
	12.5:1
	63; 76 (R)
	80

	9
	
	
	WP_006347397.1
	Streptomyces tsukubaensis
	12.5:1
	88; 96 (R)
	80

	10
	
	
	WP_025846174.1
	Paenibacillus himensis
	12.5:1
	88; 84 (R)
	80

	11
	
	NH3
	WP_006347397.1
	Streptomyces tsukubaensis
	12.5:1
	40; 23 (R)
	80

	12
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	WP_023809753.1
	Mesorhizobium sp. L2C084A000
	50:1
	99; >98 (S)
	39

	13
	
	
	WP_026324618.1
	Salinispora pacifica
	50:1
	99; 26 (R)
	39

	14
	
	
	WP_027512056.1
	Rhizobium sullae
	50:1
	99; >98 (S)
	39

	15
	
	
	WP_029347354.1
	Mesorhizobium ciceri
	50:1
	99; >98 (S)
	39

	16
	
	
	WP_037099331.1
	Rhizobium sp. OK665
	50:1
	56; >98 (S)
	39

	17
	
	
	WP_038576230.1
	Ensifer adhaerens
	50:1
	99; >98 (S)
	39

	18
	
	
	WP_012921542.1
	Kribbella flavida
	50:1
	30; 76 (S)
	39

	19
	
	
	BAM99301.1
	Streptomyces sp. GF3546
	12.5:1
	8.8; N.D. (N.D.) 
	73

	20
	
	
	WP_016644884
	S. aurantiacus
	12.5:1
	1.7; N.D. (N.D.) 
	73

	21
	
	
	XP_001827659 a
	Aspergillus oryzae
	20:1
	>97; >97 (R)
	71

	22
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	XP_001827659 b
	Aspergillus oryzae
	20:1
	>97; 94 (S)
	71

	23
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	XP_001827659 a
	Aspergillus oryzae
	20:1
	97; >98 (R)
	71

	24
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	WP_023809753.1
	Mesorhizobium sp. L2C084A000
	50:1
	19; >98 (S)
	39

	25
	
	
	WP_026165099.1
	Streptomyces sp. CNS615
	50:1
	53; >98 (R)
	39

	26
	
	
	WP_027512056.1
	Rhizobium sullae
	50:1
	22; >98 (S)
	39

	27
	
	
	WP_030930447.1
	Streptomyces violaceoruber
	50:1
	44; >98 (R)
	39

	28
	
	
	WP_034788492.1
	Ensifer sp.
	50:1
	>99; >98 (S)
	39

	29
	
	
	WP_036267253.1
	Mesorhizobium ciceri sp.
	50:1
	51; >98 (S)
	39

	30
	
	
	WP_048649179.1
	Nitratireductor soli
	50:1
	50; 51 (S)
	39

	31
	
	
	WP_051300844.1
	Actinomadura sp.
	50:1
	10; >98 (S)
	39

	32
	
	
	WP_051455530.1
	Microvirga lupini
	50:1
	10; >98 (S)
	39

	33
	
	
	WP_012921542.1
	Kribbella flavida
	50:1
	74; >98 (S)
	39

	34
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	XP_001827659 a
	Aspergillus oryzae
	20:1
	>97; >97 (R)
	71

	35
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	WP_026324618.1
	Salinispora pacifica
	50:1
	58; 89 (S)
	39

	36
	
	
	WP_027512056.1
	Rhizobium sullae
	50:1
	89; >96 (S)
	39

	37
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	BAM99301.1
	Streptomyces sp. GF3546
	12.5:1
	0.1; N.D. (N.D.) 
	73

	38
	
	
	WP_016644884
	S. aurantiacus
	12.5:1
	2.3; N.D. (N.D.) 
	73

	39
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	NH3 
	YP_003336672.1
	Streptosporangium roseum
	10:1
	51; N.D. (R) 
	74

	40
	
	
	
	
	50:1
	61; N.D. (R) 
	74

	41
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	10:1
	72; N.D. (R)
	74

	42
	
	
	
	
	50:1
	73; N.D. (R)
	74

	43
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	NH3
	YP_003336672.1
	Streptosporangium roseum
	50:1
	16; 97 (R)
	74

	44
	
	
	WP_023264430.1
	Cupriavidus sp. HPC (L)
	12.5:1
	10; 98 (S)
	80

	45
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	YP_003336672.1
	Streptosporangium roseum
	50:1
	39; 87 (R)
	74

	46
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	NH3
	YP_003336672.1
	Streptosporangium roseum
	50:1
	53; 78 (R)
	74

	47
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	WP_008741284.1
	Streptomyces sp. Mg1
	12.5:1
	39; 78 (S)
	80

	48
	
	
	WP_012921542.1
	Kribbella flavida sp. DSM 17836
	12.5:1
	41; 67 (S)
	80

	49
	
	
	WP_011731218.1
	Mycobacterium smegmatis
	12.5:1
	85; 96 (S)
	80

	50
	
	
	WP_013733165.1
	Verrucosispora maris
	12.5:1
	94; 98 (S)
	80

	51
	
	
	WP_025846174.1
	Paenibacillus himensis
	12.5:1
	35; 58 (R)
	80

	52
	
	NH3
	WP_008741284.1
	Streptomyces sp. Mg1
	12.5:1
	15; 80 (S)
	80

	53
	
	
	WP_016644884
	Streptomyces aurantiacus
	12.5:1
	30; 98 (S)
	80

	54
	
	
	WP_011731218.1
	Mycobacterium smegmatis
	12.5:1
	62; 99 (S)
	80

	55
	
	
	WP_013733165.1
	Verrucosispora maris
	12.5:1
	14; 94 (S)
	80

	56
	
	
	WP_009330409.1
	Streptomyces ipomoeae
	40:1
	81; 90 (R) 
	72

	57
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	XP_001827659 a
	Aspergillus oryzae
	50:1
	>97; >98 (R)
	71

	58
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	F2TIQ4
	Ajellomyces dermatitidis
	1.1:1
	62; 98 (R)
	76

	59
	
	
	WP_014059042.1
	Streptomyces sp. PRh5.
	1.1:1
	47; 95 (R)
	76

	60
	
	
	XP_001827659
	Aspergillus oryzae
	1.1:1
	40; 99 (R)
	76

	61
	
	
	WP_004000144.1
	Streptomyces viridochromogenes
	1.1:1
	15; 99 (S)
	76


$Absolute configuration of the product is mentioned in parenthesis

N.D.- Not determined

a mutant Q240A

b mutant W210A
More recently, Roiban et al. from GlaxoSmithKline have reported the use of 96 various IREDs, operating at 1:1 stoichiometry for a variety of amines and carbonyls.37,76 These studies exhibited the extended scope of substrates for the IREDs, as high conversion rates were reported for various IREDs towards the combination of arylamines and cyclohexanone and for aniline either with phenylacetaldehyde or acetaldehyde. In these studies, among the large number of screened IREDs, two IREDs catalyzed the formation of tertiary amines using equimolar quantities of the reactants. These pioneering findings established the fact that tertiary amine synthesis can be achieved using IRED-catalyzed biotransformations. A further successful example of the acceptance of secondary amine as a nucleophile by IREDs and the synthesis of the corresponding tertiary amine was achieved by Matzel et al.72 This group demonstrated an interesting one-step synthesis alternative to multistep synthesis [Figure 5A] which relies on the preparation of enantiopure precursors for the synthesis of important pharmaceuticals, such as Rasagiline77 [Figure 5B], Selegiline, and Pramipexole, used for the treatment of Parkinson’s disease.72 However, the ratio of amine nucleophile:ketone substrates used in these studies was very high i.e. 40:1 and 50: 1 for the small and preparative scale reactions, respectively. 
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Figure 5. Rasagiline synthesis by A) Traditional multistep synthesis; and B) One-step synthesis by IRED.72,77 
There has been increasing use of IREDs in recent years for the reduction of numerous cyclic imines and the reductive amination of carbonyl substrates. However, IRED-mediated catalysis still suffers various challenges such as a low activity of available enzymes, thus requiring large enzyme loads.47 Also, many of the enzymes have exhibited limited substrate specificity, and the ‘true’ natural substrates are still largely unidentified.49,65 The specific activities and enantioselectivities of the reported IREDs vary widely28,72,78 [Table 2]. Moreover, one of the major problems associated with IRED-mediated catalysis is their exclusive dependence on NADPH.65 Accordingly, the product formation in biocatalytic reactions employing NADH is many times lower than that in reactions using NADPH as a cofactor.75 An accessibility of cofactor regeneration enzymes for NADH is inadequate in contrast to that of NADPH. Overall, the biocatalytic approaches that employ imine reductases as prospective enzymes for stereospecific conversion of cyclic imine and ketone substrates to corresponding amines clearly warrant further evaluation to overcome these challenges. 
2.3 Enzyme structure, catalytic mechanism and protein engineering aspects for IRED-mediated amine synthesis 
The development of bioinformatics and molecular biology tools has been shown to be useful for finding the structural and molecular insights in IRED-mediated reactions. The early findings by Scheller and coworkers identified the catalytically important amino acids by systematically comparing the conserved amino acid residues of various (R)- and (S)-IREDs.37 Among the amino acid residues conserved at 53 different positions across all IREDs, aspartic acid and tyrosine have been reported to be highly conserved in the superfamilies of (R)- and (S)-IREDs, respectively.37,49 These findings were further supported by the presence of tyrosine at 187th position in (S)-selective IREDs from Streptomyces,73 Bacillus, and Nocardiopsis.79 However, in recent studies with the ternary complex of S-IRED-Ao, NADPH and a substrate molecule, mutation of Asn 171 (corresponding to Asp and Tyr residues of previously reported IREDs) did not improve the activity, implicating that certain IREDs possess the ability to catalyze the imine reduction in the absence of the protic residues.50 Furthermore, Scheller et al. observed the diminished conversion rates catalyzed by R-IRED-Sr and R-IRED-St following the mutation of Asp to Ala. Nevertheless, the retention of some catalytic activity suggested the presence of other proton-donating amino acids in the active site of (R)-IREDs or the coordinating function of Asp187 with water as a proton donor. Notably, the loss of activity following the mutation of Tyr187 in (S)-IRED, (equivalent to Asp187 in (R)-IREDs) also implied that the conserved tyrosine serves as a proton donor in (S)-specific IRED.37 

