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Highlights
· Imine reductases (IREDs) are NAD(P)H-dependent oxidoreductases that enable the asymmetric synthesis of secondary and tertiary amines from the corresponding imines.
· The development of annotated sequence databases has led to the discovery of new IREDs from bacteria and fungi.
· The characterisation of new IREDs has resulted in an expansion of the substrate scope and the design of biocatalytic cascades.
· Structural studies of IREDs have provided initial insights into their mechanism of action although further work is required to elucidate the detail of catalysis.
· Reductive amination has been demonstrated using IREDs, although with low efficiency, and represents an important area of investigation for the future.

Abstract
Imine reductases (IREDs) have emerged as a valuable new set of biocatalysts for the asymmetric synthesis of optically active amines. The development of bioinformatics tools and searchable databases has led to the identification of a diverse range of new IRED biocatalysts that have been characterized and employed in different synthetic processes. This review describes the latest developments in the structural and mechanistic aspects of IREDs, together with synthetic applications of these enzymes, and identifies ongoing and future challenges in the field.

Introduction
Imine reductases (IREDs) are NADPH-dependent oxidoreductases that catalyse the asymmetric reduction of prochiral imines to the corresponding amines [1–3]. The reduction of C=N bonds constitutes a physiological reaction present in a number of biosynthetic pathways leading to a variety of metabolites including folate, siderophores and antibiotics. The imine intermediates in these pathways are structurally very distinct and hence functionally different IREDs, often unrelated by sequence, have evolved to catalyse imine reduction. Dihydrofolate reductase (DHFR), for example, catalyses the NADPH-dependent reduction of 7,8-dihydrofolate 1 to yield 5,6,7,8-tetrahydrofolate 2 in the folate biosynthesis pathway (Figure 1B) [4]. Pip2C/Pyr2C reductases have been shown to catalyse the reduction of cyclic imino acids Δ1-piperideine-2-carboxylate (Pip2C) 3a and Δ1-pyrroline-2-carboxylate (Pyr2C) 4a to the corresponding amino acids L-pipecolate 3b and L-proline 4b respectively in the pipecolate pathway (Figure 1C) [5]. Other biosynthetic IREDs include PchG from Pseudomonas aeruginosa and its homologue, Irp3 from Yersinia enterocolitica, which catalyse the reduction of the thiazoline ring of intermediates in the biosynthesis of the siderophores pyochelin and yersiniabactin respectively (Figure 1D) [6,7]. In morphine biosynthesis, an imine reduction step has been identified in the inversion of (S)-reticuline 7 to (R)-reticuline 7, in which the iminium ion intermediate 1,2-dehydroreticuline 8 is reduced by dihydroreticuline reductase (DRR) (Figure 1E) [8••,9••]. Although these IREDs have been well studied for their physiological and biomedical relevance, they have to date found limited synthetic applications due to their narrow substrate scope.
In 2010 Mitsukura et al. reported the imine reducing activity of two NADPH-dependent oxidoreductases, (R)- and (S)-IRED from Streptomyces sp. GF3587 and Streptomyces sp. GF3546 respectively, on the synthetic substrate 2-methylpyrroline 10 (Figure 1F) [10••,11]. The application of these enzymes in the asymmetric reduction of a variety of imines and iminium ions, together with the incorporation of these IREDs in biocatalytic cascades, was thereafter described by Turner and co-workers [12–16]. These studies spurred interest in this class of enzyme and several IRED homologues have now been characterised by other groups [17–24]. The purpose of this review is to give an overview of the recent advances in the discovery, characterization and application of IREDs.



Figure 1. A Overview of transformations catalyzed by IREDs. B-E Imine reduction in metabolic pathways. F Reduction of imine 10 by IREDs from Streptomyces sp.

