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Zusammenfassung

Mehrere neue Iminreduktasen, welche der Literatur noch unbekannt sind, konn-
ten erfolgreich in E. coli heterolog überexprimiert und mittels HisTrap Ni2+ Af-
finitätschromatographie gereinigt werden. Zehn dieser neu entdeckten Enzyme
waren stabil in Lösung und zeigten, in einem ersten Versuch, Iminreduktase-
Aktivität gegenüber dem 5-gliedrigen Modellsubstrat 2-Methyl-1-pyrrolin.
Ihre Charakterisierung offenbarte ein Temperaturstabilitätsmaximum von unter
40 °C, wobei die höchste gemessene Reduktionsaktivität bei neutralem bis leicht
saurem pH, für den Großteil der Proteine, festgestellt wurde.
Desweiteren wurde keine oder nur eine sehr stark reduzierte Aktivität festge-
stellt, wenn an Stelle des NADPH NADH als Cofaktor zu Verfügung gestellt
wurde.

NADPH NADP
+

Für viele der hier beschriebenen Reduktasen konnte gezeigt werden, dass sie
über ein breites Substratspektrum verfügen, welches vor allem für die Darstel-
lung von zyklischen sekundären Aminen als auch eines tertiären Amins geeignet
ist.
In den Biotransformationsreaktionen konnten die chiralen Amine in guten bis
sehr guten Ausbeuten, bereits nach 2 h, umgesetzt werden, wobei die Enan-
tioselektivitäten zwischen 94 - >99% e.e., für das entsprechende (R)- oder (S)-
Enantiomer lagen.
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Summary

Several new imine reductases, not known to literature yet, were successfully he-
terologously overexpressed in E. coli and purified via HisTrap Ni2+ affinity chro-
matography. Ten of these newly discovered enzymes were found to be stable pro-
teins in solution and, in a first attempt, showed imine reductase activity towards
5-membered model substrate 2-methyl-1-pyrroline.
Their characterization revealed a temperature stability optimum of below 40 °C,
with the highest reduction activity measured at a neutral to a slight acidic pH for
the greater part of these enzymes.
Furthermore no or only sharply reduced activities were observed, when provi-
ding NADH instead of NADPH as reducing cofactor.

NADPH NADP
+

Many of the described reductases were proven to possess a broad substrate sco-
pe, suitable for the preparation of cyclic chiral secondary amines as well as one
tertiary amine also demonstrated.
When applied in biotransformational reactions, the chiral amine products were
obtained in good to excellent yields, even after 2 h incubation, with enantioselec-
tivities ranging from 94 - >99% e.e. for the corresponding (R)- or (S)-enantiomer,
in most of the cases.
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Introduction

1 Introduction

“Hence, enantioselective, NAD(P) -
dependent amine dehydrogenases remain a

holy grail in biocatalysis.”
Roger Sheldon in “Multi-Step Enzyme Catalysis”, 2008, Wiley-VCH

This part of the masters’ thesis has been published as a review article in Advanced Synthesis &
Catalysis, doi: 10.1002/adsc.201500213.
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Introduction

1.1 Background

Chiral amines represent the core structure of a myriad of natural products as
well as man-made compounds of public demand, such as pharmaceuticals and
agrochemicals (Figure 1). According to recent estimates, chiral amine moieties
are present in about 40% of active pharmaceutical ingredients (APIs) and 20% of
agrochemicals.[1] Moreover, optically pure amines, amino acids, and amino alco-
hols are frequently employed in chemical synthesis as chiral auxiliaries or resol-
ving agents.
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Figure 1. Examples of natural products and pharmaceutical drugs containing a chiral
amine moiety. Biological activities and natural sources (in parentheses) are specified
below the compound names.

Their paramount importance across several chemical disciplines and industrial
sectors has made chiral amines and amino acids attractive targets for asymme-
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Introduction

tric synthesis. Established approaches for their preparation are the stereoselective
addition of nucleophiles to imines (including the famous Mannich and Strecker
reactions), asymmetric C–H amination and hydroamination, and the asymmetric
reduction of enamines and imines, which may either be pre-formed or may occur
as intermediates in an asymmetric reductive amination process.[2–5] Metallo- or
organocatalytic methods for asymmetric imine and enamine reduction are broad-
ly applied and intense research efforts are devoted to the improvement of the sco-
pe and stereoselectivity of these processes.[2–11]

In cases where established asymmetric synthesis methods are inapplicable or fail
to provide the desired optical purity, diastereomeric salt crystallisation is still wi-
dely used for the classical resolution of racemic amines or for upgrading the en-
antiomeric excess of an optically enriched product.[5]

Biocatalytic transformations are increasingly being recognised as an attractive
option for the asymmetric synthesis of chiral molecules.[12–14] Particularly in the
pharmaceutical industry, biocatalysis has become a key technology for the deve-
lopment of cleaner and more efficient production processes, offering high chemo-,
regio-, and stereoselectivity, high catalytic activity under near-ambient conditi-
ons, and ample possibilities for the tailoring of biocatalyst properties to match
the demands of the desired process.[15–19] In the context of chiral amine and ami-
no acid synthesis, the first important contribution from biocatalysis has come in
the form of amino acid dehydrogenases and α-transaminases, two enzyme clas-
ses that have found broad industrial application in the preparation of L- and
D-amino acids via (true or formal) reductive amination of the corresponding α-
keto acids.[20] Moreover, hydrolytic enzymes such as amidases, hydantoinases,
and carbamoylases are established biocatalysts for the preparation of α-amino
acids and have been applied on industrial scale since the 1980s.[21, 22] More recent-
ly, these biocatalytic methods for amino acid synthesis have been complemen-
ted by enzymatic hydroamination reactions catalysed by ammonia lyases and
aminomutases.[23–28]

The available methods for asymmetric synthesis of amines that are not amino
acids are more limited. For many years, the only generally relevant option has
been the kinetic resolution of racemic amines via enantioselective acylation using
lipases,[29, 30] a reaction that has also been implemented on industrial scale.[31] An
alternative, which is also applicable to tertiary amines, is deracemisation using a
combination of monoamine oxidases and borane reducing agents.[1, 32–38] Recent-
ly,ω-transaminases have emerged as a powerful tool for the asymmetric synthesis
of α-chiral primary amines.[32, 33, 39–41]

An impressive and much-cited example illustrating the potential ofω-transaminase
catalysis is the biocatalytic process for the manufacture of sitagliptin, an antidia-

3



Introduction

betic drug, which replaced a transition metalbased hydrogenation process.[42] The
asymmetric reduction of imines using NAD(P)H dependent enzymes represents
a particularly attractive option for biocatalytic amine synthesis. This reaction can,
in theory, give access to almost any primary, secondary, or tertiary amine, and the
substrate imine or iminium ion can either be pre-formed or generated in situ by
the condensation of amines and carbonyl compounds. Moreover, the regenerati-
on of the required nicotinamide cofactors is nowadays practically and economi-
cally feasible even on a large scale. However, compared to the established bioca-
talytic methods for chiral amine synthesis, the enzymatic reduction of imines is
still in its infancy. Until half a decade ago, biocatalytic methods for the reduction
of imines that do not bear a carboxylic acid group in vicinal position were limited
to few isolated reports using whole microbial cells (cf. Section 3). The enzymes
catalysing the described reactions have never been identified, nor have the repor-
ted biotransformations found broader application.
From 2011 onwards, however, significant advances in biocatalytic asymmetric
imine reduction and asymmetric reductive amination of ketones have been achie-
ved following three main strategies: (i) the design of artificial metalloenzymes, in
which a transition metalbased hydrogen transfer catalyst capable of reducing imi-
nes is anchored in a protein scaffold, (ii) structurebased semi-rational engineering
of amino acid dehydrogenases or opine dehydrogenases to provide biocatalysts
which accept non-functionalised ketones as substrates for reductive amination,
and (iii) classical activity screening of microbial culture collections, which has led
to the discovery of the novel enzyme family of imine reductases. Through the-
se ongoing efforts, a growing number of imine-reducing enzymes is being made
available for biocatalytic application, and some of the recent developments in the
field have already been summarised in review articles or book chapters.[1, 32, 43–45]

1.2 Imine Reduction in Nature

As stated in every organic chemistry textbook, imines – and even more so imi-
nium ions – are rather reactive compounds. Their electrophilic character and the
comparably low bond energy of the C=N double bond make them susceptible
to attack by a wide range of nucleophiles, including water. As a consequence,
most imines are hydrolytically labile in aqueous media, and hence also in bio-
logical systems. Nevertheless, the reduction of imines is a common reaction in
both primary and secondary metabolism, and some of the involved enzymes,
e.g., dihydrofolate reductase and L-amino acid dehydrogenases, are even ubiqui-
tous in living beings. The inherent instability of C=N bonds towards hydrolysis
poses limitations on the possible structure of naturally occurring imines: they are
either cyclic, whereby five- and six-membered rings are most common, or be-
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ar a carboxylic acid substituent on the imine carbon atom. The latter structural
feature might help to stabilize iminium ions via an internal hydrogen bond, alt-
hough experimental evidence for such an interaction has only been obtained for
the analogous case of aromatic iminium ions in ortho-position to a phenolate oxy-
gen (Figure ??).[46] Both cyclic and openchain α-imino acids may be formed in situ
as an intermediate in the reductive amination of the corresponding α-keto acid.

N

O

O

R

HH

N

ONOOC

H

Figure 2. Stabilization of iminium ions by intramolecular hydrogen bonds.

Natural imine-reducing enzymes can hence be classified into two groups accor-
ding to the structure of their substrate and the overall reaction they catalyse: So-
me enzymes are capable of performing a reductive amination and require a α-keto
acid as substrate, while others reduce pre-formed, cyclic imines, which need not
bear a carboxylic acid functionality.

1.3 Reduction of Cyclic Imines and Imino Acids

1.3.1 Biosynthesis of Pterin Cofactors and Siderophores

Among the most well-characterised of all imine-reducing enzymes are dihydrofo-
late reductase (EC 1.5.1.3) and 6,7-dihydropteridine reductase (EC 1.5.1.34), who-
se physiological roles are the formation of the cofactors 5,6,7,8-tetrahydrofolate
and 5,6,7,8-tetrahydrobiopterin, respectively (Figure 3). [47–51] Both are highly ef-
ficient, NAD(P)H-dependent enzymes showing specific activities of several hun-
dred units per milligram and Km values in the micromolar range for their natural
substrates.[52, 53] Their substrate scope, on the other hand, is rather narrow, and
hence the great scientific interest in these enzymes is due to their physiological
significance rather than their potential for biocatalytic application. The same is
true for thiazoline reductases, which are NADPH-dependent enzymes responsi-
ble for the reduction of a 2-thiazoline ring in the biosynthesis of bacterial side-
rophores (iron-binding molecules; e.g., pyochelin and yersiniabactin; Figure 3).
Two enzymes of this type have been described in the literature, one originating
from Pseudomonas aeruginosa and the other from Yersinia enterocolitica.[54–57] Their
natural substrates are immature siderophores linked to a non-ribosomal peptide
synthase, and little is known about their substrate scope and their kinetic proper-
ties.
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Figure 3. Molecular structures of the cofactors 5,6,7,8-tetrahydrofolate and 5,6,7,8-
tetrahydrobiopterin and the siderophores pyochelin and yersiniabactin. Hydrogen
atoms originating from NAD(P)H via enzymatic imine reduction are highlighted.

1.3.2 Alkaloid Biosynthesis

One of the first imine reductases to be purified and characterized was γ-coniceine
reductase, the enzyme that catalyzes the last step in the biosynthesis of the poi-
sonous hemlock alkaloid coniine (6; Scheme 1, A). The enzyme was extracted
from leaves and fruits of Conium maculatum already in 1975, and its activity was
studied using radioactively labelled substrate.[58] NADPH was shown to be the
preferred cofactor, but neither substrate scope nor enantioselectivity were inves-
tigated, and the enzyme has not been studied since. It is hence unclear whether
the fact that both enantiomers of coniine are found in poison hemlock, with (S)-
coniine being the major isomer,[59] reflects the stereoselectivity of γ-coniceine re-
ductase. Similar bioreductions have also been proposed to take place in the bio-
synthesis of the structurally related Pinaceae alkaloids pinidine and dihydropini-
dine, although in these cases the responsible enzymes have not been identified
yet.[60, 61]
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Scheme 1. Reduction of imines and iminium ions in alkaloid biosynthesis: (A) Re-
duction of γ-coniceine (5) by γ-coniceine reductase (γ-CR), (B) reduction of the 1,2-
dehydroreticulinium ion by 1,2-dehydroreticuline reductase (DHRR), and (C) reducti-
on of iminium 9 to festuclavine 10 and pyroclavine 11 by festuclavine synthase (FS).

Like coniine, the benzylisoquinoline alkaloid reticuline (8; Scheme 1, B) is among
the few natural products that occur in both enantiomeric forms.[62] Its de novo bio-
synthesis affords exclusively the (S)- enantiomer, which can undergo stereoinver-
sion via oxidation to the dihydroreticulinium ion (7) by an oxidase and reduction
to the (R)-enantiomer an imine reductase called 1,2-dehydroreticuline reducta-
se (EC 1.5.1.27). This NADPH-dependent monomeric enzyme has been purified
from opium poppy and characterized in the early 1990s.[63, 64] Dehydroreticuline
reductase has a high affinity for its natural substrate (Km = 10 µM) and does not
show activity with closely related benzylisoquinolines like 1,2-dehydronorreticu-
line and 1,2-dehydrococlaurine. Unfortunately, neither the protein sequence nor
the gene sequence of dehydroreticuline reductase are known, and so this enzyme
is currently inaccessible for detailed biocatalytic studies.
Recently, another enzyme with an iminium ion as physiological substrate has be-
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en identified: Festuclavine synthase (EC 1.5.1.44) catalyses the reduction of imi-
nium compound 9 to the ergot alkaloids festuclavine (10, major product) and py-
ruclavine (11, minor product; Scheme 1, C). Festuclavine synthases from Asper-
gillus fumigatus and Penicillium commune have been cloned and heterologously
expressed in E. coli.[65, 66] Both enzymes can use NADH and NADPH, but prefer
the phosphorylated form of the cofactor. The diastereomeric excess of the reduc-
tion product, i.e. the ratio of 10 to 11, varied depending on the enzyme used and
the reaction conditions (63:37 to 96:4).

1.3.3 Bioreduction of Cyclic Imino Acids

N
COOH

N
COOH

N COOH

N

S

COOH

N COOH

N

S

COOHHOOC N

S

COOHHOOC

14 15 16 17

18 19 20

Figure 4. Examples of naturally occurring cyclic imino acids: L-∆1-pyrroline-
5-carboxylic acid (14), ∆1-pyrroline-2-carboxylic acid (15), L-∆1-piperideine-6-
carboxylic acid (16), ∆1-piperideine-2-carboxylic acid (17), S-aminoethylcysteine ke-
timine (18), lanthionine ketimine (19) and cystathionine ketimine (20).

Cyclic imino acids like ∆1-pyrroline-5-carboxylic acid (14), ∆1-pyrroline-2-carbo-
xylic acid (15), and ∆1-piperideine-2-carboxylic acid (17; Figure 4) are interme-
diates in L-proline and L-lysine metabolism. The stereoselective reduction of the-
se compounds to the corresponding cyclic amino acids by NAD(P)H dependent
reductases is well documented, whereby a strict substrate specificity is obser-
ved: Compounds bearing the carboxylic acid group on the imine carbon atom are
transformed by different enzymes than the non-conjugated derivatives, while in
both cases rings of different size are accepted. As yet, the only known NAD(P)H-
dependent enzyme acting on non-conjugated imino acids is ∆1-pyrroline-5-carbo-
xylate reductase (Pyr5CR; EC 1.5.1.2). It catalyses the last step in L-proline biosyn-
thesis and is thought to be ubiquitous.[67] Pyr5CR was first isolated in the 1950s
from Neurospora crassa (a red bread mould)[68] and from human liver,[69] and has
since been identified in many organisms from all kingdoms of life. Basic functio-
nal and kinetic data are hence amply available, and these indicate that Pyr5CRs
are highly efficient biocatalysts that can often use both NADH and NADPH as
cofactor at comparable rates. The reductase from Mycobacterium tuberculosis, for
instance, reduces its natural substrate with a kcat of 451.7 s−1 in the presence of
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NADPH (0.4 mM), and with a kcat of 387.3 s−1 when supplied with NADH at
the same concentration.[70] The substrate scope of Pyr5CR has been investigated
much less thoroughly, perhaps because non-natural substrate analogues are not
readily available. The Pseudomonas aeruginosa enzyme has been shown to reduce
∆1- piperideine-6-carboxylate at about 10% of the activity shown with the natu-
ral substrate.[71] In the reverse reaction – the oxidation of saturated cyclic amino
acids at the expense of NAD(P)+, which is only detectable at pH values above
8.5 – proline esters and thioproline are accepted.[72, 73] The enzymatic reduction
of the dihydropyrrole-2-carboxylic acid derivatives 21a and 21b (Scheme 2, A)
represents a common step in the biosynthesis of various pyrrolobenzodiazepine
antibiotics.
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22b: (R = CH2CH3)
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H

N

NH

H
N

O

O

O

HO

HO
OH

PO

HO
OH
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Scheme 2. (A) Reduction of alkylidene-3,4-dihydropyrrole-2-carboxylic acids 21 by
F420-dependent reductases. (B) Structure of reduced F420 (F420-H2) and reduced fla-
vin mononucleotide (FMNH2) for comparison. The hydrogen atom transferred as hy-
dride from F420-H2 is highlighted.

These natural products are produced by actinomycetes and marine fungi and
exert potent antitumour activities.[74] The conversion of the α,β- unsaturated imi-
nes 21 into the corresponding amines 22 is catalysed by F420-dependent oxido-
reductases. To date, four of these enzymes have been identified on the DNA le-
vel via gene cluster analysis.[75–78] Studies on the proteins themselves have not
been reported yet, so there is no direct evidence for their proposed catalytic ac-
tivity. Consequently, it is also unclear whether these enzymes show any chiral
recognition of the stereogenic centre at C2 of the substrate or whether prochi-
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ral substrate analogues can be reduced stereoselectively. The F420 cofactor used
by these imine reductases is an uncommon deazaflavin derivative featuring a
hydroxyl moiety at C8 and a methylene group instead of N5 of the isoalloxa-
zin ring (Scheme 2, B). These modifications result in a remarkably low redox
potential of –360 mV, which places F420 much closer to the nicotinamide cofac-
tors NAD+ and NADP+ (–320 mV) than the common flavins FAD and FMN
(–180 mV).[79] F420 is therefore well suited for hydride transfer reactions, but since
it has a more negative redox potential than NAD(P)+ it cannot be regenerated
by the latter as other flavins can. Moreover, widely used hosts for heterologous
expression of recombinant enzymes, such as E. coli, P. pastoris, and S. cerevisiae,
are unable to produce the F420 cofactor. Its unavailability is hence a major hurd-
le on the way to preparative application of F420-dependent oxidoreductases.[80]

NAD(P)H-dependent enzymes that reduce the C=N bond of cyclic α-imino acids
have been categorized into different classes, namely ∆1-pyrroline-2-carboxylate
reductase (Pyr2CR; EC 1.5.1.1), ∆1-piperideine-2- carboxylate reductase (Pip2CR;
EC 1.5.1.21), and ketimine reductase (EC 1.5.1.25). However, their substrate spec-
trum does not provide a clear basis for this categorisation, since enzymes from
all three classes transform various α-imino acids of different ring size. Perhaps
more helpful is a categorisation according to phylogenetic and functional crite-
ria, which allows to distinguish two main groups: (i) the eukaryotic ketimine
reductases, whose physiological role is thought to be the reduction of sulfur-
containing ketimines that function as neurotransmitters or neuromodulators,[81]

and (ii) ∆1- piperideine-2-carboxylate/∆1-pyrroline-2-carboxylate reductases of
bacterial origin (most importantly from Pseudomonas spp.), which are essential
for the catabolism of D-lysine and D-proline.[82] Ketimine reductases have first
been discovered in mammalian tissues (e.g., rat and rabbit liver; rat kidney, brain,
liver, testis, heart, and skeletal muscle).[82, 83] Early studies on the liver enzymes
have established that the cofactors NADH and NADPH as well as the substra-
tes ∆1-piperideine-2-carboxylic acid (17) and ∆1-pyrroline- 2-carboxylic acid (15)
are accepted about equally well, and that the corresponding amino acids are for-
med as optically pure L-enantiomers.[82, 83] Besides 17 and 15, sulfur-containing
imino acids S-aminoethylcysteine ketimine (18), lanthionine ketimine (19), and
cystathionine ketimine (20; Figure 4) have been identified as substrates, and the
specific activities towards these compounds range from 1 to 52 units per milli-
gram (Table 10).
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Table 1. Kinetic parameters of various α-imino acid reductases.