The X-ray crystal structure of R-IRED-Sk was solved by Rodríguez Mata et al.49 This enzyme was shown to consist of an intimate dimer, each monomer of which contained a two-domain structure: C-terminal bundle and N-terminal Rossman fold.49 A long helix connects these domains in each monomer. A residue Asp187 protrudes into the active site, and the distance of its side chain from the C4 atom of the nicotinamide ring of NADPH, which delivers and accepts hydride, is approximately 8 Å.50 The mutational studies carried out to further gain structural insights demonstrated that the replacement of Asp187 with asparagine or alanine resulted in the inactive enzyme. Consequently, the imine reduction reaction has been proposed to be initiated by the protonation of the imine to iminium ion by a catalytic Asp residue.49 This is followed by the stabilization and subsequent reduction of iminium ion by hydride transfer from NADPH.

The catalytic mechanism for the binding of NADPH and subsequent reduction of imine substrates was further studied by Huber et al. who determined the crystal structures of S-IRED-Ss in complex with the cofactor NADPH and S-IRED-Sa in a native form.73 The binding of the Si-face of the cofactor NADPH to these IREDs faces the active site cleft, suggesting a sequential mechanism in which binding of NADPH causes conformational changes and subsequently binding of substrate occurs for the catalysis. Furthermore, it was reported that the catalytic cleft remaining after the binding of NADPH was still spacious, suggesting the potential of site-directed mutagenesis for the application of extended substrate scope of imine reductase-mediated biocatalysis. Also, the C-terminal of the IREDs and not the N-terminal domain, to which NADPH co-factor binds, has been proposed to more significantly influence the substrate specificities and enantioselectivity of these enzymes.56 To gain deeper insights, Wetzl et al. built a Hidden Markov model (HMM) of reported IREDs to identify the important positions that control the stereochemistry of the IRED-mediated biocatalytic reaction.56 Similarly, the comparison of the amino acid sequence of S-IRED-Ss with oxidoreductases and imine-reducing enzymes from various microbial sources suggested the likely location of amino acid residues responsible for substrate specificity might be in the domain from the central to the C-terminal. 
The higher homology of IREDs with dehydrogenases suggests that IREDs might be able to exhibit promiscuous activity.48 The recent studies carried out by Aleku et al.50,71 reported that even smaller changes in the structure of substrate 2-phenylpiperidine derivatives cause dramatic changes in the enantioselectivity of the products, suggesting the alternative binding site or mode for varying substrates. Moreover, IRED-mediated catalysis prefers anilines with electron-donating substituents over that of electron-withdrawing substituents as substrates. The preferential utilization of these substrates by IREDs suggests that the nucleophilicity of the amine and imine formation might thereby be contributing as a rate-determining step in the imine reductase-catalyzed biotransformations.76,80 Furthermore, Aleku et al. demonstrated that the movement of the tyrosine loop in the N-terminal domain and the relative closeness of the two participatory domains of the active site in IRED-Ao reduce the volume of the active site pocket in such a manner that exerts a control over the exhibition of the prochiral face of the imine presented to the hydride.50,71
To date, more than 1000 putative IREDs have been reported in the imine reductase engineering database37,81,82 and crystal structures for seven IREDs have been solved.50,65,73,79,81 However, the exclusive dependence of IREDs on NADPH, rather than on NADH, limits their industrial use.82 As NADH is much cheaper than its phosphorylated counterpart, the protein engineering approach has been attributed as a method of choice to tackle this important challenge of altering the cofactor specificity of IREDs.29 The charge and polarity of the binding pocket of the enzyme dictate its specificity towards NADH/NADPH.83 Recently, the rational design approach has been demonstrated to generate a single mutant variant (K40A) of R-IRED-Ss with a 3-fold increased activity for NADH.81 More recently, the specificity of the R-selective IRED from Myxococcus stipiatus (R-IRED-Ms) towards cofactors was altered using the semi-rational structure-guided approach of ‘Cofactor Specificity Reversal-Structural Analysis and Library Design’ (CSR-SALAD).42,83 CSR-SALAD includes the simultaneous mutagenesis of phosphate coordinating residues, which are determinants of the cofactor specificity. In the case of R-IRED-Ms, Borlinghaus et al.42 identified seven positions for mutations based on its identity with R-IRED-Sk. In the first round of mutagenesis, the double variant, R33Y/T34E (termed as V1), with improved specificity towards NADH was identified from the mutant library generated by changing phosphate coordinating residues. Further rounds of mutagenesis, performed using V1 as a template, generated V8 mutant (N32E/R33Y/T34E/K37R/L67I/T71V) exhibiting 47-fold increased NADH activity and a 900-times improved specificity compared to that of wild-type. The replacement of arginine to alanine at position 37 resulted in improved variant (V10; N32E/R33Y/T34E/K37A/L67I/T71V) with 2900-times higher specificity compared to wild-type, albeit with reduced activity with NADH.42 
Accumulating pieces of evidence suggest that the enantioselectivity of the products in a biocatalytic process is complex and the prediction of selectivity needs to be studied on a case-by-case basis.50 Though significant progress has been made to understand the IRED-catalyzed reactions, their exact molecular mechanism is still elusive. Moreover, the enantioselectivity and the natural preference of imine reductase towards specific substrates is a complex phenomenon.52 The recently explored IREDs tolerant to steric hindrance open a new window for the biocatalytic transformation of sterically hindered substrates, and the possible application of hindrance-tolerant IREDs with protein engineering.50,84 
3 Amine dehydrogenases (AmDHs)
Amine dehydrogenases (AmDHs) catalyze the NAD(P)H-dependent asymmetric reductive amination of aldehyde and ketone substrates using ammonia as an amine donor [Figure 6]. Owing to their high atom efficiency and enantioselectivity, AmDH-mediated synthesis of chiral amines is very attractive and a potential biosynthetic approach. Also, the amine donor used. i.e ammonia is a cheaper substrate and only water is formed as a byproduct of AmDH-catalyzed reductive amination reactions.85 
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Figure 6. AmDH-mediated synthesis of chiral amines
Owing to electrophilic nature of C=N double bonds, imines and iminium ions are very susceptible to attack by various nucleophiles.44 Consequently, most imines are unstable in the aqueous environment and biological systems. As many of the primary and secondary metabolic pathways involve reduction of imines as a constituent reaction, enzymes involved in these pathways such as amino acid dehydrogenases (AADHs) are ubiquitous in nature.44 However, AmDHs are rare in nature. AADHs such as alanine dehydrogenase and leucine dehydrogenase catalyze reductive amination reactions however, only with 2-keto acid substrates.86,87
In the course of searching for biocatalysts that can reduce ketones accompanying amination with ammonium ions, Itoh et al. first reported the purification and characterization of a novel AmDH from S. virginiae IFO 12827 strain.88 This enzyme exhibited the maximum reductive amination at pH 6.5-7.0 and temperature of 25 °C. Also, this NADH-dependent AmDH could directly produce various amino alcohols and amine derivatives from a broad range of substrates which included various aldehydes, ketones, keto acids and keto alcohols.88 However, this work was not followed up, possibly owing to a lack of reproducibility, and amine dehydrogenases remained unexploited for nearly a decade. Recently, the pool of natural AmDHs was further extended with the discovery of the only (S)-specific enzyme available to date.89 A thermostable AmDH from Petrotoga mobilis sp. DSM 10674, which catalyzed the reductive amination of ketones without carboxylic function in α or β position, was identified using a genome-mining approach. This enzyme efficiently converted 4-ketopentanoic acid to (4S)-4-aminopentanoic acid with high stereoselectivity (ee ≥99.5%) and 88% yield. 
3.1 Protein engineering approaches for the development of amine dehydrogenase from l-amino acid dehydrogenases 

The scarcity of natural AmDHs was addressed through the generation of new AmDHs from wild-type amino acid dehydrogenases as a scaffold by using protein engineering approaches. The reversible and NADH-dependent reductive amination of -keto isocaproate catalyzed by leucine dehydrogenase served as a vehicle for the discovery of the first protein engineering guided generation of AmDHs.90 In their series of publications, Bommarius et al. pioneered the generation of highly efficient AmDHs; the group achieved this feat by application of data-driven protein engineering from the available amino acid dehydrogenase scaffolds. 