Structural and mechanistic features of IREDs 
The first structure of an IRED, for which the ability to reduce 2-methyl pyrroline 10 had been established, was that of Q1EQE0 from Streptomyces kanamyceticus [25••]. As suggested by initial solution studies by Mitsukura et al. [11], the IRED enzyme is a dimer (Figure 2A), and forms what now appears to be a conserved IRED fold. The N-terminal region of each monomer forms a Rossman domain for NADP(H) binding, and is connected to a C-terminal helical bundle by a long helix. The monomers participate in reciprocal domain sharing that gives rise to the dimer and the formation of the active site, in which NADP(H) is bound at the dimer interface. Q1EQE0 displayed structural similarities to enzymes in the hydroxyisobutyrate dehydrogenase (HIBDH) family such as 2CVZ [26], although domain sharing is not observed in those enzymes. Furthermore, the lysine in HIBDH, which acts as the proton acceptor/donor in the reduction/oxidation of its substrate, was replaced in the IRED with an aspartate (Asp) in position 187. Subsequent structures of IREDs from Streptomyces sp., [27•] Bacillus sp. (BcIRED) and Nocardiopsis sp. (NhIRED) [28], which are all (S)-selective in the  reduction of 10, revealed a tyrosine (Tyr) residue in this position.
It was hypothesised that Asp or Tyr may act as a proton donor in imine reduction, although in the first case, the distance of 8 Å of the Asp carboxylate to the C4 atom of NADP(H) that delivers hydride, was much further than that observed in other reductases between the proton donor and the cofactor, suggesting the possible involvement of a water molecule. However, the distance from the Tyr phenol to C4 of NADPH in BcIRED was only 5 Å, which is more in line with Tyr acting as a direct proton donor. Mutation of Asp to Ala [18,25], or Tyr to Phe [25] or Ala [18] in Asp- or Tyr-containing IREDs respectively, gave rise to enzymes of greatly reduced activity. However, the requirement for a proton donor in the IRED-catalysed reaction is not certain, as imine substrates should be protonated at the operating pH of IREDs, and moreover IREDs with a non-protic residue (Asn, Phe) at this position have subsequently been shown to be active [29•,30]. A review of IRED sequences by Pleiss and Hauer [19•] identified two superfamilies, with opposite stereopreference, defined by distinct active site motifs. However, the stereoselectivity of IREDs is highly variable, and a series of related [28,30], or even identical [29•], substrates can be reduced with different selectivity depending on the state of the enzyme, suggesting that more complex classification systems may be required.
The following structures of the IRED from Amycolatopsis orientalis (AoIRED) [29•], which has an Asn residue, Asn171, at the Asp/Tyr position, have recently shed new light on ligand binding in IREDs: an apo-form with no cofactor, a complex with NADP(H), and also a ternary complex with NADP(H) and the (R)- product of the reduction of 1-methyl dihydroisoquinoline to (R)-methyltetrahydroisoquinoline [(R)-MTQ]. These structures reveal a great mobility of secondary elements, and also quaternary organization, upon ligand binding, suggesting a significant role for protein dynamics in IRED catalysis. In the ternary complex (Figure 2B), a pronounced closure of the active site is observed, resulting in a discrete binding site for the amine product.


[image: ]
Figure 2. Structure and active site of IREDs as exemplified by AoIRED A. AoIRED in complex with NADP(H) and (R)-MTQ at 2.1 Ångstrom resolution (PDB code 5FWN). Monomers are shown in green and coral. NADP(H) is shown in cylinder format at the dimer interface. B. Active site of 5FWN at the dimer interface, showing binding of (R)-MTQ. Bonding interaction distances are given in Ångstroms. Asn171 is replaced by Asp, Tyr and other residues in different IREDs.

In this complex, the amine nitrogen is 4.4 Å from the phenol of Tyr179 and 3.4 Å from the side-chain of Asn241. The chiral carbon atom of MTQ, which corresponds to the electrophilic atom of the imine substrate, is approximately 3.5 Å from the C4 of NADP(H), an ideal position to receive or donate hydride. However, a comparative analysis of IRED structures currently available strongly suggests that imine binding and reduction may be assisted by different types of residues in different enzymes.