Substrate Cofactor Km [mM] Vmax [U/mg]
Ketimine reductases from pig kidney(a)

18 NADH 0.14 20.3
19 NADH 0.47 1
20 NADH 3.0 16

Ketimine reductases from bovine brain(b)

17 NADPH 0.33 32.7
18 NADH 0.24 21.4
19 NADPH 1.17 2.2
20 NADPH 10 52

Recombinant human µ-crystallin[84]

18 NADH 0.047 9.6
Pip2CR/Pyr2CR from P. putida[82]

15 NADPH 0.043 168
17 NADPH 0.015 220

Pip2CR/Pyr2CR from P. syringae[85]

15 NADPH nd 390
17 NADPH nd 150

(a) Data from ref. [86]; native enzyme purified from source
tissue, approx. 80% purity (estimated by native PAGE).

(b) Data from ref [87]; native enzyme purified from source
tissue, approx. 70% purity (estimated by native PAGE).
nd, not determined

Ketimine reductases from various mammalian tissues have been isolated and
studied over the years, but only recently researchers have identified the ketimi-
ne reductase from mammalian forebrain as µ-crystallin (CRYM), a protein pre-
viously known for binding the thyroid hormone 3,5,3’-L-triiodothyronine (T3).[84]

CRYM shows catalytic properties similar to those of ketimine reductases from
other sources, as it can use both NADH and NADPH and readily accepts the
ketimines 17, 18, and 20 as substrates. Human CRYM has been cloned and he-
terologously expressed in E. coli, but unfortunately the recombinant protein has
proven rather unstable,[84] a property it shares with native mammalian ketimi-
ne reductases.[86, 87] These enzymes therefore hold little promise for biocatalytic
application. Bacterial ∆1-piperideine-2-carboxylate/∆1-pyrroline- 2-carboxylate
reductases have a substrate scope similar to ketimine reductases, but are struc-
turally unrelated to them and show different catalytic properties: The reductase
from Pseudomonas putida exhibits specific activities (with 15 and 17) one order of
magnitude higher than the mammalian enzymes (Table 10), and shows a strong
preference for NADPH over NADH as cofactor. Like ketimine reductases, bacteri-
al α-imino acid reductases afford L-configured products.[82] The P. putida enzyme
shows only limited thermal stability, undergoing rapid deactivation at 35 °C, the
temperature at which it reaches its maximum activity. However, a homologous
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reductase from Pseudomonas syringae, showing 71% sequence identity with the
enzyme from P. putida, was found to retain full activity for at least 30 min at 35
°C.

Table 2. Specific activities (U/mg) of ∆1-piperideine-2-carboxylate/∆1-pyrroline-2-
carboxylate reductases from P. putida and P. syringae in the reductive methylami-
nation of α-keto acids.

Substrate PpDpkA(a) PsDpkA(b) Substrate PpDpkA PsDpkA

COOH

O

23 42 140
COOH

O

29

F

11 20

COOH

O

24 13 14
COOH

O

30

Br

nd 14

COOH

O

25 6.7 13
COOH

O

31

HO

2.4 nd

COOH

O

26 22 32
COOH

O

32 3.8 18

COOH

O

27 3.2 nd
COOH

O

33 0 0

COOH

O

28 13 8.8
COOH

O

34 0 nd
(a) ∆1-Piperideine-2-carboxylate/∆1-pyrroline-2-carboxylate reductase from P. putida, recombi-

nantly expressed in E. coli; 10 mM α-keto acid, 60 mM methylamine (pH=10), 0.2 mM NADPH,
30 °C; data from ref. [88].

(b) ∆1-Piperideine-2-carboxylate/∆1-pyrroline-2-carboxylate reductase from P. syringae, recom-
binantly expressed in E. coli; 10 mM α-keto acid, 60 mM methylamine (pH=10), 0.2 mM
NADPH, 30 °C; data from ref. [85]. nd, not determined

An intriguing feature of the bacterial ∆1-Piperideine-2-carboxylate/∆1-pyrroline-
2-carboxylate reductases is the fact that their imine-reducing activity is not re-
stricted to cyclic compounds. Both the P. putida and the P. syringae enzyme have
been shown to catalyze the reductive amination of α-keto acids with methylamine
at rates in the same order of magnitude as their natural activity (>100 U/mg). In
fact, the reductase from P. putida has originally been characterized as N-methyl-L-
amino acid dehydrogenase before its true metabolic role has been unravelled.[89]

The products of this ‘side activity’, N-methyl α-amino acids, are components of
bacterial pilins[90] and of several biologically interesting nonribosomal peptides;
for example, cyclosporins,[91] enniatins,[92] and vancomycin.[93] In medicinal che-
mistry, N-methyl amino acids are used to modify the properties of peptides,[94, 95]

and their synthesis has hence attracted considerable interest.[96]

The two Pseudomonas enzymes are able to reductively methylaminate a fairly wi-
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de range of α-keto acids: in addition to pyruvate, which is the preferred substrate
for both enzymes, linear aliphatic and arylaliphatic keto acids are accepted well,
including those carrying halogen or hydroxyl substituents (Table 2). β-Branched
compounds like α-ketoisovaleric acid (33) and α-keto-β-methylvaleric acid (34),
on the other hand, are inert.[85, 88] The amine scope is much more restricted, as
the second-best amine substrate of the enzyme from P. putida, ethylamine, is tur-
ned over at only 4.4% of the rate observed with methylamine.[88] The activities
observed with other amines, including 2- chloroethylamine, n-propylamine, di-
methylamine, hydroxylamine, and isopropylamine, are below 1% relative to me-
thylamine. Interestingly, ammonia is not accepted at all by the Pseudomonas reduc-
tases, a characteristic that renders them complementary to the well-known ami-
no acid dehydrogenases. Biocatalytic applications of bacterial ∆1-piperideine-2-
carboxylate/∆1-pyrroline-2-carboxylate reductases are discussed in Section 4.2.

1.4 Reductive Amination of α-Keto Acids

The last enzyme discussed in the previous section, ∆1-piperideine-2-carboxylate/∆1-
pyrroline-2-carboxylate reductase, is an example of a biocatalyst that can not only
reduce cyclic imines but can also catalyze the reductive amination of α-keto acids.
Two additional classes of enzymes that perform this type of reaction, amino acid
dehydrogenases and opine dehydrogenases, are discussed in this section.

1.4.1 Amino Acid Dehydrogenases

Amino acid dehydrogenases (AADHs; EC 1.4.1.–) catalyze the reductive amina-
tion of α-keto acids with ammonia as well as the reverse reaction, the oxidative
deamination of α-amino acids (Scheme 3). L-selective AADHs are ubiquitous en-
zymes with central roles in amino acid metabolism, and are the most intensively
studied ‘reductive aminases’. Both the general characteristics and the numerous
industrial applications of L-AADHs have been extensively reviewed,[97–104] so I
will only provide a brief account here.

R COOH

O

R COOH

NH2

*

AADH cat.

NH4
+

NAD(P)H

H2O

NAD(P)+

an α-keto acid an α-amino acid

Scheme 3. General reaction catalyzed by amino acid dehydrogenases (AADHs).
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L-Amino acid dehydrogenases require a nicotinamide cofactor and the majori-
ty show a strong preference for NADH over NADPH, although NADP-specific
AADHs from microbial sources are known.[105] The substrate scope of L-AADHs
is strictly limited to α-amino acids and α-keto acids; hence, amines and ketones
lacking a vicinal carboxyl group are not converted. Moreover, in reductive ami-
nation, these enzymes are restricted to ammonia as substrate amine. D-selective
AADHs are also found in nature, but are far less abundant than their L-selective
counterparts. They are membrane-bound enzymes dependent on flavin and non-
heme iron, whose oxidative action on D-amino acids is coupled to the respira-
tory chain.[106, 107] When used in solubilized form, they require inconvenient co-
factors such as coenzyme Q, methylene blue, or 2,6-dichlorophenolindophenol as
terminal electron acceptors.[106, 108] Since these molecules are not easily regenera-
ted and hence have to be supplied in stoichiometric amounts, natural D-AADHs
are of little interest for biocatalytic application. However, nicotinamide cofactor-
dependent, D-selective AADHs have recently been developed via protein engi-
neering, and their use in amino acid synthesis is discussed in Section 4.3.

1.4.2 Opine Dehydrogenases

R1 COOH

O R2

HOOC NH2

an α-keto acid an α-amino acid

OpDH cat.
NH

COOHR1

R2

HOOC+

an opine

(A)

(B)

COOH

NH

NH

HN NH2

HOOC

COOH

NH

NH

HN NH2

HOOC

HOOC COOH

NH

NH2

HOOC

Octopine (35) Nopaline (36)Octopine (35 Lysopine (37)

Scheme 4. (A) General reaction catalyzed by opine dehydrogenases (OpDHs). (B)
Examples of opines found in invertebrate muscle or crown gall tumors.

Opines (Scheme 4, B) are amino acid conjugates found in marine invertebrates
and in crown gall tumors of plants,[109] with very different physiological roles
in these two environments: In invertebrates, opines are formed by the enzyme
opine dehydrogenase in muscle tissue upon anaerobic exercise (Scheme 4, A).
Through this process, the end products of glycolysis – pyruvate and NADH – are
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consumed, which ensures a favorable redox balance and keeps glycolysis run-
ning under oxygen-limited conditions, much in the same way as the formation of
lactate by lactate dehydrogenase does in mammals.[110–114] Opines in crown gall
tumors, on the other hand, serve as a nutrient for the parasitic Agrobacteria that
are the cause for crown gall disease. These bacteria insert a small region of DNA
(the so-called transfer DNA or T-DNA), which encodes for an opine dehydrogen-
ase, into the genome of their host, thus forcing the plant to produce the opines on
which they thrive.[115–117]
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Table 3. Kinetic parameters of opine dehydrogenase from Arthrobacter sp. 1C and
Pecten maximus in the reductive amination of pyruvate with various amino acids and
amines.

Substrate Vmax

[U/mg]
kcat

[s−1]
Km

[mM]
kcat/Km

[mM−1 s−1]
OpDH from Pecten maximus(a)

H2N
H
N

COOH

NH

NH2

38 886
(634)

640 0.5 1,330

39

H2N N
O COOH

NH2

NH2 nd
(154.6)

nd nd nd

OpDH from Arthrobacter sp. 1C(b)

40

COOH

NH2

607 364 2.17 168

41

COOH

NH2

519 311 20.0 16

42

COOH

NH2

523 314 3.72 84

43

COOH

NH2

Cl

362 217 3.19 68

44

COOH

NH2

O

O 294 176 5.94 30

45

COOH

NH2

222 133 8.70 15

46

COOH

NH2

O
P

O

HO
OH 153 92 8.69 11

rac-47

COOH

NH2

H2N

105 63 11.9 5.3

COOH

NH2

48 82.2 49 28.3 1.7
NH2

49

OH

18.2 11 46.0 0.2
(a) Kinetic parameters from ref. [118], determined at pH 7.0, 25 °C and varied

concentrations of pyruvate, L-arginine and NADH; Vmax values in paren-
thesis are specific activities taken from ref. [119], determined at pH 7.0, 25
°C, 3 mM pyruvate, 0.16 mM NADH.

(b) Vmax and Km values from ref. [120], determined at pH 8.0, 25 °C 10 mM
pyruvate, 0.1 mM NADH; kcat values calculated from Vmax values based on
an enzyme molecular weight of 36 kDa.[121]

nd, not determined
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Opine dehydrogenases (OpDHs) of either origin are highly efficient catalysts, rea-
ching specific activities of several hundred units per milligram with their physio-
logical substrates (Table 3).[118–121] The well-characterised enzymes from Arthrob-
acter sp. 1C and Pecten maximus (king scallop) show a strong preference for pyru-
vate as electrophile, but a number of other small α-keto acids (e.g., α-ketobutyric
acid, α-ketovaleric acid) are also accepted. The scope of amino acids as coupling
partners is broad for the bacterial enzyme, which converts several apolar L-amino
acids at comparable rates and even accepts (S)-phenylalaninol as an example of
an amine lacking a carboxylic acid group.[120, 121] Michaelis constants (Km) in the
mM range (Table 3) indicate a generally weak binding interaction of the enzy-
me with its amino acid substrates. OpDH from P. maximus, on the other hand,
shows a comparably strong affinity for L-arginine, which is bound in the active
site via electrostatic interactions between its guanidinium group and a negative-
ly charged pocket of the protein. This binding event triggers a conformational
change of the enzyme, thereby generating the binding site for the second substra-
te, pyruvate.[119, 122] As a consequence, the scallop enzyme shows high catalytic
activity only with L-arginine (38) and the closely related L-canavanine (39), while
other L-amino acids are poor substrates. Both the Arthrobacter and the P. maximus
opine dehydrogenase strictly require NADH as cofactor (no activity is observed
with NADPH) and form products with (R)-configuration at the newly generated
stereogenic centre.

1.5 Imine Reduction Employing Wild-Type

Microbial Cells

Many of the imine-reducing enzymes discussed in the previous section have be-
en known for decades, yet only few of them have been applied in biocatalysis.
Most natural imine reductases require complex substrates or are highly substrate-
specific, which diminishes their applicability as biocatalysts, while others – with
gene and protein sequences unknown – are not accessible. Researchers have the-
refore long resorted to whole microbial cells when trying to establish a general
biocatalytic method for the reduction of imines and their derivatives. Saccharo-
myces cerevisiae and other yeasts – which have proven useful in the asymmetric
reduction of ketones – were often the biocatalysts of choice, and indeed some
biotransformations offering a broad scope and good enantioselectivity are repor-
ted in the literature. Unfortunately, none of these proof-of-principle studies have
been investigated further and the responsible enzyme(s) have not been identified.
Nevertheless, a brief overview will be provided here.
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The first report on the biocatalytic reduction of an open-chain imine dates back to
1997, when baker’s yeast immobilised in calcium alginate beads was used to re-
duced N-benzylidenemethylamine (50) to N-methylbenzylamine (51) in THF or
hexane as solvent and in the presence of 18-crown-6 as additive (Scheme 5, A).[123]

N
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54a: R = Me
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55a: 68% yield, 94% ee (S)
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O
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Scheme 5. Examples of imine reduction processes catalyzed by whole cells or cell-
free extracts of wild-type organisms: (A) Reduction of benzylidenemythylamine (50)
by immobilized bakers yeast in organic medium, (B) asymmetric reduction of aryl
imines 52 by Candida parapsilosis ATCC 7330, (C) asymmetric reduction of 3,4-
dihydro-β-carbolines 54 by Saccharomyces bayanus, affording (R)- or (S)-amines
depending on the substituent at C1, and (D) reduction of 3,4-dihydro-β-carbolines 54
by a cell-free extract of Eisenia foetida (Californian earthworm).

In the absence of the crown ether, 50 was recovered unchanged, while neither the
imine nor the amine could be isolated from reactions in aqueous media. Unfor-
tunately, no yields are reported in the publication and the reduction of prochiral
imines was not investigated.
Cell preparations of the strict anaerobe Acetobacterium woodii were also found to
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be active for imine reduction.[124] Instead of a single substrate, the authors chose to
use a dynamic combinatorial library of imines generated by the spontaneous con-
densation of amines (n-butylamine, aniline) with aldehydes (n-butyraldehyde,
benzyladehyde). The assays were performed in a 4:1 mixture of phosphate buf-
fer (pH 7.0) and tetradecane under hydrogen atmosphere, and the phases we-
re separately analysed by GC–MS. The formation of the sec-amine products N-
butylaniline and N-benzylaniline was detected as minute peaks in the gas chro-
matograms. The main products formed during the 24 h incubation of the assay
mixtures were benzyl alcohol and benzoic acid, which were found in 200– 20,000
times higher concentration than the desired amines.
In 2008, the reduction of six prochiral aromatic imines 52 by resting cells of the
yeast Candida parapsilosis ATCC 7330 was reported to provide the (R)-configured
sec-amines 53 in 55–80% isolated yield and enantiomeric excesses between 95%
and >99% (Scheme 5, B).[125] However, these interesting results come at the cost
of using an exceptionally high biocatalyst loading of >1 g/mL, corresponding to
a biocatalyst/substrate mass ratio of 500. Other research groups have been un-
successful in reproducing the reduction of aryl imines with whole cells of C. pa-
rapsilosis or known reductases from this organism, detecting substrate hydrolysis
instead.[126–128] As mentioned before, cyclic imines are stable towards hydrolysis
and hence are viable substrates for biocatalytic reduction in aqueous medium.
The asymmetric bioreduction of 3,4-dihydro-β-carbolines 54 (Scheme 5, C) using
whole-cell catalysts has been the subject of two recent studies. In the first paper,
strains of Saccharomyces cerevisiae and Saccharomyces bayanus that are usually used
in wine production were investigated as biocatalysts.[129] The reactions were car-
ried out in non-buffered water, employing 260 mg/mL of lyophilized cells and
160 mg/mL of fructose as ‘electron donor’. The S. bayanus strains were found
to generally afford products of higher enantiomeric purity than the S. cerevisiae
strains under these conditions (ee = 91–94% vs. 74–80%, using substrate 54a), and
S. bayanus U2642 (from Danster Ferment AG) was chosen for detailed investigati-
on. Dihydro-β-carbolines carrying a wide range of substituents at C1 were tested
as substrates, whereby an interesting switch in stereoselectivity was observed:
Aliphatic substituents with up to 11 carbon atoms gave rise to the (S)- configured
products in 74–94% ee, while longer aliphatic chains or aromatic groups resulted
in the formation of (R)-amines (62–97% ee). Yields of the isolated products varied
between 45% and 68%.
In a follow-up study, the same research group has investigated the reduction of
dihydro-β-carbolines 54 by a rather extraordinary biocatalyst – a crude cell-free
extract of the Californian earthworm, Eisenia foetida (Scheme 5, D).[130] E. foetida
extracts formed the desired tetrahydro-β-carbolines 55 in decent yields (63–80%)
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and with excellent enantioselectivities (ee between 92% and >99%). In contrast to
the bioreduction using S. bayanus, reactions with E. foetida extract furnished (R)-
amines in all cases, independent of the substituent size. While these are promi-
sing results, the method suffers from scalability issues: NADPH was supplied
in stoichiometric amounts, and according to the published procedure around
1000 earthworms would need to be sacrificed to enable the production of 1 g
of tetrahydro-β-carboline.
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1.6 Imine Reduction Using Defined Enzymes

1.6.1 Artificial Metalloenzymes

Artificial metalloenzymes are hybrid catalysts created by anchoring a catalytical-
ly active metal complex into a biological macromolecule like a protein or DNA.
The chiral environment of the host macromolecule provides a second coordina-
tion sphere for the organometallic moiety and can thus influence the selectivity
and the rate of the catalyzed chemical transformation. Since first reports in the
late 1970s, various strategies for designing artificial metalloenzymes have been
developed, and the resulting catalysts have been used in a wide variety of reacti-
ons, including hydrogenation, transfer hydrogenation, hydration of C=C bonds,
conjugate addition, Diels–Alder reactions, olefin metathesis, and C–H activation
reactions.[131–133]
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Scheme 6. (A) Preparation of (R)-salsolidine 57 via asymmetric transfer hydrogena-
tion catalysed by an artificial transfer hydrogenase (ATHase) composed of the bioti-
nylated iridium(III) piano-stool complex 58 non-covalently bound to the bacterial pro-
tein streptavidin. (B) Examples of deracemisation reactions realised by combining
(R)-selective ATHases with (S)-selective variants of monoamine oxidase from Asper-
gillus niger (MAO-N). (C) General structure of alternative piano-stool complexes 61
in which the Cp* ring is directly tethered to biotin.