Leucine dehydrogenase (LeuDH) from Bacillus stearothermophilus was used as the initial protein scaffold to alter the substrate specificity using several rounds of mutations. Amino acid residues important for the catalytic mechanism (K80 and D115) were excluded from the mutational studies; however, those residues playing a critical role in the recognition of carboxylate were targeted for the mutational studies. K68 served as the initial point of mutation and saturation mutation at this position yielded a beneficial variant, K68M, which exhibited low but inimitable activity (0.2 mU/mg) towards the reductive amination of methyl isobutyl ketone (MIBK). Furthermore, the mutational library was generated by changing other amino acid residues influential in substrate specificity. The most active variant (L-AmDH; K68S/E114V/N261L/V291C) converted MIBK to (R)-1,3-dimethylbutylamine (1,3-DMBA) with 92.5% conversion and 99.8% ee [Figure 7].
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Figure 7. AmDH-mediated conversion of MIBK to 1,3-DMBA.90 
In addition, this active mutant exhibited amination activity for various ketones, concomitant with a complete loss of activity towards its native substrate, i.e. leucine.90  
Subsequently, the group of Bommarius developed another AmDH based on the scaffold of phenylalanine dehydrogenase (PheDH) from Bacillus badius.91 As the PheDH and LeuDH share reasonable sequence similarity, the analogous substitutions in PheDH were identified using sequence alignment. The PheDH double variant K77M/N276V interacted with wild-type substrate at the carboxyl moiety and this double variant rendered a synergistic effect on the amination of MIBK compared to their respective single variants. Also, this double variant was catalytically efficient in the amination of aromatic ketone substrate p-fluorophenylacetone (PFPA) to 1-(4-fluorophenyl)-propyl-2-amine (FPPAm) [Figure 8] with a kcat and KM of 0.128 s-1 and 4.61 mM, respectively.
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Figure 8. AmDH-mediated conversion of PFPA to FPPAm.91
Further improvement in this variant was achieved using a focused mutagenesis strategy to generate an improved variant K77S/N276L (F-AmDH), which exhibited improvement of the kcat value by 15-fold to 2.8 s-1 and after saturation with ammonia to 6.85 s-1. In addition, the improved variants feature a reductive amination activity towards a range of ketones including phenoxy-2-propanone, 2-hexanone, and 3-methyl-2-butanone.29,91 However, both AmDHs (L-AmDH and F-AmDH) exhibited poor catalytic activity towards benzylic ketone substrates.  
Bommarius et al. further generated a chimeric AmDH by domain shuffling of the two previously generated AmDHs (F-AmDH and L-AmDH) as parental enzymes.92 This chimeric AmDH (cFL1-AmDH) was generated by combining the residues 1–149 from F-AmDH and 140-366 from the L-AmDH. The substrate binding pocket in cFL1-AmDH was constituted from F-AmDH, and the cofactor binding domain was contributed from L-AmDH. This chimeric AmDH was catalytically active towards various ketones and efficiently converted sterically more hindered substrates, such as acetophenone and adamantyl methyl ketone to their corresponding (R)-amine products with excellent enantioselectivities. The further improvements in cFL1-AmDH were achieved by the generation of a variant (cFL2-AmDH) in which two adjacent asparagine residues were each mutated to leucine (N270L/N271L). The new variant containing N270L displayed an improvement in kcat value towards p-fluoroacetophenone to 2.52 s-1. Moreover, the chimeric AmDH displayed improved substrate scope and efficiently utilized benzylic ketone substrates.     
Enzyme-mediated catalysis in organic solvents can be highly efficient owing to the improvement in substrate solubility, suppression of hydrolysis side reactions, easy downstreaming of formed products and overcoming of unfavorable reaction equilibrium.93,94 The poor solubility of hydrophobic substrates and limited stability of cofactors and AmDHs in organic solvents has limited the synthetic applications of AmDH-mediated amine biocatalysis. This problem was addressed by employing the biphasic reaction system in AmDH-mediated biocatalysis.95 This biphasic system consisted of 1:4 ratios of heptanes to water, in which enzymes and hydrophilic co-factors are retained in the aqueous phase while the hydrophobic substrate preferentially partitioned into the organic phase. The use of a biphasic system for the F-AmDH-catalyzed reaction doubled the volumetric productivity for reductive amination of p-fluorophenylacetone.95
The further scope of AmDH-mediated amine synthesis was expanded by Li et al., who explored the generation of AmDH from Rhodococcus PheDH (Rs-PhAmDH).96 In this work, the amino acid residues K66 and N262 of PheDH, known to interact with the carboxyl group of the natural substrate, were mutated by site-saturation mutagenesis. The active triple variant K66Q/S149G/N262C (TM-AmDH), generated by the focused mutagenesis efficiently converted phenylacetone and 4-phenyl-2-butanone to (R)-amphetamine [Figure 9A] and (R)-1-methyl-3-phenylpropylamine [Figure 9B], respectively with excellent enantioselectivities of >98% ee96. 
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Figure 9. Synthesis of A) (R)-amphetamine and B) (R)-1-methyl-3-phenylpropylamine by AmDH generated from Rhodococcus PheDH [Adapted with permission from Reference 96, Copyright 2015, American Chemical Society]
Also, the newly generated TM-AmDH was successfully coupled to glucose/glucose dehydrogenase system for the recycling of cofactors. This resulted in the TM-AmDH-mediated conversion of 15 mM 4-phenyl-2-butanone to (R)-1-methyl-3-phenylpropylamine with 95% conversion. In further advances, Li’s group directly immobilized AmDH on Ni-NTA magnetic nanoparticles (MNP). The immobilized AmDH-MNP preparation retained 91% of the original productivity after three cycles of reductive amination of 4-phenyl-2-butanone to (R)-1-methyl-3-phenylpropylamine. This group successfully demonstrated the novel concept of the coupled immobilization of AmDH and cofactor recycling enzyme GDH. The coupling of immobilized AmDH and immobilized GDH on MNPs efficiently carried out the asymmetric reductive amination of 4-phenyl-2-butanone to (R)-1-methyl-3-phenylpropylamine with excellent enantioselectivity (99% ee) and 74% yield, with the recycling of NADH for 2940 times.97 Caparco et al.98 presented a protein-based concept of immobization of AmDHs. F-AmDH with a C-terminal leucine zipper tag (ZE-tag) separated from the enzyme by a (GSP)2GS linker was found to retain nearly complete activity in comparison with the native enzyme. However, activity significantly decreased if length, composition, and location (N- vs. C-terminal tag) were changed. 
Recently, Pushpanath et al.99 generated an AmDH from a PheDH from Caldalkalibacilus thermarum. Comparison of this newly generated AmDH with F-AmDH exhibited increased thermostability (Tm =83.5 °C) of the newly generated AmDH compared to 56.5 °C of the later. These studies reported for the first time the high-scale (400 mM) reductive amination of phenoxy-2-propanone in a biphasic reaction system (ee (R) <99 %).
3.2 Extending the amine dehydrogenase panel and the substrate scope thereof
Recently, Knaus et al.100 have studied the extended substrate scope of three previously developed AmDHs: 1) F-AmDH, 2) TM-AmDH and 3) chimeric AmDH generated by domain shuffling (cFL1-AmDH). The substrate panel in these studies mainly consisted of four types i.e. i) phenylacetone derivatives; ii) alkyl methylketones iii) acetophenone derivatives and iv) bulky-bulky ketones and aliphatic aldehydes. Though F-AmDH and TM-AmDH were generated from their respective parent wild-type phenylalanine dehydrogenases by mutating similar positions in the active site, these enzymes displayed a very different substrate acceptance and thermostability. TM-AmDH afforded the best conversion of phenylacetone substituents such as (para-methyl)phenylacetone, (meta-methoxy)phenylacetone, (meta-trifluromethyl)phenylacetone and ‘bulky-bulky’ ketones such as 1-phenyl-butan-2-one to their corresponding (R)-amines with excellent enantioselectivity (>99%) and conversion rates  (≥98%). F-AmDH, compared to other AmDHs, could efficiently perform the reductive amination of phenylacetaldehyde. TM-AmDH also afforded the preparative scale conversion of 208 mg of (p-methoxyphenyl)acetone to its (R)-amine with an 82% isolated yield and with >99% ee in ammonium formate buffer.29,100 Likewise, Abrahamson et al. had already obtained 212 mg of (R)-p-fluorophenylisopropylamine (p-FPAm) with >99% ee at a 100 mL-scale.91