Recent advances in synthetic applications of IREDs 
Mining of protein databases coupled with bioinformatics have resulted in the discovery and characterisation of a number of novel IREDs [18]. An annotated sequence database of more than a thousand putative IREDs from fourteen superfamilies (https://ired.biocatnet.de/) has also been created [19•] which has resulted in a significant expansion of the IRED toolbox, leading to new synthetic applications. Scheller and Nestl reported the characterisation of two (R)-selective IREDs from Streptosporangium roseum DSM43021 and Streptomyces turgidiscabies and one (S)-selective IRED from Paenibacillus elgii [31], and interestingly showed that the (S)-selective IRED is unusually thermostable (70% activity after 7 days at 50 °C), whereas the other IREDs lose most of their activity after 24 hours at 30 °C. All three novel IREDs showed some activity against stable exocyclic imines, such as N-benzylidenemethylamine, phenylethylideneaniline and benzophenoneimine. 
The vast majority of IREDs described so far are NADPH-dependent, although there are some examples of NADH-dependent IREDs in biosynthetic pathways [5,32]. Furthermore, Gand et al. have engineered an IRED with improved NADH affinity and demonstrated preparative-scale reactions with this variant [17].
The AoIRED reported by Aleku et al. [29•] catalyses the reduction of prochiral imines and iminium ions and displays unique stereoselective properties. For example, the enzyme was shown to exhibit a switch in stereoselectivity towards MTQ depending on the state of the enzyme. Wetzl et al. carried out successful reductions of a wide range of cyclic imines employing a selection of bacterial IREDs including preparative-scale biotransformations with feeding of the substrate to reduce inhibition [30]. Li and coworkers have recently reported the asymmetric preparation of a variety of substituted indolines using enantiocomplementary IREDs from Paenibacillus lactis in good conversions and stereoselectivities [33,34]. Finally, Maugeri et al. have reported the application of IREDs in micro-aqueous systems by testing different enzymes from Streptomyces strains and an IRED from Paenibacillus elgii B69 against different model substrates in efforts to address the poor solubility of organic compounds in aqueous systems [35].
The chemoselectivity of IREDs for the reduction of C=N bonds, in the presence of C=O containing compounds, has enabled the application of these enzymes in multi-enzyme cascade reactions. Recently, France et al. developed a one-pot cascade employing a carboxylic acid reductase (CAR), an ω-transaminase (ω-TA) and the (R)- or (S)-IRED from Streptomyces sp. to access chiral mono- and disubstituted piperidines and pyrrolidines starting from simpler keto-acids (Figure 3A) [14•]. Interestingly, it has recently come to light that this de novo designed pathway mimics a biosynthetic route for the formation of piperidine-containing natural products [36]. Other examples include an amine oxidase-IRED cascade for the deracemisation of racemic piperidines and pyrrolidines (Figure 3B) and a putrescine transaminase-IRED cascade for the synthesis of nitrogen heterocycles from diamine precursors (Figure 3C) [15].


Figure 3. Application of IREDs in multi-enzyme biocatalytic cascades. ω-TA = transaminase, CAR = carboxylic acid reductase, LDH = lactate dehydrogenase, GDH = glucose dehydrogenase.