Recently, the scope of reactions has been expanded with an asymmetric transfer
hydrogenation of imines.[134] In an initial screening, the authors combined sever-
al d5 and d6 piano-stool complexes bearing the biotinylated aminosulfonamide

21



Introduction

ligand biot-p-L with wild-type streptavidin (Sav; a bacterial protein with high
binding affinity for biotin) and tested the resulting metalloenzymes for their acti-
vity and selectivity in the transfer hydrogenation of imine 56 (Scheme 6, A). The
iridium(III) complex 58 was identified as the most promising candidate, affor-
ding (R)-salsolidine (57) in quantitative yield and 57% ee under non-optimised
conditions.
The artificial transfer hydrogenase (ATHase) was then subjected to genetic opti-
misation by introducing single-point mutations of amino acids flanking the biotin-
binding pocket. X-ray crystal structure analysis of the Sav–58 complex revea-
led three cationic (R84, H87, and K121), one anionic (D67), and six polar (N49,
S69, N85, T114, T115, N118) amino acid residues in the proximity of the piano-
stool moiety. Variations at position S112 were found to have a drastic influence
on the stereoselectivity of the reaction: variant S112A produced (R)-57 in 96% ee
under optimized conditions, while variant S112K afforded the opposite enantio-
mer in 78% ee.[134] The replacement of the cationic residues R84 and K121 with
apolar amino acids, on the other hand, resulted in an improved turnover rate
(up to 8-fold improvement over wild-type streptavidin) and alleviated substrate
inhibition.[135]

The (R)-selective ATHase was subsequently used in combination with (S)-selective
variants of monoamine oxidase from Aspergillus niger (MAO-N) for the derace-
misation and stereoinversion of various amines (Scheme 6, B).[136] In this context,
the tight binding of the iridium complex 58 to the protein host prevented the
mutual catalyst inactivation observed when MAO-N was incubated with free 58.
Exploiting the matching enantioselectivities of MAO-N in the oxidation of ami-
nes to the corresponding imines and of ATHase in the ensuing reduction, several
sec- and tert-amines could be obtained as optically pure (R)-enantiomers in (near-
)quantitative conversion.
Further research focused on alternative piano-stool complexes in which the cyclo-
pentadienyl ring is directly tethered to biotin (61; Scheme 6, C). This leaves three
free coordination sites on the metal, which can be filled by amino acid side chains
of Sav or by small-molecule ligands. The first option was realised by introducing
a histidine residue in proximity to the metal centre of the Sav–61 (M = Rh, L = Cl)
complex, resulting in a dual and more rigid anchoring of the catalytic moiety.[137]

Interestingly, by choosing either of two suitable positions for introduction of his-
tidine (S112 or K121), two different orientations of the piano-stool complex could
be realised. These resulted in opposite stereoselectivity in the reduction of 56: The
S112H variant gave the (S)-enantiomer of 57 in moderate excess (55% ee), while
Sav K121H produced (R)-salsolidine with 79% ee. However, the excellent stereo-
selectivities observed with the initial ATHase design (SavS112A–58) could not
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be attained in this study. The second option – combining Sav, complex 61, and
small-molecule bidentate ligands – offers unprecedented possibilities for tailo-
ring the properties of the hybrid catalyst, as the central metal ion, the amino acid
residues of the binding pocket of Sav, and the bidentate ligand can be varied in-
dependently. A systematic investigation of individual and combinatorial effects
of these variables revealed optically pure α-amino amides as most promising li-
gands, and wild-type Sav and iridium(III) as the most suited protein variant and
metal ion, respectively.[138] The resulting ATHases were tested in the reduction
of six prochiral imines and showed excellent conversions along with moderate
enantioselectivities (up to 67% ee; Table 4).

Table 4. Selected results of the transfer hydrogenation of prochiral imines using an
artificial transfer hydrogenase formed from wild-type streptavidin, piano-stool com-
plex 61 (M = Ir), and L-amino amide ligands.[138].

Substrate Ligand conv. [%] ee[%]

N

H3CO

H3CO

56

L−IleNH2 quant. 43 (S)

62

N L−ThrNH2 quant. 25 (S)

63

N

L−ProNH2
L−IleNH2
L−LeuNH2

47
89

96

67(S)
65(S) 63
(S)

64

N
L−ThrNH2 98 57(a)

65

N
L−ThrNH2 95 35(a)

66

N

L−LeuNH2 quant. 20(a)

(a) Absolute configuration not determined. General condi-
tions: 35 mM substrate, 87 µM Ir complex, 192 µM ligand,
7.4 mg/mL streptavidin, 1.4 M HCO2Na, 600 mM MOPS
buffer, pH 7.8, 50 °C, 18 h.

A completely different approach for the design of artificial transfer hydrogenases
was recently established using the ribonuclease S (RNase S) scaffold as ancho-
ring protein for the organometallic complex.[139] RNase S is formed by proteolytic
cleavage of RNase A with subtilisin and consists of the N-terminal, α-helical S-
peptide (comprising amino acid residues 1–20) and the C-terminal S-protein for-
med from amino acids 21–124 of RNase A. The two components can be readily
separated by trichloroacetic acid precipitation and cation-exchange chromatogra-
phy, and the ‘apo’-S-protein can be complemented with synthetic S-peptides (Fi-
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gure 5). Five 15-residue S-peptide variants were created by solid-phase synthesis
and complexed with [Cp*IrCl2]2 via metal-coordinating amino acid residues (e.g.,
His7, Gln10, His11). Artificial transfer hydrogenases were obtained by incuba-
ting the metal-complexed S-peptides with the ‘apo’-S-protein and their catalytic
performance was evaluated using the transfer hydrogenation of 56 as model re-
action. All investigated ATHases showed catalytic activity, although conversions
(≤ 35%), turnover numbers (≤ 71) and stereoselectivities (ee ≤ 39%) were gene-
rally low. Interestingly, the highest ee values were observed in the absence of the
S-protein.

Figure 5. Formation of semisynthetic RNase S: (A) Proteolytic cleavage of RNase A
gives RNase S, which comprises the C-terminal S-protein (amino acids 21–124) and
the short α-helical S-peptide (20 amino acids). (B) Replacing the native S-peptide
with a synthetic analogue containing a metal-binding site affords an artificial metal-
loenzyme. Illustration reproduced with permission of Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim.
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1.7 Imine Reductases and Imino Acid Reductases

1.7.1 Imino Acid Reductases

The first biocatalytic application of an imino acid reductase was reported in 2002,
when the native Pyr5CR activity (∆1-1-pyrroline-5-carboxylate reductase; see Sec-
tion 2.3.3) of E. coli was exploited for the biotransformation of L-lysine (67) into
L-pipecolic acid (69; Scheme 7, A).[140]

H2N COOH

NH2

O COOH

NH2LysAT cat.

HOOC COOH

O

HOOC COOH

NH2

L-Lysine (67) (68)

spont.

N COOH

Pyr5CR cat.

N
H

COOH

NADPH/H+ NADP+

cofactor regeneration
via cell metabolism

16
L-Pipecolic acid (69)

2-Ketoglutaric acid L-Glutamic acid

(A)

H2N COOH

NH2

H2N COOH

LysO cat.

L-Lysine (67) 70

spont.

N COOH

Pip2CR cat.

N
H

COOH

NADPH/H+ NADP+17
L-Pipecolic acid (69)

(B)

O2 H2O2

catalase cat.

H2O, 1/2 O2

D-GlucoseD-Gluconolactone
GDH cat.

O

Scheme 7. Two multi-enzymatic cascade processes for the synthesis of L-pipecolic
acid from L-lysine: (A) Transformation via L-∆1-piperideine-6-carboxylic acid (16)
using fermenting E. coli cells expressing L-lysine 6-aminotransferase (LysAT) and
∆1-pyrroline-5-carboxylate reductase (Pyr5CR), and (B) transformation via ∆1-
piperideine-2-carboxylic acid (17) using L-lysine α-oxidase (LysO), catalase, ∆1-
piperideine-2-carboxylate/∆1-pyrroline-2-carboxylate reductase (Pip2CR) and gluco-
se dehydrogenase (GDH).

E. coli JM109 containing recombinant L-lysine 6-aminotransferase (LysAT) was
found capable of catalyzing this two-step transformation, whereby the Pyr5CR
present in the host strain was identified as the enzyme responsible for the re-
duction of ∆1-piperideine-6-carboxylate (16) in this process. Fermentation in TB
medium supplemented with L-lysine (55 mM) yielded 3.9 g/L (30 mM) of L-
pipecolic acid after 159 h.
In a very similar cascade, the ∆1-piperideine-2- carboxylate/∆1-pyrroline-2-carbo-
xylate reductase from Pseudomonas putida was employed in combination with L-
lysine α-oxidase from Trichoderma viride for the transformation of L-lysine into
L-pipecolic acid (Scheme 7, B).[141] In contrast to the previous biotransformation
using LysAT (Scheme 7, A), the stereogenic centre of L-lysine is destroyed in the
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oxidation step and reintroduced in the asymmetric reduction. L-Lysine was ad-
ded in portions to the reaction mixture, and the acidifying effect of gluconic acid
(formed from glucose by GDH) was countered by constant addition of base, re-
sulting in a stable production of L-pipecolic acid (ee >99.7%) during the 17-hour
reaction. A final product titre of 210 mM (27 g/L) was obtained, corresponding to
a 90% yield based on the total amount of L-lysine added. In a follow-up study, the
method was extended to several five-, six-, and seven-membered cyclic L-amino
acids, including thia- and oxacyclic molecules.[142]

As mentioned in Section 2.3.3, the bacterial ∆1-piperideine-2-carboxylate/∆1-
pyrroline-2-carboxylate reductases are not restricted to reducing cyclic imines, as
they can also catalyze the reductive amination of α-keto acids with methylamine.
This reductive methylamination reaction has been demonstrated on preparative
scale: The synthesis of N-methyl-L-phenylalanine (71) from phenylpyruvate (28)
was performed using E. coli cells co-expressing ∆1-piperideine-2-carboxylate/∆1-
pyrroline-2-carboxylate reductase from P. putida (Pip2CR) and glucose dehydro-
genase from Bacillus subtilis (Scheme 8).[89] After a 24 h reaction at 100 mL scale,
N-methyl-L-phenylalanine (71) was isolated in >99% ee and 31% yield (1.1 g).

COOH

O

28

COOH

HN

71 (31% yield, >99% ee)

MeNH2 (0.7 M)
Pip2CR cat.

NADPH/H+ NADP+

D-GlucoseD-Gluconolactone
GDH cat.

Scheme 8. Biocatalytic reductive methylamination of phenylpyruvic acid (28) affor-
ding N-methyl-L-phenylalanine (71). Enzyme abbreviations: Pip2CR, ∆1-piperideine-
2- carboxylate/∆1-pyrroline-2-carboxylate reductase; GDH, glucose dehydrogenase..

1.7.2 Imine Reductases

Despite the abundance of natural enzymes that reduce cyclic imines (cf. Secti-
on 2.3), broad-scope, NAD(P)H-dependent imine reductases have long remained
unavailable. It took an immense effort of classical culture collection screening to
identify biocatalysts that exhibit good activity and stereoselectivity towards pro-
chiral, non-carboxylated cyclic imines. Mitsukura et al. have screened 688 micro-
bial strains, encompassing 226 yeasts, 261 bacteria, 117 actinomycetes, and 84 fun-
gi, for reduction activity on 2-methyl-1-pyrroline (72; Scheme 9).[143] Among the
tested cultures, only five Streptomyces sp. were found to be active on 72, and on-
ly two of these showed a satisfactory enantioselectivity: Streptomyces sp. GF3587
afforded (R)-73 in 99% ee, while strain GF3546 produced the (S)-enantiomer of
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the amine in 81% ee. The responsible enzymes have later been purified, cloned,
and heterologously expressed,.[144, 145] and they constitute the first members of
the now rapidly growing enzyme family of imine reductases (IREDs). The two
Streptomyces enzymes are homodimeric proteins with a subunit molecular mass
of around 30 kDa, a pH optimum in the neutral range and a strict specificity
for NADPH as cofactor. The catalyzed reaction was found to be reversible, but
oxidation of amines occurred more slowly than imine reduction and only un-
der basic conditions (pH >10). The substrate scope of the (R)-selective enzyme
has initially been described as extremely narrow, 72a being the only identified
substrate.[144] The (S)-selective IRED, on the other hand, has been found to ca-
talyze the reduction of various cyclic imines, including (in addition to 72a) the
imino acid 15 (cf. Figure 4) and the 3,4-dihydroisoquinolines 56 and 62 (cf. Table
4).[145] More recent investigations have revealed the substrate scope of both en-
zymes to be much broader, as a variety of 5-, 6-, and 7-membered cyclic imines,
3,4-dihydroisoquinolines, isoquinolinium ions, and 3,4-dihydro-β-carbolines we-
re accepted with good conversions and excellent levels of stereoselectivity (Table
5).[146, 147] An α,β-unsaturated imine (74, R = isopropenyl) was reduced chemose-
lectively at the carbon–nitrogen double bond with no detectable reduction of the
alkene.

N N
H

N
H

IRED cat.

72a (R)-73a (S)-73a

or

NADPH/H+ NADP+

(A)

(B)

N
R

N R N R

N

R

N OTf
N
H

N

R

72
R = Me, aryl

75
R = Me, alkyl, aryl

74
R = Me, alkyl, alkenyl, aryl

76
a: R =H, b: R = Me

77
54

R = Me, alkyl

Scheme 9. (A) Reduction of 2-methyl-1-pyrroline (72a) to (R)- or (S)-2-
methylpyrrolidine (73a) catalyzed by imine reductases (IREDs). (B) General struc-
tures of typical IRED substrates.

The discovery of the first broad-scope imine reductases in Streptomyces spp. has
sparked an immense interest in the scientific community, and several research
groups from academia as well as industry – including ourselves – have started in-
vestigating these enzymes. Based on the protein sequences of the first-discovered
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IREDs, additional enzymes of this family have soon been identified via sequence
homology search (Table 5): An (R)-selective imine reductase from Streptomyces
kanamyceticus (Table 5, entry 2) was first described in a patent[148] and was later
functionally and structurally characterised.[149] The X-ray crystal structure of this
IRED was solved by molecular replacement and revealed an intertwined dimer
with an N-terminal Rossmann-fold domain and overall structural similarity to
known β-hydroxyacid dehydrogenases (see Section 5 (?????)). The kinetics of the
enzyme were studied using three substrates (72a, 76a, and 77). The observed tur-
nover rates are low (kcat between 1.1 and 0.054 per minute), but 73a was formed
in excellent optical purity (>99% ee). Another patent, published in 2011, descri-
bes an (S)- selective IRED from Streptosporangium roseum without disclosing any
details on the enzyme’s properties except its stereoselectivity in the reduction of
72a (97.7% ee).[150]

Table 5. Overview of characterized imine reductases and their kinetic properties and
stereoselectivities in the reduction of 2-methyl-1-pyrroline (72a).

Kinetic parameters (72a)
Entry Accession code Source organism kcat

[s−1]
Km

[mM]
kcat/Km

[s−1 mM−1]
ee (73a)

1[147] M4ZRJ3
(UniProt)

Streptomyces sp. GF3587 0.351 1.88 0.187 99 (R)

2[149] Q1EQE0
(UniProt)

Streptom. kanamyceticus 0.018 8.21 0.0022 >99 (R)

3[151] YP_003336672.1
(Genebank)

Streptospor. roseum 0.961 1.08 0.889 98 (R)

4[151] WP_006374254.1
(Genebank)

Streptom. turgidiscabies 0.112 1.81 0.062 99 (R)

5[152] Q88J51
(UniProt)

Pseudomonas putida spec. act.: 66 mU/mg(a) 99 (R)

6[152] L1KNB7
(UniProt)

Streptomyces ipomoeae spec. act.: 27 mU/mg(a) 99 (R)

7[146] M4ZS15
(UniProt)

Streptomyces sp. GF3546 0.024 11.82 0.002 >95 (S)

8[153] S3Z901
(UniProt)

Streptomyces aurantiacus spec. act.: 75 mU/mg(a) nd

9[151] WP_010497949.1
(Genebank)

Paenibacillus elgii 0.026 1.29 0.020 95 (S)

(a) Specific activity at fixed substrate concentration (entries 5, 6: 20 mM; entry 8: 10 mM); kinetic
parameters not determined. nd, not determined.

More recently, a novel (S)-selective imine reductase was identified from Strepto-
myces aurantiacus (Entry 8) and the crystal structures of this enzyme as well as its
homologue, the original (S)-IRED from Streptomyces sp. GF3546, were solved.[153]

Both proteins show a high overall structural similarity to the (R)- selective S. ka-
namyceticus enzyme. The hitsets of BLAST searches on known IRED sequences
have recently been used for generating an electronic library of almost 400 putati-

28



Introduction

ve imine reductases, the Imine Reductase Engineering Database, which is freely
available on the internet (https://ired.biocatnet.de/). Three proteins from this
database, originating from Streptosporangium roseum, Streptomyces turgidiscabies,
and Paenibacillus elgii (Entries 3, 4, and 9), were expressed in E. coli and found
to be functional IREDs.[151] In an alternative approach, an imine reductase from
Pseudomonas putida was identified based on its 3D structural similarity to known
IREDs (Entry 5).[152] The enzyme, for which a crystal structure has been deposited
in the protein data bank (PDB) in 2009 but whose function was unknown then,
afforded (R)-73a from imine 72a in 99% ee.
Most imine reductases known to date originate from streptomycetes, but the we-
alth of sequences deposited in the Imine Reductase Engineering Database sug-
gests that these proteins are also common in other families of bacteria, e.g., My-
cobacteriaceae, Bacillaceae, and Pseudonocardiaceae. The physiological role of IREDs,
and hence their natural substrate, is currently still unknown, and it is even un-
clear whether the reduction of C=N bonds is their main or just a promiscuous
activity.[149] Proteins now identified as imine reductases have previously been
annotated as hydroxyisobutyrate dehydrogenase, 6-phosphogluconate dehydro-
genase, or glycerol-3-phosphate dehydrogenase. However, in all cases where the-
se putative functions were tested for, the IREDs proved inactive towards the re-
spective substrates. In general, imine reductases have been found incapable of
reducing carbonyl compounds or oxidising alcohols.[151, 152] Interestingly, imine
72a – the compound used in the screening that led to the discovery of the IRED
enzyme family – is converted only sluggishly by most known imine reducta-
ses (cf. Table 5, Table 6). Turnover rates of six-membered cyclic imines and 3,4-
dihydroisoquinolines are often one order of magnitude higher than those of 72a
(Table 6). Km values in the millimolar range for all these compounds suggest that
they are not the natural substrates of imine reductases. Valuable indications re-
garding the mode of substrate binding and the catalytic mechanism of IREDs
can be obtained by comparing the kinetic parameters in the reduction of 3,4-
dihydroisoquinoline (76a) with those found for the positively charged, methyla-
ted derivative 77. The (S)-selective reductase from Streptomyces sp. GF3546 shows
no appreciable preference for one of the compounds, while the (R)- selective en-
zymes from S. kanamyceticus and Streptomyces strain GF3587 reduce the iminium
ion 77 4 times and 7.5 times faster, respectively, than the uncharged species (Table
6).
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Table 6. Kinetic parameters of IREDs from Streptomyces sp. GF3587 (M4ZRJ3),[147]

Streptomyces sp. GF3546 (M4ZS15),[146] and Streptomyces kanamyceticus
(Q1EQE0)[149] with selected substrates.