Most recently, Yun’s group has demonstrated the utilization of previously generated chimeric AmDH for the production of (S)-amines through the oxidative deamination of racemic amines.85 The kinetic resolution of amines using whole cells expressing AmDH and NADH oxidase (NOX) from Lactobacillus brevis successfully resolved 50 mM (rac)-2-aminoheptane and 20 mM (rac)-1-phenylethylamine (1-PEA) into their corresponding (S)-enantiomers with excellent stereospecificity (>99% ee).
3.3 Cascade reactions and amine dehydrogenases for redox-neutral conversions 
Combining the multistep reactions in one pot renders many economic and environmental advantages to the enzymatic synthesis of industrially important products. As the need for workups and purification is curtailed, cascade reactions generally possess elevated atom efficiency and potentially lower environmental impact factors.101-105 AmDH, in combination with alcohol dehydrogenase, has been used for the redox-neutral conversion (termed ‘hydrogen-borrowing’) of alcohols to their corresponding amines. The direct consumption of hydrides, generated during the oxidation of alcohol to a ketone, by the subsequent step of reductive amination of the ketone to amine, has been proposed as the basis of this interconnected reaction converting alcohols to amines106 [Figure 10]. In these cascade reactions, initially alcohol dehydrogenase (ADH) nonselectively oxidizes the racemic secondary alcohols to their corresponding ketones, followed by the amination of the ketones to the chiral amines by amine dehydrogenase using ammonia as an amino donor. 
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Figure 10. Conversion of alcohols to their corresponding amines by ‘hydrogen borrowing’ in a cascade reaction employing alcohol dehydrogenase and amine dehydrogenase.106
Mutti et al. have recently utilized F-AmDH (AmDH generated by protein engineering of B. badius phenylalanine dehydrogenase) and NAD-dependent alcohol dehydrogenases from Aromatoleum aromaticum or Lactobacillus brevis, which exhibited matching stereoselectivities, which were reacted with 20 mM alcohol substrates and 1 mM NAD+ cofactor. A 24 h reaction at pH 8.7 achieved more than 85% conversion of the aromatic secondary alcohols such as 1-phenylpropan-2-ol, 1-phenylbutan-2-ol and aliphatic secondary alcohols such as octan-2-ol and heptan-2-ol to their corresponding (R)-amines with >99% ee.106 
The use of AmDHs in cascade reactions containing alcohol dehydrogenases was later reported by Chen et al.107 This group constructed a redox-neutral two-enzyme cascade process for the preparation of chiral amines from racemic secondary alcohols. Initially, NADH-dependent LeuDH from Exiguobacterium sibiricum (Es-LeuDH) was engineered and two-site mutation (K77S/N270L), equivalent to those previously identified in L-AmDH, was introduced. Coupling of this active variant with ADH from Streptomyces coelicolor efficiently converted a range of racemic alcohols with excellent enantioselectivities up to >99% ee.107
The simultaneous execution of oxidative and reductive steps in cascade reaction is a major challenge. Also, carrying out one-pot redox-neutral cascade reactions in which the electrons liberated in the first oxidative step are consumed by the subsequent reductive step is even more challenging.106,108,109  Though few of the AADHs have been engineered to generate AmDHs to catalyze the reductive amination reactions with ketone and amine partners [Table 3], research efforts focusing on the structural information of the catalytic mechanism and the interaction of active site residues with the substrates are highly desirable. Also, the major challenge faced by the AmDH-mediated synthesis is the scarce availability of (S)-specific enzymes; thus, the synthesis of (S)-amines by reductive amination is limited. 
Table 3. Selected Examples of Substrates Utilized by Various AmDHs

	Entry No.
	Enzyme
	Variants
	Substrate
	Conversion (%)
	Product configuration and ee (%)
	Specific activity (U/mg)
	Kcat (s-1), Km

(mM)
	Reference

	1
	L-AmDH
	K68S/E114V/N261L/V291C
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	92.5
	(R), 99.8
	0.69
	0.46, 15.1
	90

	2
	F-AmDH
	K77S/N276L
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F


	93.8
	(R), >99.8
	11.6
	6.85, 4.61
	91

	3
	Petrotoga mobilis sp. DSM 10674
	-
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O

O


	90 
	(S), >99.5
	0.0519
	N.D.
	89

	4
	cFL1-AmDH 
	-
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	N.D.
	(R), 99.8
	0.069
	0.24, 5.2
	92

	5
	cFL1-AmDH 
	-
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	N.D.
	(R), 99.8
	0.301
	N.D.
	92

	6
	Rs-PhAmDH
	(TM-AmDH) K66Q/S149G/N262C 
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	N.D.
	(R), 98
	5
	0.7, 4
	96

	7
	Rs-PhAmDH
	(TM-AmDH) K66Q/S149G/N262C 
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	95.2
	(R), 98
	8.8
	0.72, 1.4
	96

	8
	PheDH- Cal
	K68S/N266L
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O


	96
	(R), <99
	0.62
	0.35, 2.22
	99

	9
	cFL1-AmDH
	-
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	>99
	(R), >99
	N.D.
	N.D.
	100

	10
	Rs-PhAmDH
	(TM-AmDH) K66Q/S149G/N262C
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MeO


	91 
	(R), >99
	N.D.
	N.D.
	100

	11
	Rs-PhAmDH
	(TM-AmDH) K66Q/S149G/N262C
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	71
	(R), >99
	N.D.
	N.D.
	100

	12
	cFL1-AmDH
	-
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	>99
	(R), >99
	N.D.
	N.D.
	100

	13
	Rs-PhAmDH
	(TM-AmDH) K66Q/S149G/N262C
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	98
	(R), >99
	N.D.
	N.D.
	100

	14
	Rs-PhAmDH
	(TM-AmDH) K66Q/S149G/N262C
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F

3

C


	98
	(R), >99
	N.D.
	N.D.
	100

	15
	Rs-PhAmDH
	(TM-AmDH) K66Q/S149G/N262C
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	39
	(R), >99
	N.D.
	N.D.
	100

	16
	Rs-PhAmDH
	(TM-AmDH) K66Q/S149G/N262C
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	87
	(R), >99
	N.D.
	N.D.
	100

	17
	Rs-PhAmDH
	(TM-AmDH) K66Q/S149G/N262C
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	>99
	(R), >99
	N.D.
	N.D.
	100

	18
	cFL1-AmDH
	-
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2

F

F


	50#
	(S), >99
	N.D.
	N.D.
	85

	19
	cFL1-AmDH
	-
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	50#
	(S), >99
	N.D.
	N.D.
	85

	20
	cFL1-AmDH
	-
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	50#
	(S), >99
	N.D.
	N.D.
	85


L-AmDH: Amine dehydrogenase variant originated from the leucine dehydrogenase from Bacillus stearothermophilus. 
F-AmDH: Amine dehydrogenase variant originated from phenylalanine dehydrogenase from Bacillus badius
cFL1-AmDH: chimeric amine dehydrogenase generated through domain shuffling of F-AmDH variant and L-AmDH variant
PheDH-Cal: Amine dehydrogenase variant originated from phenylalanine dehydrogenase from Caldalkalibacillus thermarum
Rs-PhAmDH: amine dehydrogenase variant originated from the phenylalanine dehydrogenase from Rhodoccoccus sp. M4. 

#obtained by kinetic resolution
N.D. – Not determined

4. Monoamine oxidases (MAOs)
Monoamine oxidase (MAO), a member of the oxidoreductase class, catalyzes oxidative deamination of aliphatic monoamines and/or aromatic amines to imines with simultaneous reduction of oxygen to hydrogen peroxide20,110 [Figure 11]. Principally, the reaction catalyzed by MAOs is exactly opposite to that catalyzed by IREDs. 
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Figure 11. Oxidative deamination of amine to imine catalyzed by amine oxidases
MAOs only require molecular oxygen as the stoichiometric oxidant with no need for additional or sacrificial co-factors.111 The reaction equilibrium of MAO-catalyzed reaction, owing to the reduction reaction of molecular oxygen to water catalyzed by the enzyme, lies so far on the product side as to appear irreversible and thus stoichiometrically forms the corresponding imines from the amine substrates.112 Based on their coenzyme dependence, MAOs are classified into two groups: Type I are copper-dependent enzymes and Type II are flavin-dependent enzymes. Type I MAOs consist of enzymes containing two coenzymes, copper, and pyrroloquinolinequinone. However, an intermediate imine formed by Type I enzymes remains covalently bound to the protein, thus rendering these enzymes unsuitable for biocatalytic purposes. On the other hand, flavin-dependent AOs, primarily comprising monoamine oxidase (MAO), release free imines, thus rendering them competent biocatalysts.20 Though universal acceptance has not yet been reached for a precise mechanism, the MAO-mediated catalysis has been proposed to exhibit one of three mechanisms, i.e. (1) single electron transfer; (2) direct hydride transfer; and (3) concerted polar nucleophilic mechanism.
4.1 Protein engineering of amine oxidase for the synthesis of chiral amines  