Reductive amination
The IRED-mediated asymmetric reduction of C=N bonds now offers an alternative approach for biocatalytic chiral amine synthesis and complements existing approaches based upon the use of transaminases [37–39], amine oxidases [40–42], ammonia lyases [43,44], amine dehydrogenases [45,46] and norcoclaurine/strictosidine synthases [47,48]. One approach that is however currently underdeveloped is the asymmetric reductive amination of ketones to generate a wide range of chiral 2o and 3o amines. Several different enzyme classes have been shown to catalyse reductive aminations, including octopine dehydrogenases (OctDHs) [49], amino acid dehydrogenases (AADHs) [50], amine dehydrogenases (AmDHs) [45] and N-methyl-amino acid dehydrogenases (NMAADHs) [51]. Although these systems often display high catalytic activity there are severe restrictions in substrate scope with respect to both ketone and amine. On the face of it IREDs seem unsuitable for reductive amination as most exocyclic imines are unstable with respect to hydrolysis in aqueous media. Nevertheless, in 2014 Müller and co-workers reported the first example of reductive amination using the (S)-selective IRED from Streptomyces sp. GF3546 [27•]. The conversions obtained were very low (< 10%) and high concentrations of both amine donor (212 mM) and enzyme (2.5 mg mL-1) were required. Nestl and co-workers subsequently explored the scope of reductive amination of the (R)-selective IRED from Streptosporangium roseum, which exhibited activity for several different carbonyl compounds and was able to use ammonia, methylamine and benzylamine as amine donors [52]. By employing NMR studies, they observed that imine formation for benzaldehyde in water is favoured under basic conditions (pH > 9). However, for the compounds reported, only moderate conversions (~50%) of ketones (10 mM) could be achieved at high amine:ketone ratios (50:1) and enzyme loadings (10 mg mL-1), although good to excellent enantiomeric excesses (78-98% ee) were exhibited in all cases.
Wetzl et al. have recently reported an extensive screen of 28 IREDs towards reductive amination of cyclic, aromatic and aliphatic prochiral ketones using ammonia and small aliphatic primary amines as donors (20 mM substrate, 250 mM amine) [53••]. All products were produced by at least one of the IREDs employed, with conversions that varied from poor to excellent depending upon the ketone-amine combination. Preparative scale reactions were also demonstrated using two of the IREDs, with the corresponding amine products obtained in moderate to good yields (50-71%) and excellent enantio- and diastereoselectivities (> 94%).


Table 1. IRED-catalysed reductive amination of ketones.
	Substrate
	Amine
	IRED
	Conversion (%)
	e.e./d.e. (%)

	
	MeNH2
	Streptomyces sp. GF3546
	9 a
	n. d.

	
	MeNH2
	Streptosporangium roseum
	16 b
	87 (R)

	
	NH3
	Streptosporangium roseum
	53 b
	78 (R)

	
	MeNH2
	Streptomyces tsukubaensis
	88 c
	96 (R)

	
	MeNH2
	Nitratireductor pacificus
	90 c
	n. a.

	
	BuNH2
	Nocardia cyriacigeorgica GUH-2
	42 c
	n. a.

	
	MeNH2
	Mesorhizobium sp. L48C026A00
	96 c
	n. d.

	
	MeNH2
	Verrucosispora maris
	94 c
	98 (S,R)


[bookmark: _GoBack]a Reaction performed with 20 mM substrate, 212 mM amine donor and 2.5 mg mL-1 purified IRED [27•]. b Reactions performed with 10 mM substrate, 500 mM amine donor and 10 mg mL-1 purified IRED [52]. c Reactions performed with 20 mM substrate, 250 mM amine donor and 0.6 mg mL-1 purified IRED [53••]. n.d.: not determined. n.a.: not applicable. 

Conclusions and outlook
The development of an online database based on IRED-specific sequence motifs has identified a large number of putative IRED sequences for investigation. The structural characterisation of several of these has revealed some of the large domain movements required for catalysis and also cast doubt on the identity of residues previously connected with a particular enantiopreference. Although certain motifs have been suggested to control enantioselectivity, classification of these enzymes as (R) or (S) is not straightforward. Furthermore, the precise mechanism of imine reduction is also still unknown and represents an ongoing area for further studies.
In parallel, the substrate scope of IREDs has expanded beyond cyclic imines to a variety of exocyclic imines and even carbonyl/amine donor pairings for which imine formation is disfavoured in aqueous solution. The question of whether certain IREDs are capable of catalysing not only imine reduction, but also imine formation, as observed in amino acid dehydrogenases, has yet to be resolved. Such ‘reductive aminase’ enzymes could rival currently available biocatalysts for amine synthesis by offering a far broader substrate scope. 
Finally, IREDs have successfully been combined with other enzymes to synthesise valuable amine products. The design of new cascade systems that exploit the unique chemo-and stereoselectivity of IREDs and the implementation of IRED-catalysed processes in industry offer new opportunities in research for the future.
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