Kinetic parameters
Substrate IRED kcat

[s−1]
Km

[mM]
kcat/Km

[s−1 mM−1]

N

72a

M4ZRJ3
M4ZS15
Q1EQE0

0.351
0.024
0.018

1.88
11.82
8.21

0.187
0.002
0.0022

N

72b

M4ZS15 0.004 0.54 0.007

N

74a

M4ZRJ3
M4ZS15

4.21
0.137

0.371
5.50

11.4
0.025

75a

N

M4ZRJ3
M4ZS15

3.64
0.039

5.22
8.19

0.698
0.005

76a

N

M4ZRJ3
M4ZS15
Q1EQE0

0.141
0.445
0.0009

0.317
0.63
1.16

0.447
0.708
0.00074

62

N
M4ZRJ3
M4ZS15

0.189
0.040

0.155
1.05

1.22
0.038

77

N OTf

M4ZRJ3
M4ZS15
Q1EQE0

1.057
0.483
0.0038

0.481
0.60
0.724

2.195
0.801
0.0052

The stereoselectivity of imine reductases is usually high but depends on the ring
and substituent size of the substrate. For instance, the (S)-selective IRED from
Streptomyces sp. GF3546 reduces 72a to (S)-73a with >95% ee, while the phenyl-
substituted derivative 72b is transformed into (R)-73b with only 87% ee.[146] The
opposite absolute configuration of the product is due to a switch in Cahn–Ingold
–Prelog priorities. The influence of substituent size is even more pronounced for
the (R)-selective enzyme from Streptomyces sp. GF3587, which produces optical-
ly pure (R)-73a (>98% ee), but nearly racemic (S)-73b (8% ee). A similar effect is
observed with the corresponding piperideines 74, while the ∆1-azepanes 76 (R =
Me, p−MeOC6H4) are both reduced with excellent stereoselectivity (ee >98%).[147]

The (S)-selective S. aurantiacus imine reductase reduces 1-methyl-3,4-dihydroiso-
quinoline 62 to the optically pure tetrahydroisoquinoline (S)-59 (cf. Table 7), but
reaches only 34% ee for its ethylsubstituted analogue. The (R)-IRED from Strepto-
myces strain GF3587 generally exhibits low stereoselectivity with dihydroisoqui-
nolines, as (R)-59 is formed in only 71% ee (cf. Table 7).[147] Dihydro-β-carbolines
54 with C1-substituents ranging in size from methyl to cyclohexyl are readily
accepted substrates for the (S)- selective enzyme from Streptomyces sp. GF3546
and generally afford reduction products of excellent optical purity (98% ee).[146]

30



Introduction

Biotransformations using imine reductases have thus far mainly been carried out
using resting cells of E. coli in which the respective IRED is heterologously expres-
sed. In this setup, the regeneration of the required NADPH cofactor is accomplis-
hed by the metabolism of the host cell, provided fresh cell preparations are used
and D-glucose is added as sacrificial cosubstrate.

31



Introduction

Table 7. Representative biotransformations using imine reductases. All reactions we-
re performed using resting E. coli cells expressing the specified IRED.

Substrate IRED Product Conv.
[%]

ee
[%]

N

72a

(R)-IRED
M4ZRJ3

N

(R)-73a

>98(a) >98

N

72a

(S)-IRED
M4ZS15

N

(S)-73a

57(b) >95

N
F

72c

(S)-IRED
M4ZS15

N
F

(R)-73c

42(b) 98

N

74a

(R)-IRED
M4ZRJ3

(R)-78a

N
H

>98(a) >98

N

74a

(S)-IRED
M4ZS15 (S)-78a

N
H

>98(b) >98

5

N

(R)-IRED
M4ZRJ3

ent-6

N
H

>98(a)

(90)(c)
>98

75a

N

(R)-IRED
M4ZRJ3

(R)-79a

N
H

>98(a) >98

75a

N

(S)-IRED
M4ZS15

(S)-79a

N
H

>98(b) >98

75b

N

OCH3

(R)-IRED
M4ZRJ3

(S)-76b

N
H

OCH3

50(a) >98

62

N
(R)-IRED
M4ZRJ3

(R)-59

NH >98(a) 98

62

N
(S)-IRED
M4ZS15

(S)-59

NH
>98(b)

(87)(d)
98

N

H3CO

H3CO

56

(S)-IRED
M4ZS15

ent-57

NH

H3CO

H3CO (S)

92(b) >98

54a

N
H

N (S)-IRED
M4ZS15

(S)-55a

N
H

NH >98(b) >98

54b

N
H

N (S)-IRED
M4ZS15

(S)-55b

N
H

NH 97(b) >98

(a) Data from ref. [147]; 5 mM substrate, 50 mM glucose, E. coli cells expressing (R)-IRED M4ZRJ3
added to an OD600 of 30, 100 mM potassium phosphate buffer, pH 7.0, 30 °C, 24 h.

(b) Data from ref. [146]; 5 mM substrate, 50 mM glucose, E. coli cells expressing (S)-IRED M4ZS15
added to an OD600 of 30, 100 mM potassium phosphate buffer, pH 7.0, 30 °C, 24 h.

(c) The value in parentheses is the isolated yield of a reaction performed on 1.0 g scale.
(d) The value in parentheses is the isolated yield of a reaction performed on 200 mg scale.
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Besides, the limited thermal stability[144, 145] of many imine reductases might have
prompted researchers to work with a wholecell catalyst, as the cell environment
may help to stabilise the enzyme. A selection of representative biotransformati-
ons is provided in Table 7. Since expression levels of the heterologous enzyme
may vary, it is difficult to deduce reactivity trends for different substrates from
the published conversion data. Generally, the (R)-selective IRED from Strepto-
myces sp. GF3587 seems to accept a wide range of piperideines 74, as low con-
versions were only observed with very bulky substituents (e.g., 1-naphthyl, 4%
conversion after 24 h). The (S)-selective reductase from Streptomyces sp. GF3546,
on the other hand, affords highest conversions with 3,4-dihydroisoquinolines 76
and 3,4-dihydro-β-carbolines 54.
Despite the large number of substrates accepted by imine reductases and the pro-
mising results with respect to conversion and stereoselectivity, preparative-scale
biotransformations and product isolation have only been reported in a few cases.
For instance, the synthesis of both enantiomers of 72a, isolated as hydrochloride
salts, was achieved using the Streptomyces strains GF3587 and GF3546. (R)-73a ·
HCl was obtained in 73% yield (243 mg) and 99% ee, while the synthesis of (S)-
73a · HCl was carried out on smaller scale yielding 56 mg (67%) of the product
in 92% ee. Furthermore, E. coli cells expressing (S)-IRED from strain GF3546 were
used in the synthesis of (S)-59 which was obtained as free base in 87% yield (176
mg) and 98% ee.[146] The asymmetric synthesis of the hemlock alkaloid (R)-coniine
(ent-6) has even been performed on gram scale using (R)-IRED from Streptomy-
ces sp. GF3587 as a recombinant E. coli cell preparation. The target alkaloid was
isolated as the corresponding hydrochloride salt in 90% yield (898 mg) and >98%
ee.[147]

O

NH2

N

+

80 81

(212 mM)

82

OH HN

84 (S)-83

8.8% conv., 76% ee

ADH cat.

D-glucose

NADP+

IRED cat.

GDH cat.

Scheme 10. Asymmetric reductive amination of ketone 80 and methylamine (81)
catalyzed by an imine reductase (IRED) from Streptomyces sp. GF3546. When the
IRED was used as a crude cell lysate, formation of alcohol 84 was observed, probably
due to alcohol dehydrogenases (ADHs) present in the E. coli expression host.

A highly exciting but little explored feature of imine reductases is their ability to
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reduce open-chain imines. Just like bacterial ∆1-piperideine-2-carboxylate/∆1-
pyrroline-2-carboxylate reductases, the (S)-selective IREDs from Streptomyces sp.
GF3546 and S. aurantiacus have been found capable of catalyzing asymmetric re-
ductive methylamination reactions. However, in the case of the imine reductases,
noncarboxylated ketones (e.g., 80; Scheme 10) were investigated as acceptors and
the observed reactions were extremely slow (kcat for 80 = 2.8 x 10−6 s−1), probab-
ly due to the hydrolytic instability of the intermediate imines in aqueous media.
The reaction proceeded best under alkaline conditions (pH 9.5) and required a
purified IRED preparation as contaminating alcohol dehydrogenases in the cru-
de cell lysate led to carbonyl reduction of 80 to give 84. The secondary amine 83,
formed from 80 and methylamine using (S)- IRED from strain GF3546, had an
enantiomeric excess of 76%, representing a proof of principle for the asymmetric
reductive amination of ketones using imine reductases.

1.8 Amino Acid Dehydrogenases and Amine Dehydrogenases

The reductive amination of ketone moieties is often the most efficient approach
to the synthesis of chiral amine-based target molecules. As discussed in Section
2.4, natural enzymes catalyzing direct reductive amination of ketones require a
carboxylic acid moiety adjacent to the carbonyl group; i.e., they need α-keto acids
as substrates and are hence only applicable to the preparation of α-amino acids
and their derivatives. However, enzymes that are not subject to this limitation
have recently been developed by directed evolution.

1.8.1 Amino Acid Dehydrogenases

L-Selective amino acid dehydrogenases (L-AADHs) have found broad applicati-
on in the asymmetric synthesis of natural and non-natural α-amino acids, either
via reductive amination or oxidative kinetic resolution.[98–102] A vast number of
natural L-AADHs from diverse organisms as well as variants engineered for in-
dustrial production have been described, and several large-scale processes using
these enzymes have been implemented.
Nicotinamide cofactor-dependent D-selective AADHs, on the other hand, ha-
ve only become available recently. They have been developed via protein en-
gineering of meso-diaminopimelic acid D-dehydrogenases from various bacte-
rial sources, and the engineered biocatalysts have been used for the asymme-
tric synthesis of a variety of D-amino acids.[154–157] The production of (R)-5,5,5-
trifluoronorvaline, an intermediate for the γ-secretase inhibitor BMS-708163 (Fi-
gure 5), using a D-AADH has even been carried out on pilot plant scale (50 kg).
Moreover, the use of an engineered D-AADH in a spectrophotometric assay for
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D-isoleucine has recently been reported.[158]

With respect to substrate scope, the engineered D-AADHs seem to be subject to
the same limitations as the natural, L-selective enzymes: Ketones need to bear a
carboxylic acid group in vicinal position, and ammonia is the only amine accep-
ted as substrate. Nevertheless, due to the importance of α-amino acids in various
areas of chemistry, both L- and D-selective AADHs will continue to be important
enzymes in research and industrial production.

F
N

O N

N
S

F3C

O O

Cl

OH2N

F3C COOH

NH2

BMS-708163

85

Figure 6. Structures of the γ-secretase inhibitor BMS-708163 and its synthetic pre-
cursor (R)-5,5,5-trifluoronorvaline (85), which has been prepared on multi-kilogram
scale employing a D-selective AADH.

1.8.2 Amine Dehydrogenases

In analogy to amino acid dehydrogenases, which catalyse the reductive aminati-
on of α-keto acids with ammonia, enzymes able to perform the same reaction on
unfunctionalised ketones can be referred to as amine dehydrogenases (AmDHs).
Natural AmDHs are unknown, although at the beginning of the millennium an
enzyme was described that reductively aminates keto acids, hydroxyketones as
well as non-functionalised ketones and aldehydes..[159] The reported stereoselec-
tivities were low, however, and the experiments have not been reproduced since.
Stereoselective, nicotinamide cofactor-dependent AmDHs have hence remained
elusive – so much so that they have even been referred to as ‘the holy grail in
biocatalysis’.[160]

35



Introduction

O NH2

NH3 (500 mM)
L-AmDH cat.

86 (R)-87

93% conv., 99.9% ee

NADH/H+ NAD+
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Scheme 11. Asymmetric synthesis of α-chiral primary amines via reductive amination
using amine dehydrogenases (AmDHs) in combination with glucose dehydrogenase
(GDH) for cofactor regeneration. The AmDH biocatalysts were created via protein
engineering of L-leucine dehydrogenase (L-AmDH) and L-phenylalanine dehydro-
genase (F-AmDH).

While natural AmDHs have not yet been identified, artificial amine dehydrogen-
ases have been created via semi-rational protein engineering of existing amino
acid dehydrogenase scaffolds. In a first ground-breaking study, L-leucine dehy-
drogenase from Bacillus stearothermophilus was chosen as starting point for direc-
ted evolution.[161] Since a holo-structure of this enzyme was not available, the X-
ray crystal structure of an analogous L-phenylalanine dehydrogenase was used
for identifying potentially important positions in the amino acid sequence. A to-
tal of 19 residues was selected for mutagenesis, whereby some amino acid posi-
tions were grouped according to CAST (combinatorial active site saturation test)
principles. The best variant obtained after several rounds of directed evolution
contained four mutations (K68S, E114V, N261L, V291C) and showed a specific
activity of 0.69 U/mg in the reductive amination of ketone 86, producing the (R)-
amine 87 in 99.8% ee (Scheme 11). Not surprisingly, two of the introduced mu-
tations (K68S, N261L) exchanged the residues involved in binding of the natural
substrate’s carboxylate group with more apolar amino acids. As a consequence,
the natural activity of the enzyme was completely abolished.
Following a similar strategy, the same authors converted L-phenylalanine dehy-
drogenase from Bacillus badius into an AmDH suitable for the reductive amination
of aromatic ketones (F-AmDH).[162] A two point variant (K77S, N276L) transfor-
med p-fluorophenylacetone (88), for instance, into the corresponding amine (R)-
89 (Scheme 11) with 93.8% conversion, 74% (212 mg) isolated yield, and an ee of
>99.8%. Moreover, a range of other aromatic and aliphatic ketones were shown
to be accepted (Table 9). To alleviate issues arising from the low water-solubility
of the apolar substrates, the use of F-AmDH in biphasic aqueous–organic media
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has also been investigated.[163] To further broaden the scope of accessible ami-
nes, a chimeric AmDH was generated from the two initially developed biocata-
lysts via domain shuffling: The N-terminal substrate-binding domain of F-AmDH
was fused to the C-terminal cofactor-binding domain of L-AmDH, creating a chi-
meric enzyme called cFL1- AmDH.[164] Unlike the parent enzymes, cFL1-AmDH
showed substantial activity towards aryl-conjugated ketones, e.g., acetophenone
(85) and 1-tetralone (86; Table 9). Besides, it exhibited a profoundly altered tem-
perature profile, reaching maximum activity only above 70 °C, a temperature at
which its half-life time was 40 min. The excellent stereoselectivity of the parent
enzymes was conserved in the chimeric protein.

Table 8. Specific activities of amine dehydrogenases (AmDHs) with selected substra-
tes.

Specific Activity [mU/mg]
Substrate L-AmDH(a) F-AmDH(b) cFL1-AmDH(c)

O

86

690 73 nd

O

90

nd 0 133

91

O

123 28 nd

92

O

nd 0 69

88

F
O

0 4000 1725

93

O

59 0 301

94

O

nd 0 107

95

O

nd 0 30

96

O

O

nd 541 nd

(a) Data from ref. [161, 164]; 20 mM substrate, 200 µM NADH, 500 mM
NH4Cl/NH4OH buffer, pH 9.6, 25 °C.

(b) Data from ref. [162, 164]; 20 mM substrate, 200 µM NADH, 225 mM
NH4Cl/NH4OH buffer, pH 9.6, 25 °C.

(c) Data from ref. [164]; 20 mM substrate, 5 M NH4Cl buffer, pH 9.6, 60 °C,
NADH conc. not specified. nd, not determined.
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1.9 Opine Dehydrogenases and ‘Reductive Aminases’

Enzymes that can catalyze the reductive amination of ketones with more com-
plex amines than ammonia or methylamine would be highly attractive and ver-
satile biocatalysts. Opine dehydrogenases are able to couple α- keto acids with a
broad range of α-amino acids, but show limited acceptance for less functionalized
amines (see Section 2.4.2). More flexible biocatalysts can be obtained by directed
evolution, although the expansion of both amine and ketone scope represents
a formidable challenge. Nevertheless, researchers from industry have recently
succeeded in engineering an opine dehydrogenase into a broad-scope ‘reductive
aminase’.

1.9.1 Opine Dehydrogenases

The recombinant opine dehydrogenase from Arthrobacter sp. 1C has been used
in the asymmetric synthesis of various opines by reacting the amine group of
L-amino acids with the ketone moiety of pyruvate, 2- oxobutyrate, or glyoxyla-
te (Figure 7).[120, 165] The products were generally obtained as single stereoiso-
mers (ee, de >99%) in moderate to good isolated yields (16–71%). The reductive
coupling of phenylalaninol with pyruvate was also successful, providing N-1-
(R)-carboxyethyl-(S)-phenylalaninol in 88% isolated yield.

NHHOOC

COOH

NH

COOH

HO

NH

COOH

OH

HOOC NH

COOH

HOOC

NH

COOH

HOOC NH

COOH

HOOC

97 (29%) 98 (71%) 99 (63%)

100 (88%) 101 (64%) 102 (70%)

Figure 7. Examples of amino acid conjugates obtained via opine dehydrogenase-
catalysed reductive amination on preparative scale. Isolated yields are given in par-
entheses..
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1.9.2 Engineering of a ‘Reductive Aminase’s

An enzymatic reductive amination process was desired for the production of
the antiarrhythmic drug vernakalant (103; Scheme 12, A). Since natural enzymes
catalyzing this transformation are unknown, a suitable biocatalyst was develo-
ped by means of an extensive directed evolution program, for which the above-
mentioned opine dehydrogenase from Arthrobacter sp. 1C served as the starting
point.[166–168]

O
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OH

OCH3

OCH3

O

N
H

OH

OCH3

OCH3

O
+

Vernakalant (103)
105

104

(A)

(B)

substrates used in direct evolution

acceptors (ketones) donors (amines)

COOH

O

COOH

NH2

23 40
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O O O

O

Boc

91 106 107

NH2

NH2 NH2

target substrates

O

O

OCH3
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N
H

OH
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Scheme 12. (A) Structures of vernakalant (103), an antiarrhythmic drug, and two
building blocks (104 and 105) from which vernakalant can be derived via asymmetric
reductive amination. (B) Substrates used for evolving an opine dehydrogenase into a
‘reductive aminase’ for vernakalant synthesis.

The early rounds of protein engineering were aimed at increasing the stability
and specific activity of the enzyme, while the substrate specificity was tackled in
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later rounds. To maximize the chances of identifying positive clones, the enginee-
ring program followed a ‘substrate walking’[42] approach: Initially, the reductive
coupling of the natural substrates (pyruvate and L-norvaline) was used as assay
reaction. One of the two compounds was then replaced with various non-natural
derivatives, before moving on to reactions between two non-natural substrates.
Eleven rounds of directed evolution afforded a variant that carries 29 mutations
spread over the 359-residue protein sequence (corresponding to a mutation rate
of 8%) and produces the target compound vernakalant in approx. 80% de. Using
a glucose/GDH system for cofactor regeneration, complete conversion of precur-
sor 105 (50 mM) into 103 was achieved within 24 h, but the reaction required a lar-
ge excess of amine 104 (1.6 M) and a high reductase loading (10 g/L). Continuing
evolution of the biocatalyst can be expected to further improve the selectivity
and efficiency of the target reaction, while muteins from intermediate stages of
the protein engineering program showed broad substrate scope and might hence
provide starting points for the development of other ‘reductive aminases’.

1.10 Structural and Mechanistic Aspects

Many of the imine-reducing enzymes discussed in the previous sections have
been characterized not only with regard to their catalytic function but also with
regard to their three-dimensional structure. X-ray crystal structures have been
solved for various enzymes, including dihydrofolate reductases, pteridine re-
ductases, ∆1-pyrroline-5-carboxylate reductases, L-amino acid dehydrogenases,
opine dehydrogenases, a bacterial ∆1-piperideine-2-carboxylate/∆1- pyrroline-2-
carboxylate reductase, (R)- and (S)-selective imine reductases, and even a thiazo-
line reductase (Table 9). In several cases it was also possible to obtain structures
for ternary complexes of the enzyme, its cofactor, and a substrate, product, or
inhibitor molecule. This wealth of structural information, combined with kine-
tic studies and computational methods (e.g. protein–ligand docking, molecular
dynamics simulations) has contributed to a detailed understanding of the active-
site architecture and catalytic mechanism of some of these enzymes (e.g., DHFR).
Others, like the only recently discovered family of imine reductases, are currently
not so well understood.
The imine-reducing enzymes encountered in nature are structurally diverse. They
range in size and complexity from small monomeric proteins, e.g., human dihy-
drofolate reductase (21 kDa), to large assemblies like human ∆1-pyrroline-5-carbo-
xylate reductase, whose native form is a homodecamer (pentamer of dimers) with
a total molecular mass of approx. 370 kDa.[169] In general, dimeric structures or
substructures are common among imine-reducing enzymes, but there seems to
be no privileged fold for C=N-reducing activity (see Figure 7 for selected struc-

40



Introduction

tures). In some cases, enzymes catalysing the same imine reduction reaction can
even be based on entirely different protein scaffolds – an example of divergent
evolution of enzyme function.

Table 9. Available X-ray crystal structures of imine-reducing enzymes. For dihydrofo-
late reductase, dihydropteridine reductase, and ∆1-pyrroline-5- carboxylate reducta-
se only selected examples are listed..

PDB Codes
Enzyme Source

Organism
apo holo ternary Ref.