Monoamine oxidase from Aspergillus niger (MAO-N) is one of the most widely reported AOs for biocatalytic applications in the last decade [Figure 12A]. Turner et al., in a series of publications, have utilized MAO-N for the deracemization of primary, secondary and tertiary amines.113,114 
An activity exhibited by MAO-N towards L-1-PEA served as a vehicle for the research efforts towards protein engineering approaches for the improvement in catalytic activity and enantioselectivity of MAO-mediated catalysis.115 Initially, a directed evolution approach was used to generate the active variant (N336S) which showed 5.8 and 47-fold improvement in the selectivity and catalytic activity, respectively towards L-1-PEA versus D-1-PEA compared to the wild-type enzyme. An effective high-throughput colorimetric plate-based screening method was developed, which captured the hydrogen peroxide produced using 3,3’-diaminobenzidine with peroxidase. This method allowed the screening of approximately 2000-3000 colonies per plate for the identification of a mutant with enhanced enantioselectivity by using a single enantiomer (L-1-PEA) substrate in the screen.115 The mutant identified by colorimetric screening was further applied for the deracemization of (rac)-1-PEA to generate an optically active 1-PEA with 77% yield and ee of 93% [Figure 12B].
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Figure 12. A) General scheme of deracemization by MAO-N and B) Deracemization of (rac)-1-PEA by MAO-N.115
In subsequent work, Carr et al. introduced an additional mutation (M348K) to the previously generated N336S mutant of MAO-N. The substrate classes of chiral amines such as substituted phenethylamines and 1-alkylamines were highly reactive with this variant. Also, this newly generated variant exhibited the highest activity towards the (S)-enantiomers of the substrates containing primary amine group flanked by a methyl group and bulky alkyl/aryl functional groups.113 The further scope of the MAO-N was improved by another round of directed evolution of MAO-N.116 The amino acid substitutions R259K and R260K improved the expression levels, while I246M was identified as a ‘hot spot’ owing to its location in the substrate entrance channel and thereby playing critical role in controlling substrate specificity. This newly generated variant (D3; N336S/I246M/M348L) exhibited enhanced activity towards chiral secondary amines. A complete deracemization of 10 mM (rac)-MTQ (1-methyl-1,2,3,4-tetrahydroisoquinoline), with 10 equivalents of ammonia borane as reducing agent, was achieved within 8 h by whole cell two-step one-pot reaction of E. coli expressing the variant116 [Figure 13].
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Figure 13. Use of MAO-N D3 for the deracemization of 1-methyl-1,2,3,4-THIQ to (R)-1-methyl-1,2,3,4-THIQ116
Furthermore, the variant generated by inserting 5 mutations (MAO-N D5; I246M/N336S/M348K/T384N/D385S) showed the highest activity towards tertiary amine substrates, particularly those containing pyrrolidine ring flanked by bulky aryl groups114 [Figure 14A]. 
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Figure 14. Substrate panel tested for the A) oxidative deamination by MAO-N D3;114 and B) oxidative desymmetrization of pyrrolidines by MAO-N D5 118
In preparative deracemization reaction utilizing MAO-N D5, 25 mM of N-methyl-2-phenylpyrrolidine (Nicotine) yielded 75% isolated yield of (R)-nicotine with 99% ee in 24 h. Also, a complete stereoinversion of (S)-nicotine to (R)-enantiomer was achieved in 24 h using ammonia borane as a reducing agent. Similarly, deracemization reaction of 10 mM (rac)-crispine A (anticancer alkaloid from plant Carduus crispus) with 3–4 equivalents of ammonia–borane as the reducing agent and washed whole cells (Escherichia coli) expressing the MAO-N D5 variant amine oxidase yielded (+)-crispine A with very good enantioselectivity (97% ee) in 40 h.117 The substrate scope of MAO-N D5 [Figure 14B] was further improved for oxidative desymmetrization of unprotected pyrrolidines to the corresponding ∆1-pyrrolines, which serve as useful building blocks for the synthesis of L-proline analogs of high enantiomeric purity.118
Subsequently, for further modification in MAO-N, two potential target amino acid residues were identified by Turner and co-workers with the specific aim of increasing the size of the small cavity within the active site pocket to incorporate an additional phenyl group of bulky substrates.112 Site-saturation mutagenesis at W430 generated a variant MAO-N D10 (6 mutations to wild-type; I246M/N336S/M348K/T384N/D385S/W430G). This single mutation (W430G) led to the increase in the volume of the small cavity within an active site, which allowed the accommodation of bulky aminodiphenylmethane motif. Also, the newly generated variants were utilized for the asymmetric synthesis of two important drug molecules, Levocetirizine [Figure 15A] and Solefenacin [Figure 15B], which are industrially prepared using classical resolution. The deracemization of (rac)-4-chlorobenzhydrylamine on a 500-mg scale resulted in the production of (R)-4-chlorobenzhydrylamine with very good enantioselectivity (97% ee) after 48 h, which was further used in the synthesis of Levocetirizine. Similarly, further modifications in the substrate access channel (F210L, L213T, M242Q, and I246T) led to the generation of a D11 variant of MAO-N (MAO-N D11; F210L/L213T/M242Q/I246T/N336S/M348K/T384N/D385S/W430G). This variant was used for the deracemization of (rac)-1-phenyl-THIQ on a gram scale (1 g, 15 mM), leading to the formation of (S)-1-phenyl-THIQ with 98% enantiomeric excess after 48 h and subsequently for the synthesis of Solifenacin. 
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Figure 15. Use of active variant D-11 of MAO-N (MAO-N D11) for the synthesis of A) Levocetirizine and B) Solifenacin [Adapted with permission from Reference 112, Copyright 2013, American Chemical Society]
Furthermore, the engineered MAO-N variants were applied for the production of a diverse range of alkaloid natural products, such asconiine, eleagnine, and leptaflorine in their enantiomerically pure form.112 Recently reported, the applicability of various mutants (MAO-N-D5, D9 and D11) was evaluated for the deracemization of various substituents belonging to substrate class such as (i) α-substituted benzylamines, (ii) α-substituted allyl-, homoallyl- and propargylamines, (iii) α-substituted aliphatic amines and (iv) 1,2,3,4-tetrahydronaphthylamine (THN) and (v) aminoindane.111 More recently, MAO-N variants D9 (I246M/N336S/M348K/T384N/D385S/W430H) and D11, coupled with a Cu-based oxidative system (CuI/H2O2), were used in a one-pot two-step system for the transformation of 1,2,3,4-THIQ to 3,4-dihydroisoquinolin-1(2H)-one (DHIO)119 [Figure 16]. At 25 mL scale, feeding of THIQ yielded 48.2 mM of the intermediate 3,4-dihydroisoquinoline (DHIQ) with a yield of 71.3%. Subsequent addition of chemical catalysts (1 mol% CuI and 10 eq. H2O2) to DHIQ formed ~30 mM DHIO at 69.4% overall yield.
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Figure 16. MAO-mediated deracemization of THIQ to 3,4-dihydroisoquinolin-1(2H)-one (DHIO) via the formation of intermediate 3,4-dihydroisoquinoline (DHIQ). [Adapted with permission from Reference 119, Copyright 2017, John Wiley and Sons]
4.2
Tailoring amino acid oxidases for the generation of amine oxidases
Though amino oxidase-mediated biocatalysis is an attractive approach for amine synthesis, (R)-selective MAO, suitable for deracemization, was not yet identified until recently. Also, all the variants of MAO-N (monoamine oxidase from Aspergillus niger) that received a significant attention in recent years, exclusively exhibited S-stereopreference and produced (R)-configured amine by the deracemization of racemic amines using chemical reductants. This was addressed by Yasukawa et al., who recently developed R-selective AO from porcine kidney D-amino acid oxidase (pkDAO) and subsequently used it for deracemization of racemic amines.120 pkDAO is known to catalyze the oxidative deamination of α-amino acids with strict (R)-stereoselectivity to form the corresponding keto acids, ammonia, and hydrogen peroxide, but it does not act on simple amines.120 The PDB structure of pkDAO complexed with benzoate as an inhibitor was used to identify the important amino acid residues. Two amino acid residues, Y228 and R283, were identified as important catalytic residues and serve as an initial point of mutational studies to improve the substrate specificity. Saturation mutagenesis at these residues generated the active variant Y228L/R283G which showed high, stereoselective oxidase activity towards the (R)-enantiomer of (rac)-1-PEA. Furthermore, enantiopure (S)-1-PEA was synthesized from a racemic substrate by the deracemization process using the active variant generated that selectively oxidized (R)-configured amines in the presence of a chemical reductants, such as NaBH4.120 Recently, it has been reported that a small energy difference of hydrophobic interaction (including π-π stacking interaction) between (R)- and (S)-1-PEA binding forms in (R)-MAO may function as an origin of high stereoselectivity of MAO towards (R)-1-PEA.121 
Recent years have evidenced the significantly increased interest in the amine oxidase-mediated biocatalysis for synthetic purposes [Figure 17]. In this light, various amine oxidases have been purified from different microbial species.110,122,123 However, the application of these amine oxidases in synthetic applications still remains a challenge. An increasingly important challenge associated with amine oxidase-mediated biocatalysis remains the availability of enzymes and the substrate scope thereof to facilitate their use for the industrial synthesis of important amines. Although considerable work carried out on the generation of MAO-N variants to improve the substrate scope, the generation of reactive iminium ions for Pictet–Spengler reactions is still a relatively unexplored ﬁeld.20
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Figure 17. Development of MAO-N as a potential biocatalyst by improving its substrate scope
5.  Cytochrome P450s

Cytochrome P450s (P450s) are nature’s most versatile biocatalysts, and catalyze a plethora of oxidation reactions, such as the hydroxylation of aliphatic and aromatic hydrocarbons, epoxidation of alkenes and arenes, O-, N-, and S-dealkylation, oxidative deamination, dehalogenation, dehydrogenation, dehydration, denitration, and reduction of NO, N-oxides and epoxides.124-130 P450s are heme-containing monooxygenases that exhibit maximum absorbance at 450 nm when carbon monoxide binds to their ferrous heme iron, hence the name ‘Pigment 450 nm’.124,131
P450s reductively activate molecular oxygen, which splits into the component atoms. While one oxygen atom is inserted into the substrate bound to the P450 active site (thus monooxygenases), the second oxygen atom is reduced to form a water molecule.132 
RH + O2+ 2e- +2H+


ROH + H2O;

For the cleavage of an oxygen molecule during oxidation of a substrate, two electrons need to be transferred to the P450. These reducing equivalents are generally provided by NAD(P)H, via one or more redox partners, but the identities and number of those varies between P450 systems.133 Depending on the redox partners, P450s are classified into two main classes. In adrenal mitochondrial enzymes, the provision of reducing equivalents requires both an iron-sulphur protein (ferrodoxin/adrenodoxin) and an NAD(P)H-dependent flavin-containing reductase (ferredoxin/adrenodoxin reductase). The liver microsomal P450 enzymes obtain electrons from an NAD(P)H-dependent cytochrome P450 reductase (CPR). However, with the increasing number of identified electron transfer systems, the classification of P450s have been extended to 10 classes.134-136 More details on structural organization and mechanism of P450s can be found in specialized reviews.133,134,137,138
Although mammalian P450s have been extensively studied for their critical role in drug metabolism, their prokaryotic counterparts exhibit excellent biocatalytic potential owing to their high solubility and stability in aqueous environment.136 P450BM3, a flavocytochrome from Bacillus megaterium, is one of the most studied microbial P450s.139 P450BM3 has been recognized as a preferable model system owing to the presence of both the domains, a heme domain catalyzing substrate oxidation, and NAD(P)H-dependent diflavin reductase domain responsible for electron transport, in a single polypeptide chain.139,140 The following sections summarize the advancements achieved in recently discovered function of P450s, i.e. amination of C-H bond, playing important role in the generation of amines. 

5.1 Engineering P450s for C(sp3)-H Amination
The biocatalytic conversion of C-H to C-N can provide direct access to amine and amides, by utilizing the usual advantages of enzymes being stereoselective in nature.141 The amination of C-H bonds provides a streamlined route for the ubiquitously present amine bonds in biologically active molecules. Although synthetic catalyst-mediated nitrene transfer reactions are limited by the poor selectivity and/or efficiency and requirement of toxic metals, they were until recently only accessible route for the metal-catalyzed nitrene transfer reactions.141 Enzymes can insert oxygen atoms into unactivated C-H bonds; however, the possible sites of similar insertion of nitrogen atom are constrained. Few of the enzymes, such as TAs and AADHs, can target chemically activated carbon atoms, and enzymes catalyzing the concerted oxidative amination of C-H bonds were unknown until very recently when McIntosh et al., reported the first highly active P450-mediated catalysis for C-H amination.142 In those studies, among the 24 variants of P450BM3 screened for their C-H amination capability, a variant possessing a single mutation (T268A) was most active (28 TTN) for C-H amination of the substrate 2,4,6-triethylbenzene-1-sulfonylazide under anaerobic and reducing conditions [Figure 18]. Also, the screening of several serine–heme-ligated ‘P411’ enzymes (in which the axially coordinating Cys400 residue is mutated with serine, to give the maximum absorbance of the ferrous CO-bound enzyme at 411 nm rather than 450 nm for cysteine-ligated enzymes) exhibited C400S mutant P411BM3-CIS (14 mutations from the wild type), which also contained the T268A mutation, as the most active enzyme for the amination of the sulfonyl azide substrate. As T268A/C400S double mutants resulted in higher activity (73% yield of C-H amination product), the authors concluded that these mutations were major contributors to the C-H amination capability of the P411BM3-CIS. The authors also reported that hemin was also capable of catalyzing the reaction when reduced with dithionite; however, the sultam product formed was racemic, implying that P450BM3-catalyzed amination occurs within the active site of the enzyme.142 The substrate specificity studies in the hemin and enzyme variants further explored the critical role of the enzyme in the formation of C-N bond beyond providing a chiral environment that provides the stereospecific products. Also, the diminished activity of the enzyme towards bulkier triisopropyl substituent of the substrate suggested that smaller substrates are favored by the enzyme variant, which nevertheless could be engineered to accommodate bulkier substrates. Bordeaux et al. subsequently explored the C-H amination reactivity of other hemoproteins.143 
[image: image108.png]enzyme (0.5 mol%:)

DMSO (2.5% wiv) o
KPi (0.1s pH 8.0} 00
anaernhm 24h, RT T 51
NH
A
\

Scheme 1. Initial reaction used for the screening of enzymes. KPi=po-
tassium phosphate.

. R Tobfe © Compartson of activities (TTH} and enentioselectivities of
R Q\ ,p Q\ P purified P450 and P411 variants (0.1 mol % catalyst loading) for the
o S.,N3 P411 (0.1 mal) /@’ “NH reaction of azide 1o sulfonemide 2 and benzasultarn 3.
R | A hemin (1 muli"“:’ Rt P In vitro catalyst TTNE ee [%6]"
P450gns 2.1 ri.d.
1, R'=Et 3, R'=Et, R=Me, R?=H P450;,,;-T268A 15 36
4, R'=Me 5, R'=Me, R*R*=H P411,,, 22 20
8. R=iPr 7, R'=iPr, R R*=Me P4115,,-T268A 120 58
400 P4115,,-CIS 310 67
P411,,,-CIS-A268T 82 47
350 { m5 P4115,,,-CIS-T4385S 383 73
o3 [a] TTN = total turnover number. [b] (S-R) /(S+R). n.d. = not determined.
800 1 Feaction conditions described inthe Supporting Information. TTHs and
a7 enantioselectivies determined by HPLC analysis.
250 1
E Table z: Comparison of C—H amination activities (TTN) of intact E. coli
200 cells expressing P450 and P411 variants.
150 1 Invivo catalyst ~ [P450] or [P411] Yieldof 3 [96] TTNE ee [36]"
[1m]
100 1
pCWori-empty 0 0 0 nd
50 1 P450g1s 6.6 05 51 nd.
- {—‘ P4505,,;-T268A 5.8 7.8 26 34
° P4110T268A  Pd110eCIS H P Toue 43 6.7 2316
o B emin P411,,,, T268A 2.2 30 250 89
Catalyst P411,,,5-CIS 1.4 46 630 60
P411;,,,-CIS- 2.7 53 430 87
T4385
[a] TTN =total turnover number. [b] *(5-R)/(5+R). n.d.=not deter-
mined. Reaction conditions described in the Supporting Information.
Me
o o M 8 Me
\ ; .
5~ P4SOBM3_ variants; o) O\\ 0
\ anaerobic, 24h S S”
N3 3 \
NH; NH
*
Me Me Me Me Me Me
2,4 6-triethylbenzene-1-sulfonylazide Sulfonamide byproduct Sultam product

Angew. Chem. 2013, 125, 9479 —9482



Figure 18. P450-catalyzed C-H amination of sulfonyl azides to sultam products and sulfonamide byproducts. [Adapted with permission from Reference 142, Copyright 2013, John Wiley and Sons]
Subsequent research efforts by various research groups found that the cleavage of C-H bonds is also affected by the bond strength. While the amination of C-H bonds with lower bond dissociation energies (BDEs) can be easily carried out, a significant challenge is put on display by the amination of those with greater BDEs.144 Furthermore, the major challenge in the amination of C-H bonds is to control the regioselectivity. It was found that amination of C-H bond is kinetically controlled, and the geometry of the substrates influences the enantioselectivity of the product formed.143-145 Hyster et al. postulated that enzyme-controlled selectivity would be a much better alternative, as it can generate a diverse range of products from a single starting material.146 With the aim of solving these regioselectivity issues, they carried out the active site engineering of P450 to generate two active mutants catalyzing the regioselective amination of the substrates possessing two potential sites for C-H amination. For example, 2,5-di-n-propylbenzenesulfonyl azide was used as a model system because it contains two potential sites for C−H amination - the benzylic position (α-position) and the homo-benzylic position (β-position) with distinguishing C−H bond strengths (85 and 98 kcal/mol) [Figure 19A]. Among the site saturation libraries of five active site residues [F87, L181, I263, T268, and T438], variant P411BM3-CIS-I263F-T438S showed an 11-fold increase in activity compared to its parent P411BM3-CIS-T438S [15 mutations from wild type] and significant amination at the β-position with the ratio of 97:3 compared to the α-position. Also, another variant P411BM3- F87A-T268A (three mutations from the wild-type) provided 187 TTNs and modest selectivity (30:70) for the generation of α-amination product. Furthermore, the role of these mutations in controlling the regioselectivity of the amination was tested in various substrates, wherein these two variants continued to favor their respective regioselectivity in the substrates bearing alkyl and ester substitutions on the aromatic ring [Figure 19B]. 