Dihydrofolate
reductase (384)(a)

Homo sapiens - 4M6J 4M6K
4M6L

[170]

Dihydropteridine
reductase (4)

Rattus
norvegicus

- 1DHR - [171]

Thiazoline
reductase (2)

Yersinia
enterocolitica

4GMF 4GMG - [172]

∆1-Pyrroline-5-
carboxylate

reductase (12)

Homo sapiens 2GER 2GRA 2GR9 [169]

∆1-Piperideine-
2-carboxylate
reductase (3)

Pseudomonas
syringae

1WTJ 2CWF 2CWH [85]

L-Leucine
dehydrogenase

(2)

Bacillus
sphaericus

1LEH - - [173]

L-
Phenylalanine
dehydrogenase

(4)

Sporosarcina
psychrophila
Rhodococcus

sp. M4

3VPX
-

-
-

-
1BW9
1BXG
1C1D
1C1X

[174]
[175, 176]

Opine
dehydrogenase

(4)

Pecten
maximus

- 3C7A 3C7C
3C7D

[119]

(R)-imine
reductase (3)

Streptomyces
kanamyceticus

3ZGY 3ZHB - [149]

Pseudomonas
putida

3L6D - - [152]

(S)-imine
reductase (2)

Streptomyces
sp. GF3546

- 4OQY - [153]

Streptomyces
aurantiacus

4OQZ - -

(a) Total number of structures available in the protein data bank (PDB) as of February 2015.

For instance, the dihydrofolate reductase encoded on the so-called R-plasmid of
trimethoprim-resistant bacteria is structurally unrelated to other DHFRs, inclu-
ding the chromosomal bacterial enzymes.[52] Opine dehydrogenases from marine
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invertebrates and Agrobacteria, on the other hand, are structurally homologous
despite showing distinct substrate spectra and fulfilling vastly different roles in
the metabolism of their respective source organisms.[119, 177] All currently known
imine reductases share the same overall architecture, irrespective of their source
organism and stereoselectivity: they are homodimeric proteins showing exten-
sive reciprocal domain swapping between the two subunits, each binding one
molecule of NADPH via a Rossmann-fold motif (Figure 8). The active site is a
cleft formed by residues from both subunits.[149, 152, 153]

Figure 8. Three-dimensional structures of imine-reducing enzymes. 6,7-
Dihydrofolate reductase (DHFR) and 6,7-dihydropteridine reductase (DHPR) are
monomers, while thiazoline reductase, ∆1-piperideine-2-carboxylate/∆1-pyrroline-
2-carboxylate reductase (Pip2C/Pyr2C reductase), and (R)-imine reductase are
dimers. Cofactors are shown in orange, and subunits A and B of the dimeric enzymes
are colored green and blue, respectively.

In general, NAD(P)H-dependent imine-reducing enzymes bind their cofactor via
an N-terminal Rossmann fold motif containing the typical GxGxxG/A consensus
sequence. An exception is ∆1-piperideine-2- carboxylate/∆1-pyrroline-2-carboxy-
late reductase from Pseudomonas syringae: its NADPH-binding domain is formed
by a seven-stranded, mostly antiparallel β-sheet fold referred to as ‘SESAS’ fold
by the authors who solved the protein’s crystal structure (Figure 8).[85] Despite the
structural variety among C=N-reducing enzymes and the broad range of substra-
tes they act upon, their basic reaction mechanisms appear to be related. Active-
site metal ions, as commonly found in alcohol dehydrogenases, have so far not
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been observed in imine-reducing enzymes, and their reactivity seems to rely on
general acid–base catalysis. Generally speaking, the reduction of an imine by an
NAD(P)H-dependent enzyme comprises two elemental steps: (i) the transfer of
a hydride from C4 of the cofactor’s nicotinamide ring to the imine carbon atom,
and (ii) the transfer of a proton onto the nitrogen atom of the imine moiety. The
chronology of these steps can vary, although it seems unlikely that hydride trans-
fer precedes protonation, as the amide intermediate (R2N−) that would be formed
in this case is a very basic species and consequently difficult to stabilize. This lea-
ves two options for a basic order of events: either the imine is protonated first to
generate an iminium ion, to which the hydride is then added, or hydride and pro-
ton transfer occur in a concerted fashion. In both cases it is reasonable to assume
that a protic amino acid residue of the enzyme is involved in substrate protonati-
on. A ‘protonation first’ mechanism has been proposed for dihydrofolate reduc-
tase from E. coli based on kinetic isotope effects observed with deuterated water
and NADPD.[178] An aspartic acid residue (Asp27) is thought to promote the eno-
lisation of the substrate dihydrofolate via a water molecule. Further transfer of
the enol proton onto N5 converts the substrate into an iminium ion, to which
the hydride from NADPH is then thought to be delivered (Scheme 13, A). The
rate-determining step of the catalytic cycle is product release.[52, 178, 179] Interestin-
gly, molecular dynamics simulations suggest an alternative reaction pathway in
which protonation occurs by the solvent directly after hydride transfer.[180]
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Scheme 13. Proposed mechanisms for imine-reducing enzymes: (A) dihydrofolate
reductase from E. coli, (B) ∆1-piperideine-2-carboxylate/∆1-pyrroline-2-carboxylate
reductase from Pseudomonas syringae, and (C) imine reductase from Streptomyces
kanamyceticus.

The proposed mechanisms for most other imine-reducing enzymes involve – eit-
her explicitly or implicitly – a concerted hydride transfer from NAD(P)H and pro-
tonation of the nascent amine by a protic active site residue. In ∆1-piperideine-2-
carboxylate/∆1-pyrroline-2-carboxylate reductase from Pseudomonas syringae the
alleged proton donor is His54, the pKa of which is thought to be lowered by inter-
actions with Ser53 and Asp194 as the three residues form a catalytic triad (Scheme
13, B). In bacterial ∆1-pyrroline-5- carboxylate reductases, the proton is thought
to be derived from a serine or threonine residue, although the possibility that
substrate protonation occurs by water is not excluded,[181] and for the pteridine
reductase from Leishmania major a tyrosine residue (Tyr194) has been proposed to
be the proton donor.[182] In the X-ray crystal structure of thiazoline reductase from
Yersinia enterocolitica, His101 and Tyr128 have been identified as potential proton-
donating residues.[172] Since the carboxylate groups of cyclic imino acids have no
mechanistic role in the reduction of these compounds by NAD(P)H-dependent
enzymes, imine reductases – which act on analogous non-carboxylate imines –
are thought to operate via a related mechanism. For (R)-selective IREDs, it was
first proposed that an aspartic acid residue (Asp187) protonates the nascent ami-
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ne formed upon hydride transfer from NADPH (Scheme 13, C; Figure 8).[149] This
assumption was supported by mutagenesis experiments in which Asp187 was
replaced with an alanine or asparagine residue, rendering the enzyme inactive.
In stark contrast to this finding, the analogous D –> A mutation in (R)-IREDs
from Streptosporangium roseum (D170A) and Streptomyces turgidiscabies (D172A)
affected the enzymes’ activity and stereoselectivity only to a limited extent: The
rate of product formation was reduced to 15% and 4%, respectively, of the va-
lues observed with the wild-type IREDs, and the ee values of reduction product
73a declined from 98% and 99% to 91% and 94%, respectively.[151] One plausible
reason for these conflicting observations is the already poor activity of the wild-
type enzyme used in the first study, which might have caused the activities of
the mutants to drop below detection limit. Besides, the distance of Asp187 to the
nicotinamide ring of NADPH in the crystal structure of S. kanamyceticus IRED
(7.9 Å from O-carboxyl to C4) seems too large for direct proton transfer from the
aspartic acid side-chain onto the substrate and hence suggests that this transfer
might be mediated by a water molecule.[183] (S)-Selective IREDs bear a conser-
ved tyrosine residue in the position equivalent to Asp187 of the S. kanamyceticus
enzyme (Figure 9).
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Figure 9. Structural comparison of imine reductases (IREDs): (A) aligned backbo-
ne traces of the IREDs from Streptomyces kanamyceticus (3ZHB, holo-enzyme;
green), Streptomyces sp. GF3546 (4OQY, holo-enzyme; red), and Pseudomonas pu-
tida (3L6D, apo-enzyme; blue). (B–D) Active-site close-ups of the IREDs from Strep-
tomyces kanamyceticus (B), Streptomyces sp. GF3546 (C), and Pseudomonas pu-
tida (D). The catalytically important Asp, Tyr, and His residues are labelled. NADPH
cofactors are shown in orange and hydrogen-bonding interactions of a conserved
serine residue with the ribose moiety of the cofactor are shown as dashed lines.

In the crystal structure of the (S)-imine reductase from Streptomyces sp. GF3546,
this tyrosine residue is located within a distance of 4.9 Å from the nicotinamide
ring of the cofactor and is hence appropriately positioned for acting as a direct
proton donor to the nascent amine. Replacement of Tyr187 with phenylalani-
ne in the (S)-IRED from Paenibacillus elgii rendered the protein almost entirely
inactive, supporting the hypothesis of this residue having an important role in
catalysis.[151] Intriguingly, the catalytically important aspartate and tyrosine re-
sidues are conserved among known or putative members of the (R)-IRED and
(S)-IRED families.[151] One might hence be tempted to assume that these residu-
es are involved in determining the stereoselectivity of imine reductases. The re-
al picture is more complex, however, since the recently described (R)-selective
IRED fromPseudomonas putida bears neither of these amino acids at the respective
position. Instead, a histidine residue located one turn of an α-helix downstream
(His180) occupies roughly the same space in the enzyme’s active site as Asp187
does in other (R)-IREDs (Figure 9). This histidine can therefore be considered
to function as proton shuttling residue in the P. putida enzyme.[152] Additional, as
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yet unpublished data suggest that other amino acid residues (including asparagi-
ne) can be found at the ‘proton-donor position’ in functional, naturally occurring
IREDs, and that the stereoselectivity of imine reductases is not easily predicted
based on polar active-site residues alone.[183] In summary, imine-reducing enzy-
mes – including the recently discovered family of imine reductases – are struc-
turally diverse but mechanistically related. The main structural determinants of
C=N-reducing activity are the enzymes’ ability to bind substrate and cofactor in
an orientation favorable for hydride transfer and the existence of a protic active-
site residue that mediates proton transfer onto the nascent amine. In this respect,
they do not seem to differ much from alcohol dehydrogenases of the short-chain
dehydrogenase/reductase family (e.g., hydroxysteroid dehydrogenases, ADHs
from Lactobacillus kefir and Lactobacillus brevis).[184, 185] However, imine reduction
by alcohol dehydrogenases is unknown, while imine reductases are incapable of
reducing ketones. The reasons for this exclusive chemoselectivity remain to be
elucidated.
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2 Results and Discussion
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2.1 Characterization of Novel Imine Reductases

To expand the scope of already known and characterized imine reductases (IREDs)
several novel imine reducing enzymes were heterologously expressed, purified
and characterized in terms of temperature stability, pH optimum, substrate spec-
trum and stereoselectivity. Figure 10 shows a phylogenetic tree of possible imine
reductases including enzymes with known C=N bond reducing activity and the
IREDs that have been studied throughout this work.

Figure 10. Phylogenetic tree of imine reductases. Enzymes highlighted in red were
insoluble or unstable after desalting or thawing. R-IRED G4HA73 (bold black in par-
entheses) could not be investigated due to a wrong gene provided by the supplier.

All new imine reductases (light grey) displayed in Figure 10 were identified through
a sequence database search which was based on the overall sequence homology
including functional key motifs derived from available crystal structures. Suita-
ble candidates representing major branches of the phylogenetic tree were hetero-
logously expressed in E. coli and characterized.
The enzymes marked in red were either found to be localized in the cell pellet af-
ter SDS-PAGE analysis or precipitated after desalting or thawing. In some cases
the instability problem could have been overcome by applying a buffer system
featuring a higher salt concentration, to stabilize soluble proteins.
Besides insoluble and unstable enzymes the (R)-selective imine reductase J7LAY5
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was found to be inactive towards several tested substrates (see Section 3.6). De-
spite these inaccessible proteins several novel potential biocatalysts have been
investigated and characterized for future applications.

2.2 Gene Subcloning and Plasmid Transformation

All of the herein described and characterized IREDs were already subcloned by
Jörg Schrittwieser and successfully transformed into E. coli BL21 (DE3) cells ex-
cept of two: the (S)-selective imine reductase K0K4C6 and the (R)-selective imine
reductase G4HA73. These two genes had to be subcloned into a pET28a(+) vector
and transformed into competent cells.
In a first attempt, the IRED genes and the vector were digested using XhoI and
NdeI endonucleases as described in the procedures section of this work. Analysis
of the restricted vector on a TAE agarose gel under blue light showed completely
digested samples. For the ligation of the desired reductase genes and the expres-
sion vector, a standard procedure was applied as described in Section 4.2.1. The
samples were initially transformed into chemically competent E. coli NEB 5α cells
since this strain shows a better uptake of DNA. Unfortunately no colonies were
obtained for neither the (R) nor the (S) gene.
By preparing a newly digested vector solution, a successful transformation was
achieved and each agar plate contained several colonies, three of which were
picked randomly and used for sequence analysis. Transformants harboring the
(S)-IRED gene were found to be active clones, however, the picked colonies of
the (R)-selective enzyme contained only truncated gene inserts, based on the se-
quence analysis results. To investigate if full length inserts were cloned into the
vector and transformed, 12 colonies of the (R)-IRED plate were picked, used for
singularisation and analyzed via colony PCR.
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(a) (b)

Figure 11. Colony PCR results of (R)-IRED G4HA73. Picked colonies were labeled
A-L. Sample C1 represents the reference harboring only a truncated insert.

As can be seen in Figure 11 nearly all transformants contained religation products
of the vector (colonies C-F, H, I, K, L). Samples A and J showed bands at around
500 bp, meaning that half of the desired gene was incorporated into the plasmid
whereas colony B was the only sample to have seemingly taken up an intact vec-
tor encoding for the imine reductase.

A DNA sequence analysis of this colony, though, showed that a different kind
of imine reductase was ligated with the vector, which suggested that a wrong
batch of the IRED gene was synthesized by the supplier. For this reason, only the
(S)-selective reductase was used for further experiments and characterization.

2.3 Heterologous Protein Expression and Protein Purification

All of the transformed imine reductases were successfully expressed in E. coli
and the soluble proteins were purified and concentrated by HisTrap Ni2+-affinity
chromatography using an FPLC system. Hereinafter only a few examples of en-
zymes are shown that were localized in the supernatant fraction as well as those
that were found to be concentrated in the cell pellet.
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(a) R-IRED D2AWI4 (b) R-IRED D2PR38 (c) Std

Figure 12. SDS-PAGE results of imine reductases that appeared to be soluble pro-
teins. The higher amount is found in the supernatant after centrifugation. F.T. = flow
through of the HisTrap column after loading the enzyme containing supernatant.

The annotated molecular masses of 30-32 kDa in the UniProt database correlated
perfectly with the detected sizes on the polyacrylamide gel when compared to a
protein standard. In most cases, bands of the expressed protein were also visible
in the cell pellet after centrifugation, however, the major part of the desired enzy-
me was detected in the soluble fraction (see Figure 12).
For insoluble IREDs, on the other hand, the main protein fraction was seen in the
cell pellet, due to formation of inclusion bodies (see Figure 13).
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(a) S-IRED B5GWP9 (b) R-IRED I0W7U5 (c) Std

Figure 13. Acrylamide gels of insoluble imine reductases. The majority of the cataly-
tic enzyme is located in the cell pellet. F.T. = flow through of the HisTrap column after
loading the enzyme containing supernatant.

When looking at the source organisms of the different imine reductases, a wide
range of various prokaryotes is covered, particularly bacteria seem to provide
the vast majority of functional enzymes. Streptomyces sp. account for nearly half
of the proteins described in this thesis but also other Actinobacteria like Nocardia,
Frankia, Micromonospora and Kribbella were found to contain genes of this class
of enzymes. The following table gives an overview of catalytically active prote-
ins, that were studied during this work, with their specific activity and source
organism.
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Table 10. Catalytically active imine reductases, their specific activities and source
organism.

Enzyme
(UniProt No.)

Specific Activity
[U/mg]

Source Organism

R-IRED M4ZRJ3 0.0782(a) Streptomyces sp. GF3587
R-IRED V6KA13 0.768(b) Streptomyces niveus NCIMB 11891
R-IRED W7VJL8 2.30(b) Micromonospora sp. M42
R-IRED V7GV82 0.187(a) Mesorhizobium sp. L2C089B000
R-IRED L8EIW6 0.175(a) Streptomyces rimosus subsp. rimosus

ATCC 10970
R-IRED J7LAY5 0.0765(b) Nocardiopsis alba

(strain ATCC BAA-2165 / BE74)
R-IRED Q1EQE0 1.33(c) Streptomyces kanamyceticus
R-IRED I8QLV7 1.98(c) Frankia sp. QA3
S-IRED M4ZS15 2.10(b) Streptomyces sp. GF3546
S-IRED D2PR38 1.70(b) Kribbella flavida (strain DSM 17836)
S-IRED D2AWI4 0.0390(a) Streptosporangium roseum

(strain ATCC 12428)
S-IRED J7YM26 0.312(b) Bacillus cereus BAG3X2-2
S-IRED K0F8R0 1.16(b) Nocardia brasiliensis ATCC 700358
S-IRED K0K4C6 0.102(c) Saccharothrix espanaensis

(strain ATCC 51144)
(a) Substrate: 2-methyl-1-pyrroline (72a).
(b) Substrate: 3,4-dihydroisoquinoline (76a).
(c) Substrate: 6-methyl-2,3,4,5-tetrahydropyridine (74a).

2.4 Temperature Stability of Selected Enzymes

The stability of enzymes at higher temperatures is an important characteristic,
since unstable or temperature labile enzymes mean a loss of function and there-
fore are unsuitable for biocatalytic applications. Therefore the remaining activity
of the imine reductases was investigated when exposed to a heat treatment at va-
rious temperatures.

Aliquots of only the purified enzyme solution were incubated at varying tem-
peratures for one hour and the remaining activity was determined via triplicate
measurements.
The following examples were picked to give a short overview of the temperature
profile of selected enzymes.
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(a) S-IRED D2AWI4 (b) S-IRED D2PR38

(c) S-IRED K0F8R0 (d) S-IRED K0K4C6

Figure 14. Results of the temperature stability assay measurements of (S)-selective
enzymes using the novel procedure. Error bars represent standard deviation of tripli-
cate measurements.

All (S)-selective enzymes show nearly the same behavior regarding their tempe-
rature profile, with a few exceptions (Figure 14). In most of the cases the enzy-
matic activity remained nearly unaltered below 40 °C, as can be observed with
S-IREDs D2AWI4 and D2PR38 (see Figure 14 (a) and (b)).
The imine reductase with the UniProt accession number K0F8R0 on the contrary
appeared to be rather temperature labile, since a loss of activity of more than 50%
was observed even at 30 °C.
With S-IRED K0K4C6, on the other hand, a slight increase in activity was visible
at higher temperatures, compared to the room temperature value. Even at 50 °C
about 20% of its initial activity was measurable.

The (R)-selective enzymes showed a similar behavior, when heat-treated, with a
few exceptions as well.
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(a) R-IRED I8QLV7 (b) R-IRED V6KA13

(c) R-IRED W7VJL8 (d) R-IRED L8EIW6

Figure 15. Results of the temperature stability assay measurements of (R)-selective
enzymes using the novel procedure. Error bars represent standard deviation of tripli-
cate measurements.

The general trend in heat resistance was comparable with that observed for (S)-
selective enzymes, with a more or less stable activity below 40 °C. R-IRED I8QLV7,
however, showed an almost continuous decline in its activity as did R-IRED
L8EIW6, even though the drop at 30 °C is not as significant as with the first-
mentioned enzyme.
In literature only little data is available regarding the influence of temperature on
the activity. MITSUKURA et al. investigated the (S)-imine reductase M4ZS15 from
Streptomyces sp. GF3546 which showed an optimum temperature at 40 °C, but the
applied procedure differs from the assay used in this work.[145] Researchers from
the same group also characterized the (R)-imine reductase from Streptomyces sp.
GF3587 (UniProt accession number M4ZRJ3) which in turn was found to be sta-
ble below 35 °C, however the incubation time was shorter, with only 30 min.[144]

For both of these enzymes, a temperature study was done within this thesis as
well (see Figure 16) whereby the (S)-selective reductase didn’t show any remai-
ning activity at 40 °C. The enantiocomplementary enzyme showed some altered
behavior as well, with a near unchanged activity for all the tested temperatures
and only a slight decrease at 30 °C, compared to the untreated sample.

56



Results and Discussion

(a) S-IRED M4ZS15 (b) R-IRED M4ZRJ3

Figure 16. Temperature stability results obtained in this work of literature-known imi-
ne reductases M4ZS15 and M4ZRJ3. Error bars represent standard deviation of tri-
plicate measurements.

Another interesting and also necessary parameter regarding enzyme activity is
the optimal pH of the protein environment, which will be discussed in the follo-
wing section.

2.5 pH Dependence of Imine Reduction

The optimal pH value of each protein plays an important role for its activity, since
changes in proton concentration affect the stability and therefore the 3D structure
of an enzyme due to protonation or deprotonation events on amino acid side
chains. Moreover, the presence of acids or bases in the protein environment also
has a direct influence on the enzymatic activity as many biocatalytic reactions
depend on the transfer or the abstraction of a proton.
For this purpose the pH dependence of isolated and purified (R)- and (S)-selective
imine reductases was investigated during this master thesis.
Figure 17 shows the results of S-IRED enzymes over the range of pH 6 - pH 11.
For the majority of the studied proteins the optimum pH for the reduction of
imines was found to be around 6 - 7.5. S-IRED K0F8R0 has its highest activity at
even higher pH values, namely between 8 - 8.5. In the case of the imine reductase
K0K4C6, on the other hand, the maximum activity was achieved at a more acidic
pH, therefore, the measurements were expanded to much lower values to see, if
a further increase in activity was detectable (see Figure 17 (d)).
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(a) S-IRED D2AWI4 (b) S-IRED D2PR38

(c) S-IRED K0F8R0 (d) S-IRED K0K4C6

Figure 17. pH dependence of (S)-selective imine reductases. Error bars represent
standard deviation of triplicate measurements.

(R)-Imine reductases show their highest reduction activity at about the same pH
range as S-IREDs do, with the highest pH optimum at 8 for reductase W7VJL8. In
Figure 18 the results of these measurements are shown.
R-IREDs I8QLV7 and V6KA13 behaved in a similar manner as their enantiocom-
plementary enzyme K0K4C6, displaying an activity maximum at pH 6. By mea-
suring their enzymatic activity at even lower values, no further increase was vi-
sible at all [see Figure 18 (a) and (b)].
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(a) R-IRED I8QLV7 (b) R-IRED V6KA13

(c) R-IRED W7VJL8 (d) R-IRED L8EIW6

Figure 18. pH dependence of (R)-selective imine reductases. Error bars represent
standard deviation of triplicate measurements.

Another interesting observation that arose from these experiments was an appa-
rent correlation between the buffer composition and measured activity. At pH 6,
8 and 9 a change in the buffer system had to be done, due to different buffer ca-
pacities at various pH values.
When looking at Figure 18 (a) and (b) this correlation is rather obvious at pH
6, when switching from the sodium phosphate-citrate to the sodium phosphate
buffer. At this point R-IRED I8QLV7 increased its activity in reducing 6-methyl-
2,3,4,5-tetrahydropyridine (74a) by more than 1.4 U/mg whereas R-IRED V6KA13
showed an even higher increase in reduction activity of more than 9 U/mg.
A similar effect was also observed for the (R)-selective reductase W7VJL8, alt-
hough at pH 8, as can be seen in Figure 18 (c), where more than 50% more activity
was measured with the Na-Pi buffer system.
For the S-IRED family proteins such a dramatic change in enzymatic activity is
missing, although a slight difference at pH 8 in Figure 17 (b) and (c) was observed.

The literature provides more information about pH optima than it does for tem-
perature stability. Data is available for the already mentioned (S)-imine reductase
M4ZS15 and the (R)-selective enzyme M4ZRJ3, which show a pH optimum at 7.0
and 6.5 for the reduction of 2-methyl-1-pyrroline, respectively.[144, 145]
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Figure 19 represents the results obtained during this work for the just mentioned
enzymes, which were comparable with the values claimed in the literature.

(a) S-IRED M4ZS15 (b) R-IRED M4ZRJ3

Figure 19. pH dependence of literature known imine reductases M4ZS15 and
M4ZRJ3.

Some more information was made available by GAND et al. who characterized
three novel imine reductases from Paenibacillus elgii B69, Streptomyces ipomoeae
91-03 and Pseudomonas putida KT2440.[152]

The optimal pH values for these enzymes were found to be 7.0, 6.5 and 6.5, re-
spectively, which is in agreement with the values found during this study, whe-
reas GAND et al. also noticed the change in activity with different buffer systems.

2.6 Substrate Scope Determination & Cofactor Dependence of

R- and S-IREDs

The substrate spectrum of an enzyme of interest is an important property, since
a wider range of accepted molecules means a potentially broader application in
biocatalysis.
Therefore, the newly characterized imine reductases were subjected to a substra-
te screening, which included a large bandwidth of different cyclic secondary imi-
ne compounds, such as five-, six- and seven-membered rings, as well as bicyclic
systems of the dihydroisoquinoline type. Figure 20 gives a summary of the com-
pounds used in this screening.

60



Results and Discussion

N N
N N
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72a 72b 74a 75a

76a 62 77

Figure 20. Imine compounds used in the substrate screening assay for novel imine
reductases.

The substrate screening revealed-for the greater part of the enzymes-a rather clear
trend of accepted molecules. The following table summarizes the obtained activi-
ties towards the different imines whereas the diagrams shown on the next page
display an graphical overview of the measured activities for each compound with
(R)- and (S)-imine reductases.

Table 11. Overview of obtained activities, with standard-deviations, for (R)- and (S)-
imine reductases using different types of cyclic imines.

Substrates
Enzymes 72a 72b 74a 76a

Specific Activities [U/mg] ± Standard Deviation
R-IRED M4ZRJ3 0.286 ± 0.0638 1.40 ± 0.204 0.757 ± 0.0811 1.92 ± 0.0307
R-IRED V6KA13 0.00797 ± 0.0225 0.122 ± 0.219 0.0345 ± 0.00920 0.505 ± 0.157
R-IRED W7VJL8 0.0276 ± 0.0361 0.0197 ± 0.00683 0.446 ± 0.0355 5.41 ± 0.273
R-IRED V7GV82 0.165 ± 0.0146 0.0653 ± 0.0146 1.10 ± 0.0802 3.48 ± 0.124
R-IRED L8EIW6 0.175 ± 0.0206 0.0654 ± 0.0358 0.430 ± 0.000 0.292 ± 0.00596
R-IRED J7LAY5 0.0280 ± 0.0132 0.0761 ± 0.00659 0.109 ± 0.0161 0.0590 ± 0.0194

R-IRED Q1EQE0 no activity 0.0777 ± 0.00538 0.497 ± 0.0353 0.162 ± 0.0427
R-IRED I8QLV7 0.538 ± 0.00932 0.202 ± 0.00 1.88 ± 0.111 0.159 ± 0.00538
S-IRED J7YM26 0.0175 ± 0.00 0.0336 ± 0.00877 0.0979 ± 0.00506 0.184 ± 0.0101
S-IRED M4ZS15 0.0543 ± 0.0256 0.214 ± 0.109 0.367 ± 0.0306 0.479 ± 0.0156
S-IRED D2PR38 0.0493 ± 0.0131 0.0796 ± 0.00656 0.425 ± 0.0473 2.84 ± 0.282
S-IRED D2AWI4 0.0527 ± 0.0279 0.0984 ± 0.0327 0.116 ± 0.0150 0.246 ± 0.0715
S-IRED K0F8R0 0.168 ± 0.0336 0.133 ± 0.0645 0.746 ± 0.0440 0.709 ± 0.0132
S-IRED K0K4C6 0.0497 ± 0.0108 0.0466 ± 0.00538 0.180 ± 0.0142 0.889 ± 0.120
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Table 11 continued.

Substrates
Enzymes 62 77 75a

Specific Activities [U/mg] ± Standard Deviation
R-IRED M4ZRJ3 5.30 ± 0.477 2.85 ± 0.336 7.02 ± 0.716
R-IRED V6KA13 1.08 ± 0.193 0.0292 ± 0.0302 0.0266 ± 0.0138
R-IRED W7VJL8 0.584 ± 0.0205 0.237 ± 0.00683 1.05 ± 0.118
R-IRED V7GV82 1.21 ± 0.0219 0.388 ± 0.0146 0.826 ± 0.0364
R-IRED L8EIW6 0.254 ± 0.000 0.196 ± 0.0119 0.365 ± 0.00596
R-IRED J7LAY5 0.0373 ± 0.00932 0.0466 ± 0.0142 0.00312 ± 0.0215

R-IRED Q1EQE0 0.0249 ± 0.00538 0.00311 ± 0.00 0.0280 ± 0.0142
R-IRED I8QLV7 0.224 ± 0.00 0.460 ± 0.00 0.221 ± 0.0247
S-IRED J7YM26 0.0146 ± 0.0101 0.199 ± 0.0101 0.133 ± 0.00506
S-IRED M4ZS15 0.166 ± 0.0156 1.15 ± 0.0270 0.360 ± 0.0212
S-IRED D2PR38 2.62 ± 0.153 0.515 ± 0.0656 0.455 ± 0.0473
S-IRED D2AWI4 0.0387 ± 0.115 0.137 ± 0.0572 0.130 ± 0.00544
S-IRED K0F8R0 4.19 ± 0.158 0.298 ± 0.0285 0.298 ± 0.0132
S-IRED K0K4C6 1.49 ± 0.0635 0.34 ± 0.0377 0.0995 ± 0.00538
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(a) (b)

(c) (d)

(e)

Figure 21. Specific activity of IREDs with various substrates. Error bars represent
standard deviation of triplicate measurements.

The covered substrate range should give some more details about the influence
of different parameters of the converted molecules, such as ring size, substituent
hindrance and polarity. From the results in Figure 21 it can be noticed that a dis-
tinct preference for dihydroisoquinoline compounds 62, 76a and 77 is detectable
for nearly all tested enzymes, with the highest activity of over 5 U/mg for R-
IREDs W7VJL8 and M4ZRJ3 [see Figure 21 (a)], which may allude to the natural
function of this class of enzymes.
When looking at the influence of the substituent at the imine carbon for these
substrates no obvious tendency can be observed. A few enzymes seem to prefer
the methyl-substituted 3,4-dihydroisoquinoline (62) over the unsubstituted one
(R-IREDs M4ZRJ3 and V6KA13 as well as S-IREDs K0F8R0 and K0K4C6) with ac-
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tivities ranging from 1 to over 5 U/mg. Others like the R-IREDs W7VJL8, V7GV82
and the (S)-selective ones M4ZS15 and D2AWI4 show their highest reduction po-
tential with unsubstituted 3,4-dihydroisoquinoline (76a).
For three of the tested proteins (S-IRED D2PR38 and R-IREDs L8EIW6, I8QLV7)
no real preference was observed between compounds 76a and 62. Furthermore
iminium substrate 77 was accepted by nearly all of the enzymes, though the mea-
sured activity remained below 0.5 U/mg in most of the cases. The consideration
behind this molecule as substrate was based on the proposed mechanism of imi-
ne reduction by RODRÍGUEZ-MATA et. al[149], where the imine is protonated first
to form the iminium ion which is then reduced by hydride transfer from NADPH
(see Scheme 13). Therefore the provided iminium ion 77 should have been redu-
ced more easily however the obtained data does not support this.
Only one of the investigated enzymes was proven to show a strongly reduced
activity as potential imine reductase, namely R-IRED J7LAY5, as already men-
tioned in Section 3.1. Its highest activity of ca. 109 mU/mg was measured with
6-membered ring imine 2-methylpiperideine, unfortunately, no crystal structure
is available for this particular enzyme, which might have given a better view on
the reduced imine reduction activity.

By comparing the determined activities of 5-membered ring compound 2-methyl-
1-pyrroline (72a) with 6-membered ring substrate 6-methyl-1-piperideine (74a)
the influence of the ring size can be clearly seen. This relationship is represented
in Figure 22.
In the best case an 8.6-fold increase in enzymatic activity was observed for S-
IRED D2PR38 using the piperideine compound instead of the 5-membered ring
system. The (R)-selective reductase M4ZRJ3 even showed its highest activity with
the 7-membered azepine substrate 75a [see Figure 21 (a)].
A similar behavior is reported in literature[146, 147], where kinetic constants of S-
IRED M4ZS15 and R-IRED M4ZRJ3 were determined, showing an over 5-fold
and 10-fold increase in activity, respectively, when providing the piperideine sub-
strate.
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(a) (b)

(c)

Figure 22. Influence of the ring size of imine compounds on the measured activity of
IRED enzymes.

Interestingly, the size of the substituent on the imine-carbon of pyrroline com-
pound 72a seem to have only little influence on the observed activity, although
(R)-imine reductase M4ZRJ3 showed a significant increase in the reduction of
substrate 72b whereas for R-IRED I8QLV7 reduction activity dropped by more
than 50% compared to 2-methyl-1-pyrroline [compare Figure 21 (a) and (e)]

All of the herein tested enzymes were found to depend on the phosphorylated
cofactor as electron donor. To investigate if the more expensive NADPH could
be replaced with its dephosphorylated analogue, the activity of selected enzymes
was measured with NADH as the hydride source. In Figure 23 the results of this
measurement are shown.
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Figure 23. Comparison of enzymatic activity using NADH as reduction equivalent.

The results in Figure 23 clearly outline the strict dependence on NADPH as the re-
quired cofactor for all the tested reductases. R-IRED V7GV82 only showed 0.4%
of its actual activity when supplied with the non-phosphorylated nicotinamide
whereas R-IRED I8QLV7 restained more than 27% of its reduction activity. All
the other enzymes however, showed a highly decreased reactivity towards their
substrates, ranging from 0.85 - 3.4%. This circumstance is made even more clear,
when looking at the amino acids surrounding the additional phosphate group
of the NADPH molecule. The crystal structures of R-IRED Q1EQE0 and S-IRED
M4ZS15 revealed conserved side chains, namely positively charged arginine and
lysine as well as hydrogen bond forming threonine and serine residues in the pro-
ximity. Hence the PO2−

4 group, and as a consequence the whole NADPH molecu-
le, is stabilized by these residues whereas the dephosphorylated NADH interacts
only loosely with the enzyme leading to a decreased reduction activity.
These amino acids were also found in R-IRED V6KA13 and S-IRED D2PR38 at
equivalent positions, by a sequence alignment with M4ZS15. Reductase D2PR38
even showed the same Rossmann-fold sequence as its homologue with residues
GLGPMGQ being highly conserved in both enzymes. However the Rossmann-
fold found in (R)-selective enzyme V7GV82 only resembles 5 out of 7 amino acids
of the M4ZS15 protein.
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2.7 Biotransformations and Enantiopreference

To further investigate the substrate scope of the herein described R- and S-IREDs,
lyophilized cell-free extracts were used for biotransformations, with higher-substituted
3,4-dihydroisoquinoline compounds as well as an indoleine derivative. In Figure
24 the tested molecules are shown.

N N
N

N N
N

72a 74a 62

H3CO

H3CO

H3CO

H3CO

56110 111

Figure 24. Imine compounds used for biotransformations with new imine reductases.

The biotransformations were allowed to proceed for 2 and 24 h respectively by
using a NADPH regenerating system of recombinantly expressed alcohol dehy-
drogenase from Lactobacillus brevis (Lb-ADH)[186, 187] and isopropanol (see Scheme
14).

N R

IRED
30 °C, 120 rpm

2 h or 24 h

N
H

R

NADPH NADP+

OHO

ADH

Scheme 14. Exemplary biotransformation of an imine using an ADH/isopropanol co-
factor recycling system.

Pyrroline 72a and piperideine compound 74a were both converted after 2 h with
almost full conversion by most of the investigated enzymes, yielding (R/S)-2-
methylpyrrolidine and (R/S)-2-methylpiperidine, respectively, with (R)-2-methyl-
pyrrolidine as an important building block for new histamine H3 receptor antagoni-
sts.[188, 189]

Enantioselectivities for these two compounds varied with the applied enzyme,
unfortunately not all biotransformations yielded interpretable chromatograms
due to insufficient extraction or incomplete derivatization. Perfect e.e. values of
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over 99% for (S)-2-methylpyrrolidine (73a) were observed with S-IRED K0F8R0
as well as for the (R)-enantiomer by using R-IRED W7VJL8 as biocatalyst. Ano-
ther (R)-selective reductase, J7LAY5, showed full conversion after 2 h with the
5-membered ring, although the obtained e.e. was rather low, with only 31.8% for
the (R)-enantiomer. For the same enzyme, on the other hand, complete conver-
sion of the piperideine compound was detected after 2 h with good enantiome-
ric excess of over 94%. Other tested imine reductases, such as S-IREDs D2PR38,
M4ZS15 and R-IRED V7GV82 also showed good to excellent enantiomeric prefe-
rences with 89, 97 and >98% for the corresponding enantiomer.
Dihydroisoquinoline derivative 62 showed good conversions with all of the ap-
plied enzymes after 24 h, which is in agreement with the above discussed sub-
strate scope findings, however only two reductases (R-IRED V6KA13 & R-IRED
M4ZRJ3) converted the compound completely after 2 h incubation. Converse-
ly the e.e.s were found to be perfect for almost all reductases tested, with >99%
for the (R)- as well as the (S)-enantiomer. To the present day, only (S)-selective
reductases are known that show good to excellent conversions as well as near
perfect e.e.s for compound 62[146, 153, 190], whereas literature-known (R)-imine re-
ductase M4ZRJ3 only afforded 71% enantiomeric excess of (R)-59.[147] The herein
investigated R-IREDs not only converted compound 62 with 95-100% measured
conversion, but also afforded the (R)-amine with >99% e.e., which represents a
significant improvement.

By introducing electron donating methoxy groups to compound 62, affording
molecule 56, a decrease in conversion was detectable for the greater part of the
tested enzymes with conversions ranging from 0-88%. The highest amount of for-
med amine was measured with S-IRED D2PR38, showing 90% of formed product
after 24 h. The relatively low substrate conversion rates may also be traced back
to the sterical hindrance of the -OCH3 groups at positions 6 and 7, suggesting a
difference in the size of the active site cleft for the various reductases. For (S)-
imine reductases D2PR38 and M4ZS15 the obtained e.e.s were perfect, with >99%
for the (S)-enantiomer, in both cases. On the contrary, the enantiocomplementary
enzymes V7GV82 and V6KA13 produced the (R)-enantiomer with 59 and 75 %
e.e., respectively. For the other tested enzymes no or only tiny amounts of formed
product were observed.
Indoleine compound 111 was also confirmed to be a substrate for the investigated
proteins with the highest conversion of 88% detected with S-IRED J7YM26. Enan-
tiomeric excesses for the given molecule were rather difficult to determine, since
no real satisfying separation technique was found as for the other molecules. Fur-
thermore literature[191] only provides data for the (+) and (-) enantiomers of the
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indole product therefore this nomenclature is used for the described biotransfor-
mations. When looking at the molecule itself, the imine bearing 5-membered ring
is heavily substituted with methyl groups which seem to have an influence on
the enantioselectivity of some of the enzymes. High enantiomeric excesses we-
re observed for (R)-imine reductases V6KA13, V7GV82 and W7VJL8 with >99%
measured for the (-) enantiomer. Interestingly the same enantiomer was formed
with S-IREDs J7YM26 and M4ZS15 in good yields of more than 99%. A strong
decrease in the selectivity was detected with R-IREDs L8EIW6, M4ZRJ3 and (S)-
imine reductase D2PR38 with observed e.e.s of 93 (+), 18 (+) and 61 % also for the
(+) enantiomer.
These results indicate a contribution of the substitution pattern of the imine in
the reduction process.
Table 12 summarizes the results of the biotransformation experiments.
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Table 12. Summary of the obtained results of biotransformational reactions after 2 h
and 24 h, respectively.