Although, the enzyme variant may show distinguishing regioselectivity, the similar KIE values in the studies by Hyster et al. suggested that the mechanism of C-H cleavage is similar. Given the fact that C-H abstraction is kinetically controlled, it has been hypothesized that the regioselectivity favored by the respective variant depends on the proximity of the C-H bond to the metal nitrenoid and the enzyme plays a critical role in situating a substrate such that a different C-H bond is accessible in each variant.146 
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Figure 19. A) Enzyme-controlled regioselective amination of the substrates possessing two potential sites for C-H amination; B) P411 variant-controlled regioselectivity of the C-H amination in substrates bearing alkyl and ester substitutions on the aromatic ring [Adapted with permission from Reference 146, Copyright 2014, American Chemical Society]. 
Complementary work by Singh et al. further confirmed the critical role of the enzyme in catalyzing the progression of the reaction in a stereo- and enantioselective manner.147 It is worth emphasizing that the results of these studies were in contrast to the previously reported studies by Arnold et al., who suggested that the substitution of the heme proximal cysteine with serine residue is largely necessary for effective C-H amination catalyzed by P450s.142,146 Singh et al.147 demonstrated that not only do cysteine-heme-ligated P450s catalyze the C-H amination of 2,4,6-trisubstituted benzenesulfonyl azide substrates to their corresponding benzosultam products, but do so with equal, to or even higher efficiencies than their serine-ligated counterparts [Figure 20]. The active site variant FL#62 (containing five active site mutations; V78A, F81S, A82V, F87A and A184V) exhibited 10 and 20-fold higher TTN for the cyclization of 2,4,6-triethyl-benzenesulfonyl azide and 2,4,6-triisopropyl-benzenesulfonyl azide substrates, respectively compared to the parent enzyme P450BM3.
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Figure 20. Intramolecular benzylic C−H amination reactions catalyzed by P450-variants. [Adapted with permission from Reference 147, Copyright 2014, American Chemical Society] 

P450s have also been engineered to catalyze the amination of allylic sulfides that generate chiral allylic sufimides. These products undergo spontaneous sigmatropic rearrangement to give chiral allylic amines. In these reactions, the ferrous state of the heme cofactor of P450s reacts with a nitrene precursor sulfonyl azides that generate iron nitrenoid sulfimides, which then undergo P450-catalyzed amination to generate chiral allylic amines148,149 [Figure 21A]. In their initial work, Arnold and coworkers demonstrated that P411 enzymes could catalyze the intermolecular insertion of nitrogen into thioethers to form sulfimides.150 In further studies, Prier and coworkers envisioned that engineered P450s could perform the enantioselective imidation of prochiral allylic sulfides to generate allylic sulfimides that undergo [2,3]-sigmatropic rearrangement to generate the allylic amines with a new chiral centre.149 As sigmatropic rearrangements are known to progress with high enantioselectivity, it was presumed that the stereoselectivity in the sulfimide intermediate would be carried forward to the allylic amine products, which can serve as constituents of the important bioactive molecules and/or their intermediates. Several rounds of mutagenesis generated various active mutants from P411BM3-CIS T438S parent that catalyzed nitrene transfer to bulkier sulfides with high TTNs in whole cell reactions [Figure 21B]. It is worth noting that although the enzyme variants do not catalyze the sigmatropic rearrangements by themselves, nevertheless, the enzyme assembles the allylic sulfimide intermediates with high enantioselectivity, and thereby generates the enantiopure allylic amine products.149
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Figure 21. A) Schematics of P450-catalyzed sulfimidation and sigmatropic rearrangement and B) In vivo enantioselective imidation of various prochiral allylic sulfides to allylic amines [Reproduced with permission from Reference 149, Copyright 2016, John Wiley and Sons]. 

The studies on the P450-catalyzed imidation of sulfides demonstrated two potential limitations that affect the ultimate outcome of the reaction.149,150 The first was the dependence of reaction rates on the electron-sufficiency or electron-deficiency of the sulfide substrates. The reaction was observed to be promoted by electron-rich sulfide substrates. The second limitation was that, electron-deficient sulfide substrates resulted in a significant side reaction of enzyme-catalyzed azide reduction to sulfonamides, rather than the desired sulfimide products. Nevertheless, the ratio of sulfimide to sulfonamide side product could be improved by increasing the loading of sulfide substrates, suggesting that increase in the effective concentration of nitrene acceptors in the enzyme active sites can improve the overall sulfimidation productivity of the enzyme variants. However, in line with that of sulfides, increasing the concentration of less reactive olefin substrates for the enzyme-catalyzed aziridination is an operational limitation owing to the poor water solubility of olefins. 

Farwell and co-workers demonstrated that an enzyme engineering approach would circumvent these potential limitations for the intermolecular aziridination of the olefin substrates by azide nitrene sources151 [Figure 22A]. Among the various enzyme variants tested, a variant of P411BM3-CIS-I263F-T438S improved the aziridination of 4-methoxystyrene by 10-fold compared to the P411BM3-CIS-T438S parent (TTNs of 150 compared to 15 in the parent enzyme). Also, this variant improved the productivity of aziridination of the less electron-rich substrates such as 4-methylstyrene and styrene [Figure 22B]. Further improvement in the aziridination was achieved by generating site-saturation mutagenesis libraries of several active site positions. A variant P411BM3-CIS-I263F-A328V-L437V-T438S diminished the sulphonamide side product of aziridination reaction of 4-methylstyrene to 43 from 95% in the parent enzyme. Moreover, the very high enantioselectivity [99% ee (S)] of the desired aziridine product was achieved by the addition of these two mutations. Furthermore, whole cells expressing P411BM3-CIS-I263F-A328V-L437V-T438S could efficiently catalyze the aziridination of various substituted styrene substrates [Figure 22C]. For instance, whole cell reactions of the evolved enzyme provided 600 TTNs for the aziridination of styrene, and yielded 70% of the desired aziridine product. It is noteworthy that, in contrast to the imidation of sulfide substrates in the earlier reported studies, the productivity of the enzyme-catalyzed aziridination was not related to the nature (electron-withdrawing or electron donating) of the aryl substituents.151
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Figure 22. A) Schematics of the P450-catalyzed intermolecular aziridination of the olefin substrates B) Enzyme catalyzed intermolecular C-H amination of styrene derivatives using azide nitrene sources and C) In vivo aziridination of various substituted styrene substrates by P450 variant P411BM3-CIS-I263F-A328V-L437V-T438S [Adapted with permission from Reference 151, Copyright 2015, American Chemical Society]. 
Singh et al.152 further extended the scope of intramolecular C−H amination and recently reported that P450s could effectively catalyze the intramolecular C−H amination of carbonazidate to generate oxazolidinones [Figure 23]. The hydrolysis products of oxazolidinones are 1,2-aminoalcohols, which are key constituents of important bioactive molecules and chiral auxiliaries.153,154 In a similar mode to that of serine-heme-ligated P450s, FL#62-mediated amination of C-H was also dependent on the strength of C-H bond. Also, not only could the amination of benzylic/allylic C-H bonds with lower BDEs (BDE < 90 kcal/mol) be achieved, but the amination of stronger C-H bonds was also catalyzed. The investigation of substrate scope revealed that substrates possessing substituted aromatic ring were tolerated by the best variant FL#62. While the substitution of the para-position with methyl group improved the TON, substitution with the isosteric but electron-withdrawing trifluoromethyl group diminished the C-H amination activity [Figure 23], implying that electrophilicity of the substrate affects the outcome of the C-H amination reaction.152  
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Figure 23. Cyclization of carbonazidate substrates to oxazolidinones by engineered P450-catalyzed nitrene insertion to C-H bond [Adapted with permission from Reference 152, Copyright 2015, American Chemical Society]. 
Most recently, Prier and coworkers demonstrated the ability of engineered P450s to intermolecularly aminate benzylic C–H bonds with high selectivity.155 In the initial studies, P411BM3-CIS-V87A-I263F-A268G-A328V-T438S variant (termed as P4), originally generated for the imidation of allylic sulfides,149 showed promiscuous activity towards intermolecular C-H amination at the benzylic carbon of 4-ethylanisole with modest yield and enantioselectivity (11% and 14% ee, respectively). Addition of a single mutation A82L to P4 resulted in four-and five-fold improvement in yield and enantioselectivity of the benzylic amine product, respectively [77% compared to 14% ee in the parent]. The addition of two more mutations, A78V and F263L, improved the activity and selectivity towards all the three substrates tested, i.e. 4-ethylanisole, 4-ethyltoluene, and ethylbenzene yielded the corresponding benzylic amine products as single enantiomers [>99% ee] [Figure 24A]. Furthermore, addition of E267D mutation created the variant (termed P411CHA; ‘cytochrome P411 C–H aminase’) which could catalyze the amination of a diverse set of arene-containing substituted hydrocarbons [Figure 24B]. It is worth mentioning that the engineered catalyst supported 1300 turnovers in vivo, far exceeding the previously reported highest ever TTN for the intermolecular C-H amination using chiral synthetic metal catalysts.155 
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Figure 24. Enantioselective C-H amination of various arene-containing substituted hydrocarbons by whole cells expressing P450 variants A) P4-A78V-A82L-F236L; and B) P411CHA. [Adapted with permission from Reference 155, Copyright 2017, Springer Nature]. 
5.2 Engineering P450s to incorporate unusual metal cofactors for C-H amination catalysis
Recent developments in the protein engineering and directed evolution of P450s, metalloproteins containing Fe-protoporphyrin IX (Fe-PIX) cofactors, have successfully generated variant that could catalyze the intramolecular and intermolecular amination of C-H bonds. However, the yields of these reactions, especially of intramolecular C-H amination reactions, are often limited by the poor chemoselectivity, and thereby poor enantioselectivities of the products formed. For instance, during the P450-catalyzed amination reaction of sulfonyl azide substrates, the mixture of two products i.e. desired products of the nitrene insertion into the C-H bonds, and undesired sulfonamide byproduct, are formed.142,146 Very often, the sulfonamide side products are formed in comparable or greater extent than the desired products of nitrene insertion. Also, despite the potential of Fe-PIX proteins to catalyze abiological reactions, such as the insertion of carbenes and nitrenes to olefins and X-H bonds,151,156,157 the exquisite reactivity of the Fe-centre confines the scope of the array of transformations. For instance, Fe-PIX proteins can catalyze the carbene insertion into the reactive N-H and S-H bonds, however, they cannot catalyze the insertion into the C-H bonds.157,158 
The stable coordination formed by PIX cofactor makes it feasible to incorporate a non-natural metal with reactivity different from that of the native complex.159 Recently, many of the artificial PIX proteins incorporating metal ions, such as Mn, Cr, and Co have been generated to catalyze the inherent functions of the native enzymes containing Fe-metal ion.143,160 However, the performance of these artificial PIX proteins is poorer compared to the reactions catalyzed by native Fe-PIX enzymes.158 Also, many of the metal porphyrin complexes have been reported to efficiently catalyze the amination of C-H bonds in sulfonyl azide substrates; however, the major limitation is related to the processing of these reactions at higher temperatures.161-163 
In this light, Dydio et al.164 hypothesized that P450s can be amended to incorporate completely noble-metal complexes, rather than their native Fe-cofactors, in such a manner that the undesired azide reduction to sulfonamide would be minimized, and amination of C-H bond in sulfonyl azide substrates is preferred. CYP119, an artificial P450 containing Ir(Me)-PIX-cofactor system from the archaeon Sulfolobus solfataricus that exhibits much higher melting temperature (Tm of 69 °C) than the commonly used catalyst P450BM3 (45 °C)165 was engineered to efficiently catalyze the insertion of a nitrene into C-H bonds of sulfonyl azide substrates to generate the desired sulfamates with higher enantioselectivities. In the initial experiments, Ir(Me)-PIX was found to be the best among other M-PIX complexes, as the ratio of sultam to sulfonamide was >10:1 for both model substrates, i.e. isopropylbenzenesulfonyl azide and 2-ethylbenzenesulfonyl azide. The yields of the corresponding sultam products from these substrates were 92 and 89%, respectively [Figure 25A]. The variant CYP119-Max-L155G, which contains 5 mutations (L69V, L155G, T213G, V254L, and a single mutation in the axial ligand C317G), drastically improved the chemoselectivity of the N-H insertion to the C-H bonds in substrate 2-ethylbenzenesulfonyl azide and yielded corresponding sultam product with 98% yield, while fundamentally reducing the generation of sulfonamide byproduct to < 1%. However, the stereoselectivities of the products generated was poor, with the modest enantiomeric ratio (e.r.) of 63:37. To achieve the improvements in e.r., a library of variants containing mutations at the eight different active site positions was generated, wherein, various variants, in particular T213G, V254L, F310G, and C317G catalyzed the formation of sultam to sulfonamide products of 2-ethylbenzenesulfonyl azide substrate with e.r. of 84:16 [Figure 25B]. The potential of various other variants of the artificial metalloenzyme Ir(Me)-PIX CYP119 was evaluated in the nitrene transfer to C-H bonds in sulfonyl azide substrates. Notably, the variant, Ir(Me)-CYP119- L69V, T213G, C317G synthesized a cyclized product with excellent yield and e.r. (84% and 90:10, respectively). Furthermore, the selectivity for the formation of desired product over reduction of the substrate to the sulfonamide product was >25:1.164 
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Figure 25: Enantioselective C-H amination of sulfonyl azide substrates catalyzed by A) Ir(Me)-PIX and B) by enzyme variants.164
Many of the P450-catalyzed naturally occurring reactions continue to find a useful place in the chemical synthesis of various important compounds. The recent advances achieved in expanding the scope of reactions catalyzed by P450s have facilitated biocatalytic reactions that no longer depend on the natural antecedents.142 The recent experimental studies on the substrates belonging to various chemical classes have demonstrated the feasibility of the applicability of P450-mediated catalysis, especially C-H amination, for the generation of complex amine structures possessing pharmaceutical relevant activities. The studies demonstrating the catalytic mechanism of C-H amination reactions and the role of active site residues involved therein have paved a way to improve the catalytic activity towards a target substrate in question and to further improve the substrate scope of the enzymes.  The recently extended substrate scope for the P450-catalyzed C-H amination reaction opens exciting opportunities for the application of these versatile biocatalysts in the installation of remote C(sp3)-H positions in organic molecules.152  