Substrates
Enzymes 72a 74a 62 110 56 111

2 h Conversion [%]; e.e. [%]
R-IRED V6KA13 n.c.(a) n.c.(a) >99; >99%

(R)
92; n.a. 10; 75 (R) 63; >99 (-)

R-IRED L8EIW6 n.c.(a) 30; n.d.(b) n.c.(a) n.c.(a) n.c.(a) 81; 93 (+)
R-IRED M4ZRJ3 n.c.(a) >99; n.d.(b) >99; 66 (R) n.c.(a) n.c.(a) 47; 18 (+)
R-IRED V7GV82 n.c.(a) n.c.(a) 96; >99 (R) n.c.(a) 25; 59 (R) 13; >99 (-)
R-IRED J7LAY5 >99; 32 (R) >99; 94 (R) 86; >99 (R) 14; n.a. n.c.(a) n.d.(c)

R-IRED W7VJL8 >99; >99 (R) >99; >98 (R) 95; >99 (R) n.c.(a) n.c.(a) 25; >99 (-)
S-IRED K0F8R0 >99; >99 (S) >99; >99 (S) 94; >99 (S) 51; n.a. 37; n.d.(b) n.c.(a)

S-IRED D2PR38 >99; n.d.(b) >99; 89 (S) 95; >99 (S) 93; n.a. 90; >99 (S) 49; 61 (+)
S-IRED M4ZS15 52; n.d.(b) >99; 97 92; >99 (S) 45; n.a. 35; >99 (S) 85; >99 (-)
S-IRED J7YM26 n.c.(a) 38; n.d.(a) 26; >99 (S) n.c.(a) n.c.(a) 86; >99

(+)
24 h Conversion [%]; e.e. [%]

R-IRED V6KA13 >99; n.d.(b) >99; n.d.(b) >99; >99 (R) 85; n.a. 4; 75 (R) 85; (-)
R-IRED L8EIW6 n.c.(a) >99; n.d.(b) n.c.(a) n.c.(a) 7; n.d.(b) 78; 93 (+)
R-IRED M4ZRJ3 n.c.(a) >99; n.d.(b) 100; 66 (R) n.c.(a) n.c.(a) 72; 18 (+)
R-IRED V7GV82 n.c.(a) >99; >99 (R) 96; >99 (R) 56; n.a. 55; 59 (R) 46; >99 (-)
R-IRED J7LAY5 >99; 32 (R) >99; 94 (R) 95; >99 (R) 38; n.a. 46; n.d.(b) 12; n.d.(c)

R-IRED W7VJL8 n.c.(a) >99; >98 (R) 96; >99 (R) n.c.(a) n.c.(a) 85; >99 (-)
S-IRED K0F8R0 >99; >99 (S) >99; (S) 95; >99 (S) >99; n.a. 76; n.d.(b) 9;n.d.(b)

S-IRED D2PR38 n.c.(a) >99; 89 (S) 95; >99 (S) >99; n.a. 90; >99 (S) 83; 61 (+)
S-IRED M4ZS15 >99; n.d.(b) >99; 97 (S) 96; >99 (S) 95; n.a. 89; >99 (S) 86; >99 (-)
S-IRED J7YM26 n.c.(a) >99; n.d.(b) >99; n.d.(b) 45; n.a. 3; n.d.(b) 88; >99 (-)

(a) n.c. = no conversion
(b) n.d. = not determined (insufficient peak size in GC/HPLC chromatogram).
(c) n.d. = sample spilled.
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2.8 Summary

In total, 10 novel imine reductases, 6 (R)- and 4 (S)-selective enzymes, were cha-
racterized in terms of their temperature stability, pH optimum and their substrate
scope. Seven of these were also subjected to biotransformation studies including
their enantioselectivities. It was shown that many of the new reductases descri-
bed herein showed their stability and activity maximum at temperatures below
40 °C and needed a neutral to slight acidic pH for optimal reduction conditions.
Most of the investigated proteins accepted a vast set of cyclic imine compounds
with broad structural features, with the highest activities observed for 6-membered
ring 74a and 3,4-dihydroisoquinolines 62, 76a as well as iminium substrate 77.
For at least 7 of the newly discovered enzymes, the substrate scope could be ex-
tended to methoxy-substituted dihydroisoquinolines 56 and 110 with good to
excellent conversions as well as good to perfect enantiomeric excesses for all the
tested molecules used in biontransformational reactions.
With these novel reductases in hand, several cyclic secondary amines were ac-
cessible, not only in good yields but also in high enantiomeric purity form, thus
the herein described enzymes would also provide a greener alternative to access
these compounds on an industrial scale.

2.9 Outlook

The herein described novel imine reductases were investigated in terms of va-
rious important parameters, yet there are still some more questions that need to
be answered.
For future studies it would be desirable to expand the substrate scope to ano-
ther class of relevant imine compounds, namely β-carbolines, which are not only
found in many natural sources but also show known pharmacological effects.[192]

Furthermore the above discussed influence of the substituent size on the imine
carbon should be further investigated with pyrroline 72a, piperideine 74a and
azepine 75a compounds bearing different alkyl, alkenyl or phenyl groups.
Additionally, kinetic data such as KM , kcat and kcat/KM would give some mo-
re insight into substrate affinity and catalytic efficiency with different substrates
used.
Hence, the final steps in imine reductase characterization would be the upscale
of a biocatalytic transformation on a gram scale as well as the elucidation of the
crystal structure of these newly discovered reductases.
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3 Experimental
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3.1 Materials

3.1.1 Compounds Used for Buffer Solutions

Compound Purity (%) Supplier Lot No. Unit
Size

EDTA−Na2
dihydrate

99.0 Sigma-Aldrich SLBF7702V 500 g

Glycine >99 Roth n.a. 5 kg

Imidazole >99.5 Sigma-Aldrich SZBE0500V 1 kg

K2HPO4
anhydr.

n.a. Merck AMO0430204445 1 kg

KH2PO4
anhydr.

99.5 Sigma-Aldrich SZBE0870V 1 kg

Na2HPO4
anhydr.

>98 Fluka BCBC4969V 1 kg

NaH2PO4
anhydr.

n.a. Fluka 0001403084 1 kg

NaCl >99.8 Roth 9265.1 1 kg

NaOH pellets n.a. Merck 0656540 1 kg

TRIS pufferan >99.9 Roth 4855.2 1 kg

3.1.2 Compounds Used for Cell Cultivation

Compound Purity (%) Supplier Lot No. Unit Size

Agar bacteriological n.a. Oxoid n.a. 500 g

Glycerol >99.5 Sigma-Aldrich BCP0365V 1 L

Isopropyl-β-D-1-
thiogalactoside

(IPTG)

n.a. peqlab 13411043 25 g

Kanamycin sulfate n.a. Sigma-Aldrich SLBB0945V 25 g

NaCl >99.8 Roth 9265.1 1 kg

Tryptone n.a. Oxoid n.a. 500 g

Yeast extract n.a. Oxoid n.a. 500 g
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3.1.3 Chemicals Used for Activity Assay, Substrate Screening & Biotransfor-
mations

No. Compound Purity (%) Supplier Lot No. Unit Size

76a 3,4-Dihydroisoquinoline >97.5 Sigma-Aldrich STBC3516V 1 g

62 1-Methyl-3,4-
dihydroisoquinoline

HCl · H2O

n.a. Acros Organics A0222435 1 g

72a 2-Methyl-1-pyrroline 95 Sigma-Aldrich MKBD7277V 5 mL

72b 2-Phenyl-1-pyrroline n.a. Jörg Schrittwieser n.a. n.a.

74a 6-Methyl-2,3,4,5-
tetrahydropyridine

n.a. Jörg Schrittwieser n.a. n.a.

77 2-Methyl-3,4-
dihydroisoquinolinium

triflat

n.a. Jörg Schrittwieser n.a. n.a.

75a 7-Methyl-3,4,5,6-
tetrahydro-2H-azepine

n.a. Jörg Schrittwieser n.a. n.a.

- NADPH−Na4 n.a. AppliChem 4P005190 500 mg

- NADP+−Na2 n.a. Roche n.a. 10 g

- Methanol > 99 Roth n.a. 1 L

- Isopropanol > 99.9 Sigma-Aldrich n.a. 1 L
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3.1.4 Materials Used for DNA Isolation and Ligation

Material Purity (%) Supplier Lot No. Unit Size

QIAquick Gel Extraction
Kit (250)

n.a. QIAGEN 148017448 n.a.

QIAquick PCR
Purification Kit (250)

n.a. QIAGEN 145036739 n.a.

QIAprep Spin Miniprep
Kit (250)

n.a. QIAGEN 148047164 n.a.

T4 DNA ligase n.a. Thermo Scientific 00157494 n.a.

10x T4 DNA ligase
buffer

n.a. Thermo Scientific 00136629 1.5 mL

SYBR safe DNA gel
stain

n.a. invitrogen 1621150 400 µL

3.1.5 Materials Used for Restriction Digest and Colony PCR

Material Purity (%) Supplier Lot No. Unit Size

Fast Digest XhoI
endonuclease

n.a. Thermo Scientific 00240103 400 μL

Fast Digest NdeI
endonuclease

n.a. Thermo Scientific 00173608 300 μL

Fast Digest buffer 10x n.a. Fermentas n.a. 1 mL

Dream Taq green PCR
master mix (2x)

n.a. Thermo Scientific 00177836 1.25 mL

T7 primer mix (2 µM
each forward and

reverse)

n.a. Thermo Scientific n.a. 2 µg

75



Experimental

3.2 Procedures

3.2.1 Gene Subcloning & Plasmid Transformation

The synthetic genes, encoding R- and S-IREDs, were obtained as linear double-
stranded DNA from GeneArt and were codon-optimized for E. coli. Each gene
contained restriction sites for XhoI and NdeI and was subcloned into a pET28a(+)
vector, if not otherwise specified, according to following procedure.
About 200 ng of the corresponding IRED DNA or 500 ng of the vector DNA were
mixed with the restriction enzymes (1 µL each), water (depending on the volume
of DNA solution) and 10 x restriction buffer (2 µL) each, to a total volume of 20 µL.
Target gene and vector were incubated at 37 °C for 1.5 h and 30 min, respectively.
The restriction digest of the pET28a(+) vector was analyzed on a 1 % agarose TAE
gel and the bands were extracted using the QIAquick Gel Extraction Kit (250). The
digested IRED genes were purified with the QIAquick PCR purification kit.
For gene subcloning about 40 ng of the digested insert and 35 ng of the vector
were mixed with T4 ligase (1 µL), water (2 µL) and ligation buffer (10x) (2 µL)
to a total volume of 20 µL and were incubated at room temperature for 3 hours.
For the religation control, the insert was replaced with water. An aliquot of 10
µL of the ligation reaction was transferred to a fresh Eppendorf vial and heat-
deactivated at 65 °C for 10 min. The sample was cooled on ice and transformed
into chemically competent E. coli BL21 (DE3) cells as follows.
The cell suspension was thawed on ice and an aliquot of 100 µL was mixed with
the heat deactivated ligation aliquot. The mixture was incubated on ice for 30
min, for negative control no plasmid was added. After heat treatment at 42 °C for
1 min the cells were cooled on ice for 5 min and 900 µL LB-medium were added
followed by incubation at 37 °C and 300 rpm for 1 hour. The cells were pelleted
by centrifugation, 900 µL of the supernatant were discarded and the cell pellet
was resuspended in the remaining 100 µL. The suspension was plated on LB-
agar plates containing 50 µg/mL kanamycin and were incubated at 37 °C over
night.

3.2.2 Colony Polymerase Chain Reaction (Colony PCR)

As proof of successful gene ligation a colony PCR was performed as follows.
Several colonies from the agar plate were picked and each resuspended in 15 µL
water. The suspension was heat treated at 95 °C for 15 min and centrifuged. In
PCR tubes, components were mixed in following amounts and order:
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1. T7 primer mix, 2 µM: 2.5 µL

2. PCR master mix: 12.5 µL

3. colony supernatant: 10.0 µL

The PCR was run with following specifications:

Step Temperatur [◦C] Time [min] Cycles

initial activation 95 5

amplification 94 0.5  3055 0.5

72 2

final extension 72 10

storage 4

Analysis of the samples was done via agarose gel electrophoresis. Aliquots of 15
µL were loaded onto a 1 % TAE agarose gel and run at 100 V for 40 min. The DNA
bands were rendered visible under blue light using Sybr Safe DNA gel stain.

3.2.3 Protein Expression, Protein Purification & Desalting

For the overnight culture (ONC) a single colony from the agar plate was picked
and transferred aseptically to 10 mL LB-medium containing 50 µg/mL kanamy-
cin and incubated at 30 °C and 120 rpm overnight. On the next day, 300 mL of
sterile TB-medium, containing 50 µg/mL kanamycin, were inoculated with 2 mL
of the ONC and shaken at 30 °C and 150 rpm. When the OD600 reached 0.8, pro-
tein expression was induced by adding IPTG to a final concentration of 1 mM
and incubation at 20 °C and 120 rpm. After 12 hours, the cells were harvested by
centrifugation for 20 min, 4000 rpm and 4 °C. The pellet was washed once with
20 mL 20 mM KPi-buffer, pH 7.0 and stored at -20 °C.
The frozen cell pellet was thawed and resuspended in 10 mL His-Trap buffer A,
supplemented with 1 mg/mL lysozyme, and incubated at 30 °C for 30 min. Then,
the cell suspension was sonicated using Branson digital sonifier 250 with follo-
wing specifications: pulse: 2 sec, pause: 4 sec, 20% amplitude, total pulse time:
2:30 min, 75 cycles in total. This cell lysate was transferred to a 50 mL centrifuge
beaker and centrifuged at 16000 rpm for 20 min at 4 °C. The supernatant was de-
canted from the pellet and used for protein purification via His-Trap Ni2+ affinity
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chromatography.
To this end, the supernatant was supplemented with 500 µL His-Trap buffer B
and loaded onto a 5 mL His-Trap column. The protein of interest was eluted by
using a Fast Protein Liquid Chromatography (FPLC) system with following elu-
tion profile:

Step Volume [mL] Buffer A [%](a) Buffer B [%](b) Mode of Elution

1 50 95 5 isocratic

2 100 95 to 0 5 to 100 linear gradient

3 50 0 100 isocratic
(a) 100 mM K-Pi buffer with 300 mM NaCl.
(b) 100 mM K-Pi buffer with 300 mM NaCl and 500 mM imidazole.

Equilibration of the column and the FPLC system was performed with 50 mL
95% buffer A/5% buffer B, respectively. After protein elution the column was
stored in 20% ethanol.
The enzyme containing fractions were pooled, concentrated and desalted using
a PD-10 desalting column (GE healthcare, Lot# 9611730). To this end, the column
was equilibrated with 25 mL buffer (20 mM K-Pi, pH 7.0 or 50 mM TRIS-HCl, 300
mM NaCl, pH 7.5) and loaded with 2.5 mL enzyme concentrate. The enzyme was
eluted with 3.5 mL of the corresponding equilibration buffer and stored at -20 °C.
The His-Trap column was cleansed with stripping buffer after approx. 5 uses and
recharged with 0.1 M NiSO4 for reuse.
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3.2.4 SDS-PAGE analysis & Bradford assay

Protein expression was detected by SDS-polyacrylamide gel electrophoresis (PA-
GE) with subsequent staining using Coomassie Brilliant Blue Silver stain. 20 µL
of the sample were mixed with 20 µL sample buffer, Laemmli (2x) and denatu-
rated at 95 °C for 15 min. 10 µL of the cooled samples and 5 µL of PageRuler,
prestained protein ladder standard (Thermo Scientific, Lot# 00207069) were loa-
ded onto the gel and developed at 180 V for 50 min. The bands were rendered
visible with Coomassie Brilliant Blue Silver stain (20% ethanol, 1.6% phosphoric
acid, 8% ammonium sulfate, 0.08% Coomassie Brilliant Blue G-250) for 30 min
and destained with dd−H2O overnight.
Protein concentrations were determined using the Bio-Rad protein assay. 20 µL
of the diluted sample (1:5, 1:20, 1:100) were mixed with 980 µL of the reagent (1:5
dilution) followed by 15 min incubation at room temperature. The absorbance
was measured at 595 nm with an Eppendorf BioPhotometer plus which provided
the concentration in mg/mL.

3.2.5 Activity Assay

N

CH3

N

IRED
NADPH

20 mM KPi-buffer, pH  7.0

NHNH

CH3

or or

n n

76a 106n = 1 (72a)
n = 2 (74a)
n = 3 (75a)

n = 1 (73a)
n = 2 (78a)
n = 3 (79a)

The purified enzymes were screened for imine reducing activity by using a pho-
tometrical assay based on the decrease of NADPH absorbance at 340 and 370 nm
(depending on the substrate), respectively. For this purpose 10 µL of the desalted
enzyme and 10 µL of NADPH stock (final concentration = 0.2 mM) were mixed
with 930 µL of reaction buffer (20 mM K-Pi, pH 7.0). The reaction was started by
adding 50 µL imine substrate stock, in methanol (final concentration = 10 mM) to
a total volume of 1 mL and the decrease of NADPH absorbance was measured
over 5 min with a Thermo GeneSys Spectrophotometer. To calculate the enzyme
activity (U/mL) the following formula was used:
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U/mL =
∆AU/min ∗ V

ε ∗ d ∗ v

∆AU/min = decrease in absorbance units/min

V = reaction volume (1 mL)

ε = extinction coefficient of NADPH

d = cuvette diameter

v = sample volume (10 µL)

The specific activity (U/mg) of each enzyme was obtained as quotient of its acti-
vity (U/mL) and its protein concentration (mg/mL).

3.2.6 Biotransformations

To investigate the actual stereospecificity and conversion of each enzyme, biotrans-
formations on an analytical scale were performed as follows.
In a 2 mL Eppendorf vial, 500 µL of the reaction mixture contained following
components:

1. (R/S)-IRED lyophilized cell free extract: 1 mg

2. ADH lyophilized cell free extract: 2 mg

3. NADP+ cofactor: 0.4 mg

4. Imine substrate in 2-propanol: 10 mM

5. 100 mM TRIS-HCl buffer, pH 7.5: 500 µL

An ADH/2-propanol system was used for cofactor regeneration. By adding the
imine, dissolved in 2-propanol, the reaction contained 5% (v/v) of alcohol for
regenerating the cofactor. The biotransformations were allowed to proceed at
30 °C and 120 rpm for 2 h and 24 h, respectively. The reaction was stopped by
adding 200 µL sat. Na2CO3 solution and the aqueous phase was extracted two
times each with 500 µL ethyl acetate supplemented with 9.921 mM n-dodecane
as internal standard. The combined organic layers were dried over MgSO4 and
transferred to 1.5 mL GC vials for subsequent measurements.
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3.2.7 Buffer Recipes and Media Preparation

20 mM K-Pi buffer, pH 7.0: 2.14 g K2HPO4 (12.3 mM) and 1.05 g KH2PO4 ( 7.7
mM) were dissolved in 1 L dd−H2O and stored at room temperature.

100 mM K-Pi buffer, pH 7.0: 10.7 g K2HPO4 (61.5 mM) and 5.2 g KH2PO4 (38.5
mM) were dissolved in 1 L dd−H2O and stored at room temperature. For pH
optimum measurements, aliquots of 45 mL were taken and the pH was adjusted
with 85% H3PO4 to the desired value (pH 6 - 8). Dion. Water was added to a final
volume of 50 mL.

His-Trap buffer A, pH 7.0: 10.7 g K2HPO4 (61.5 mM), 5.2 g KH2PO4 (38.5 mM)
and 17.5 g NaCl (300 mM) were dissolved in 1 L dd−H2O and stored at 4 °C.

His-Trap buffer B, pH 7.0. 10.7 g K2HPO4 (61.5 mM), 5.2 g KH2PO4 (38.5 mM),
17.5 g NaCl (300 mM) and 34.1 g imidazole (500 mM) were dissolved in 950 mL
dd−H2O. The pH was adjusted with 85% H3PO4 and dion. water was added to a
final volume of 1 L. The solution was stored at 4 °C.

100 mM TRIS-HCl buffer, pH 8 - 9: 12.1 g tris(hydroxymethyl)aminomethane
(TRIS) were dissolved in 1 L dd−H2O and stored at room temperature. For pH
optimum measurements aliquots of 45 mL were taken and the pH was adjusted
with HCl to the desired value. The solution was filled up with dion. water to a
final volume of 50 mL.

100 mM glycine-NaOH buffer, pH 9-11: 7.5 g glycine were dissolved in 1 L
dd−H2O and stored at room temperature. For pH optimum measurements ali-
quots of 45 mL were taken and the pH was adjusted with 10 M NaOH to the
desired value. Water was added to a final volume of 50 mL.

Citric acid-Na2HPO4 buffer, pH 5-6: pH 5: 24.3 mL 0.1 M citric acid and 25.7 mL
0.2 M Na2HPO4 were mixed and stored at room temperature. pH 5.5: 21 mL 0.1
M citric acid and 29 mL 0.2 M Na2HPO4 were mixed and stored at room tempe-
rature. pH 6: 18.4 mL 0.1 M citric acid and 31.6 mL 0.2 M Na2HPO4 were mixed
and stored at room temperature.