Though the typical nitrene transfer reactions as such are not reported in nature, the very recent protein engineering studies have successfully demonstrated that only few of the active site mutations in P450s can commence the inestimable reaction pathways that are not catalyzed by natural enzymes.149 The judiciously designed protein engineering strategies and systematic exploration of promiscuity of the natural enzymes have overcome the well-known plasticity of the P450s such as the active site of these enzymes and can now be progressively engineered to catalyze unnatural and potentially challenging reactions.151 

While the regioselectivity of the product formed by P450-catalyzed C-H amination still remains a considerable challenge, a step forward has already been taken by using protein engineering approaches to establish P450s as a versatile platform to solve the regioselectivity issues in the enzyme-catalyzed C-H amination.146 

Since the first full-length sequence of P450 in the early 1980s, much has been achieved in the subsequent decades and currently >300,000 sequences are available, which are expected to reach one million in the coming four years.166 As intramolecular and intermolecular nitrene transfer has now been added to the impressive array of the natural and un-natural reactions catalyzed by P450s, the structural information gained following the availability of large number of P450s can further be used for synthetically valuable transformations.141,150,167-169
6. 
Concluding remarks
Extensive improvement in the understanding and applications of enzymes to amine synthesis has been made in the last few years. Even though commercial-scale syntheses of enantiomerically pure amines exist, for example the lipase-catalyzed deracemization of (S)-methoxyisopropylamine [(S)-MOIPA] by BASF, or the transaminase-catalyzed synthesis of sitagliptin by Merck, much of the current scientific effort is devoted to the discovery of novel enzymes other than lipases and transaminases. Major challenges connected to lipase- and transaminase-catalyzed reactions, such as reaction equilibrium limitations, are now addressed by various strategies of reaction engineering. New enzymes catalyzing reactions to enantiomerically pure amines have been developed, notably monoamine oxidases (MAOs), amine dehydrogenases (AmDHs), imine reductases (IREDs), reductive aminases (RedAms), and variants of cytochrome P450 monooxygenases (CYP P450s), all of which are covered in this review. Those developments have been helped or even enabled by progress in both protein engineering techniques and database-associated computational methods. Protein engineering approaches have been used to tackle the uneven availability of both (R)- and (S)-selective enzymes and to improve specific rate, substrate scope, and stability of the available enzymes. Also, the availability of large sequence databases has opened a new avenue of efficient combinatorial tools to accompany highly competent protein engineering techniques. Extensive research of the catalytic mechanisms of P450s, AADHs, and IREDs has led to the establishment of these enzymes as potential biocatalysts to enantiomerically pure amines. However, there is still a long way to go to understand the detailed catalytic mechanisms of recently discovered enzymes such as IREDs and AmDHs. Moreover, the substrate specificity of these biocatalysts is complex and cannot be easily generalized from one enzyme template to another. Another important challenge associated with the use of these redox biocatalysts is regeneration of expensive nicotinamide cofactors. In situ regeneration of cofactors is essential to enable economic biotransformations on the industrial scale.170 Although regeneration of NADH has been subject to intensive studies in recent years, the accessibility to enzyme systems regenerating NADPH cofactors is still limited.42 
As enzymes are produced in cells, keeping them there poses obvious advantages for biotransformations. Disruption of microbial cells and subsequent purification of the desired protein is a laborious and costly task.171-175 Use of whole-cells for biotransformations costs ca. 10% of the purified enzymes by avoiding the need for cell lysis and protein purifications.176-179 Furthermore, implementing biocatalytic syntheses in the form of whole-cell biotransformations is advantageous in in situ regeneration of the redox cofactors.180 Nevertheless, mass transfer limitations imposed by the cell membrane can also be circumvented by various strategies.181 

The last few years have witnessed the accelerated rate of discovery of new enzymes and their engineering for the applications in chiral amine synthesis. The recent discovery of natural AmDH89 can be seen as glimmer of hope and future of redox biocatalysis research should evidence the discovery of novel enzymes by using metagenomic approaches. The near future of redox biocatalysis should also see the judiciously designed engineering of L- and D-amino acid dehydrogenases to further improve the availability of (S)-AmDHs and (R)-MAOs, respectively. Cytochrome P450-based biocatalysts often still suffer from limited total turnover numbers, which can be circumvented by further advances in protein engineering. Nevertheless, the biocatalytic pool for the synthesis of optically active amines is substantially extended and now possesses potent enzymes such as IREDs, AmDHs, MAOs and Cytochrome P450s, which currently are serving as effective alternatives to chemical synthesis. 
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