His-Trap stripping buffer, pH 7.4: 3.27 g Na2HPO4 · 7 H2O (12.2. mM), 0.94 g
NaH2PO4 (7.8 mM), 29.2 g NaCl (500 mM) and 18.6 g EDTANa2 (50 mM) were
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dissolved in 1 L dd−H2O and stored at room temperature.

Lysogeny broth (LB) medium: 5 g/L yeast extract, 5 g/L NaCl and 10 g/L tryp-
tone were mixed and autoclaved. For plates, 15 g/L agar was added.

Terrific broth (TB) medium: TB base: 24 g/L yeast extract, 12 g/L tryptone and 4
mL/L glycerol were mixed and autoclaved.
10 x K-Pi buffer (1 M), pH 7.5: 23.1 g/L KH2PO4 and K2HPO4 were mixed and
autoclaved.
TB medium: 900 mL TB base and 100 mL 10 x K-Pi buffer were mixed just before
use.

3.2.8 GC-FID Methods

Throughout this thesis all substrate conversion measurements and e.e. determina-
tions of compounds 73a and 74a were performed with GC-FID. Substrate imines
and product amines were calibrated in a range from 0.5 to 50 mM with standard
concentrations of 0.5, 2.5, 10, 25 and 50 mM. Dodecane was used as an internal
standard. Standard preparation and dilution was done on a scale with 0.1 mg ac-
curacy. The conversion of calibrated compounds was calculated based on their
measured concentrations according to the following equation:

c =
AP

AP + AE

∗ 100%

c = conversion in %

AP,E = concentration (mM) of product or educt peak in chromatogram

The enantiomeric excess (e.e.) for compounds 73a and 74a was solely derived
from GC-FID areas of the peaks assigned to the N-acetylated enantiomers ac-
cording to the following formula:
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e.e. =
|AR − AS|
AR + AS

∗ 100%

e.e. = enantiomeric excess in %

AR = area of (R)-enantiomer peak in chromatogram

AS = area of (S)-enantiomer peak in chromatogram

Derivatization was performed as follows: 500 µL of the ethylacetate extract from
the conversion measurement were mixed with 200 µL sat. Na2CO3 solution and
20 µL acetanhydride. The mixture was shaken vigorously for 1 min and dried
over K2CO3.

Achiral GC-Methods used within this work

Method: TMI_HP-5
Column: HP-5: Agilent J&W GC columns, 19091J-413, 30 m, 0.250 mm, 0.25 µm
Temperature Program: 60 °C (0.5 min) –[10 °C/min]–> 160 °C (0 min) –[40 °C/min]–> 300 °C (1
min)
Carrier Gas Flow: (He) 1 mL/min
Split Ratio: 30:1
Injector Temperature: 300 °C

Method: 2-MP_HP-5
Column: HP-5: Agilent J&W GC columns, 19091J-413, 30 m, 0.250 mm, 0.25 µm
Temperature Program: 40 °C (0.5 min) –[10 °C/min]–> 90 °C (0 min) –[30 °C/min]–> 300 °C (1
min)
Carrier Gas Flow: (He) 1 mL/min
Split Ratio: 30:1
Injector Temperature: 300 °C

Method: 2-MPI_HP-5
Column: HP-5: Agilent J&W GC columns, 19091J-413, 30 m, 0.250 mm, 0.25 µm
Temperature Program: 40 °C (0.5 min) –[10 °C/min]–> 90 °C (0 min) –[30 °C/min]–> 300 °C (1
min)
Carrier Gas Flow: (He) 1 mL/min
Split Ratio: 30:1
Injector Temperature: 300 °C
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Method: 1M-DHIQ_DB-1701
Column: DB-1701: Agilent J&W GC columns, 122-0732, 30 m, 0.250 mm, 0.25 µm
Temperature Program: 80 °C (1 min) –[10 °C/min]–> 250 °C (1 min)
Carrier Gas Flow: (He) 1 mL/min
Split Ratio: 15:1
Injector Temperature: 280 °C

Method: 1M-DM-DHIQ_DB-1701
Column: DB-1701: Agilent J&W GC columns, 122-0732, 30 m, 0.250 mm, 0.25 µm
Temperature Program: 80 °C (1 min) –[10 °C/min]–> 250 °C (1 min)
Carrier Gas Flow: (He) 1 mL/min
Split Ratio: 15:1
Injector Temperature: 280 °C

Method: DM-DHIQ_DB-1701

Column: DB-1701: Agilent J&W GC columns, 122-0732, 30 m, 0.250 mm, 0.25 µm

Temperature Program: 80 °C (1 min) –[10 °C/min]–> 250 °C (1 min)

Carrier Gas Flow: (He) 1 mL/min

Split Ratio: 15:1

Injector Temperature: 280 °C

Chiral GC-Method used within this work

Method: TBDAc_2-MP-Ac
Column: Hydrodex-β-TBDAc: Macherey-Nagel, 723 384.50, 50 m, 0.25 mm
Temperature Program: 70 °C (1 min) –[20 °C/min]–> 150 °C (10 min) –[20 °C/min]–> 210 °C (2
min)
Carrier Gas Flow: (H2) 1 mL/min
Split Ratio: 20:1
Injector Temperature: 230 °C

3.2.9 HPLC Methods

Enantiomeric excess (e.e.) determination of dihydroisoquinoline compounds 56
and 62 as well as compound 111 was done by chiral HPLC measurements. For the
calculation of the e.e. value, see the formula above. The investigated compounds
were analyzed without any further derivatization using following methods:
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Chiral HPLC-Methods used within this work

Method: A
Column: Daicel Chiracel OD-H, 0.46 cm Øx 25 cm
Solvent ratio [%]: 99 heptane/1 i-propanol, 0.1 diethylamine
Solvent Flow: 0.5 mL/min
Oven Temperature: 30 °C

Method: B
Column: Daicel Chiracel OD-H, 0.46 cm Øx 25 cm
Solvent ratio [%]: 90 heptane/10 i-propanol, 0.1 diethylamine
Solvent Flow: 1 mL/min
Oven Temperature: 30 °C

Method: C
Column: Daicel Chiracel OD-H, 0.46 cm Øx 25 cm
Solvent ratio [%]: 97 heptane/3 i-propanol, 0.1 diethylamine
Solvent Flow: 1 mL/min
Oven Temperature: 30 °C

3.2.10 Determination of Absolute Configurations

The absolute configurations of chiral compounds were determined by means of
comparing the elution order of biotransformational reactions with known GC-
FID elution orders of reference substances.
Table 13 summarizes the used references for each compound.

Table 13. Summary of references used for the determination of absolute configurati-
ons of chiral compounds.

Compound Reference

(R/S) 73a & 78a [147]

(R/S) 59 [193]

(R/S) 57 [146]

(+)/(-) 111 [191]
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4 Appendix

4.1 Protein and DNA Sequences of Characterized IREDs

R-IRED M4ZRJ3

Protein Sequence

MGDNRTPVTVIGLGLMGQALAAAFLEAGHTTTVWNRSAGKAEQLVSQGAV-
QAATPADAVA ASELVVVCLSTYDNMHDVIGSLGESLRGKVIVNLTSGSSDQGRE-
TAAWAEKQGVEYLDGA IMITPPGIGTETAVLFYAGTQSVFEKYEPALKLLGGGT-
TYLGTDHGMPALYDVSLLGLMW GTLNSFLHGVAVVETAGVGAQQFLPWAHMW-
LEAIKMFTADYAAQIDAGDGKFPANDATLE THLAALKHLVHESEALGIDAEL-
PKYSEALMERVISQGHAKNSYAAVLKAFRKPSE
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R-IRED V6KA13

Protein Sequence

MTTEPSLPTVSIVGLGNLGRALAGAFLDQGYRTTVWNRSPAKADDLVARGAHRA-
TTAAEA LAAGELVIVCVLDYDTVNRLLTPAADALRGRVLLNLTSGTPEPARELAA-
WVTGQGADYLD GAVYAVPQTIGTADAFVLYSGSSAVFETYREQLDLLGAPTFVGTD-
PGLASLYDVALLSGM YGMFAGFFQSVAVADSAQIKATDITALLVPWLNGAAAAL-
PGFAAEIDSGDYTTETSNLDI NTVGLANILTATKAQGVGVDLLTPLQTLFERQIAQG-
HGASSLSRAIESLRPPR

87



Appendix

R-IRED W7VJL8

Protein Sequence

MAPDTVEKTPVTLLGLGAMGAALARAWLAARHPLTVWNRTPTRAAAISAEGATV-
ADSAAE AVAANTLVVVCLLDDASVEEVLAGADLAGRDLVNLTTGTPAQARA-
RADWARERGARYLDG GIMAVPPMIGVPDAGGYVFYSGSRELFERHRETLAVPAGT-
TYVGRDAGFAALHDVALLSA MYGMFAGAAHAFALIRREDIDPASLAPLLADW-
LVAMAPTVHQTADQLRSGDYTKGVVSNL AMQVAGTPTFLRTAAEQGVSPELLS-
PYFELMRRRLAEGSGEEDLTGVIDLLVR
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R-IRED V7GV82

Protein Sequence

MSDITVIGLGAMGTALAEAFLNQGHAVTVWNRSPAKAEALAAKGATVAKSVEEA-
VRSSPL IVACLLVYDTVREVLGPSRDALSGRTLVNLTNGTPEQARAMSGWAVS-
QGASYIDGGIMAV PPMIGGPHALILYSGSRQAFDACSGQLGALGTSKFLGEDAGLA-
PLYDISLLTGMYGMFAG VLQALALTGAAGIPAGEFMPLLASWLQSMQGLLPK-
WAEQIDSGDHTSNVVSNLGMQVDAY VNLIDASRSADVSTELVLPMQSLMKRG-
VAAGQANADLTSLVALLQLSKQGA
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R-IRED L8EIW6

Protein Sequence

MAATPTNPSTDSGKTPVTVLGLGAMGRALAGAFLKAGHPTTVWNRSEHKADEL-
VARGAVR AGSVAEAVAASPLIVVCVVDYEVSHRILEPVGADLAGRVLVNLTSDT-
PVRSRRAAEWAAG HGVEYLDGAIMVPTPVIGTPEATVLYSGSRRAFDTYEETL-
KALGGKAPFLGTDHGVAAVY DLAMLSFFYSGMAGLAHAFTLAGEEGVPATD-
LAPFLDVITGIFPPIAKGMADDLVGGRLD GAGEGNIVMEAAGIAHIVEASRDRGV-
NTDVLDALKALMDRTIAAGHGESEFVRVTEAMRG AYA
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R-IRED J7LAY5

Protein Sequence

MKNDGVTKGSVALLGLGEMGRVLAERLLDAGYPVTVWNRTPGRDTALVERGAR-
RAETVRE AVTAATTVVTCLFDHASVRETLEPVGADLAGRTLVDLTTTTPNEARWLG-
GWAEERGIEHL DGAIMATPSMIGAPEASLLYSGSAEAFGRHRTLFEVWGSATYD-
GADHGAASLFDLALLSG MYTMFTGFAHGAAMVTSAGVTAEEFAHRSARLL-
SAMTGVFPMTAKVIDEGDYTGPGQSLE WTATALDTIARASAEQGVSPGPIEM-
TRALVLAQIEAGYGNENSDRIYEELRAG
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R-IRED Q1EQE0

Protein Sequence

MPDNPSTKGRMMRNQQAEHTPVTVIGLGLMGQALAGAFLGAGHPTTVWNRTA-
AKAEPLVA RGAKSAGSVAEAVAASPLVVVCVSDYDAVHALLDPLDGTALQGRT-
LVNLTSGTSAQARER AAWADGRGADYLDGAILAGPAAIGTADAVVLLSGPRSAFD-
PHASALGGLGAGTTYLGADH GLASLYDAAGLVMMWSILNGFLQGAALLGTAGV-
DATTFAPFITQGIGTVADWLPGYARQI DDGAYPADDAAIDTHLATMEHLIHE-
SEFLGVNAELPRFIKALADRAVADGHGGSGYPALI EQFRTHSGK

R-IRED I8QLV7

Protein Sequence

MNSHPPAVTVIGLGLMGSALAAVLLDAGCPTTVWNRSAHKAQSLVDRGARLTGTP-
REAVE ASPFVIVCVLDYDVLYSVLAPSVDALAGKVLVNLTSGSPEQAREAMA-
WARSHGADYLDGA IMTTPPGVGSPEMMFLYGGPDDVFDAHRQTLAFLGDPLHLG-
DDPGLASLYDVALLGLMWS TLTGWLHGTALVGAEKTSATTFTPFAVRWLTAVAG-
FLTTYAPQVDAGRYPGDDATVDVQI ASIDHLLHAAASRGVDNALPELLKSVME-
QARAAGHGSDSYASVIEVLRSPAPDPDEHNR
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S-IRED M4ZS15

Protein Sequence

MSKQSVTVIGLGPMGQAMVNTFLDNGHEVTVWNRTASKAEALVARGAVLAPTV-
EDALSAN ELIVLSLTDYDAVYAILEPVTGSLSGKVIANLSSDTPDKAREAAKWAAK-
HGAKHLTGGVQ VPPPLIGKPESSTYYSGPKDVFDAHEDTLKVLTNADYRGEDAGL-
AAMYYQAQMTIFWTTM LSYYQTLALGQANGVSAKELLPYATMMTSMMPH-
FLELYAQHVDSADYPGDVDRLAMGAAS VDHVLHTHQDAGVSTVLPAAVAEIF-
KAGMEKGFAENSFSSLIEVLKKPAV
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S-IRED D2PR38

Protein Sequence

MPPTDRTPVTLIGLGPMGQAMTRALLAAGHPVTVWNRTPARAAGVVADGAVLA-
ASPVEAV EAGDLVILSLTDYQAMYDVLEPATGSLAGRTVVNLSSDTPDRTRAAAD-
WATEHGATFLTG GVMIPAPMVGTEEAYVYYSGPAEVFEKHRTTLTVIGAPRYL-
GEDTGLAQLMYQAQLDVFL TTLSSLMHATALLGTAGVSAAESMPELIGMLRTV-
PAMLEAGGENPGADIDADKHPGDLST ITMMGATADHIVGASETAGIDLALPRA-
VQAHYRRAIENGHGGDNWTRIIDGIRSPR
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S-IRED D2AWI4

Protein Sequence

MNTKSVTVIGLGPMGQAMADAYLDGGYEVTVWNRTAARADRLVARGARRAPTV-
EAALTAN DLVVLSLTDYDAMYAILEQAPSAALAGRTVANLTSDTPEKARQAAAW-
LAERGAVQITGGV QVPPPGIGKPGATTYYSGPEDAIEAHRPALEVLTEIDHLGED-
PGLAALFYQIGMDMFWTG ILSYVHAQAVAEANGISAERFLPNAVKTMDFRYFLE-
FYAPRIAAGNHEGDVDRLAMGVAS MEHVLHTVEASGVDGSLPAAVLDVFRRG-
VAAGHGQDSLTSLIKVLKR
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S-IRED J7YM26

Protein Sequence

MKSNSQNEKNGSETTNAVGNRKSVTVIGLGPMGQAMADVFLEYGYSVTVWNRT-
SSKADQL VAKGAIRVSTVNEALAANELVILSLTDYNVMYSILEPVSENLFGKV-
LVNLSSDTPEKARK AAKWLEDRGARHITGGVQVPPSGIGKSESYTYYSGDRVV-
FEAHRETLEVLTSSDYRGEDP GLAMLYYQIQMDIFWTAMLSYLHALAIANAN-
GITAEQFLPYASAMMSSLPKFVEFYTPRL DEGEHPGDVDRLAMGLASVEHVV-
HTTQEAGIDIALPATVLEVFRRGMKTGHASDSFTSLI EIFKNSDIRS
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S-IRED K0F8R0

Protein Sequence

MSEQHTPRSVSVVGLGPMGQSMVRALLDAGVEVTVWNRSTDKVDAMVELGAV-
RAETVAAA LAANDVTVLSLTHYAAMYSVLEQAADQLAGKVIVNLSSDSPEKARK-
GAEWVRSHGAEFLS GGVMSAGDNIAHPASYIFYSGPREVFDAHAELLRPLSPQEYL-
GTDDGLSQVYYQALLTIF HPWLLAFDQATAMIERSGNSIAQFIPFAVRSAAAY-
PYFMEEFSVANQNGGWATLASLKMM DAGAQHIIDASEEVGVDATFSHTAQAY-
WRKAVAASEEKGEAVSTYALMRGADA
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S-IRED K0K4C6

Protein Sequence

MSTPLTLIGLGPMGQAMVAKYLEHGHPVTVWNRTASRADDLVARGAVRADTPRD-
AVAANR LVVLSLTDYQAMYDVLGDAELAGKTVVNLSSDTPDKTLKAAAWLAER-
GAELVVGGVMVPA PLVGEEAAYVFYSGPKAVFEQHAEVLAVIGRTEYLGEDHA-
LAQLFYQAQLDFFLTTLAAT LHSVALVRTAGVTAAQFAPYLKDNAESIWMYLEE-
TITAVDRGEHPGDLANIVMMGATADH VVGASEATGVDAGLPRAVQDMYRRAI-
EAGHGQESWTALYEVIKPAK
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4.2 GC & HPLC Chromatograms

On the following pages chiral example chromatograms (left hand- and right hand
columns, respectively) of the performed biotransformations are shown. The re-
tention times are given for each compound involved.
The following table summarizes the retention times of achiral conversion measu-
rements.

Compound tR [min] Method

72a 4.33 2-MP_HP-5

73a 4.14 2-MP_HP-5

74a 5.49 2-MPI_HP-5

78a 4.63 2-MPI_HP-5

62 16.02 1M-DHIQ_DB-1701

59 15.95 1M-DHIQ_DB-1701

110 15.98 DM-DHIQ_DB-1701

112 15.85 DM-DHIQ_DB-1701

56 16.28 1M-DM-DHIQ_DB-1701

57 15.84 1M-DM-DHIQ_DB-1701

111 9.25 TMI_HP-5

113 9.78 TMI_HP-5

Biotransformation of 2-methyl-1-pyrroline (72a)

Method: TBDAc_2-MP-Ac
Column: Hydrodex-β-TBDAc: Macherey-Nagel, 723 384.50, 50 m, 0.25 mm
Temperature Program: 70 °C (1 min) –[20 °C/min]–> 150 °C (10 min) –[20 °C/min]–> 210 °C (2
min)
Carrier Gas Flow: (H2) 1 mL/min
Split Ratio: 20:1
Injector Temperature: 230 °C

Compound

(R)-73a (S)-73a (R)-78a (S)-78a

Method TBDAc_2-MP-Ac

tR [min] 12.12 12.69 13.21 13.54
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N
H

N
H

(S)-73a

(R)-73a
N
H

N
H

(R)-78a
(S)-78a

rac. 73a rac. 78a

Biotransformation of 78a (S-IRED M4ZS15)

N
H

(R)-78a

N
H

(S)-78a N
H

(S)-73a

Biotransformation of 73a (S-IRED D2PR38)
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Biotransformation of 1-methyl-3,4-dihydroisoquinoline (62) & 1-methyl-6,7-dimethoxy-
3,4-dihydroisoquinoline (56)

Method: A
Column: Daicel Chiracel OD-H, 0.46 cm Øx 25 cm
Solvent ratio [%]: 99 heptane/1 i-propanol, 0.1 diethylamine
Solvent Flow: 0.5 mL/min
Oven Temperature: 30 °C

Method: B
Column: Daicel Chiracel OD-H, 0.46 cm Øx 25 cm
Solvent ratio [%]: 90 heptane/10 i-propanol, 0.1 diethylamine
Solvent Flow: 1 mL/min
Oven Temperature: 30 °C

Compound

(R)-59 (S)-59 (R)-57 (S)-57

Method A B

tR [min] 25.98 23.16 12.13 10.12
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NH

(S)-59

NH

(R)-59

NH

H3CO

H3CO

(S)-57

NH

H3CO

H3CO

(R)-57

rac. 59
rac. 57

Biotransformation of 62 (S-IRED K0F8R0)

NH

(S)-59

Biotransformation of 62 (R-IRED W7VJL8)

NH

H3CO

H3CO

(R)-57

NH

H3CO

H3CO

(S)-57

NH

H3CO

H3CO

(S)-57

Biotransformation of 56 (R-IRED V6KA13) Biotransformation of 56 (S-IRED M4ZS15)

NH

(R)-59
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Biotransformation of 2,3,3-trimethyl-3H-indole (111)

Method: C
Column: Daicel Chiracel OD-H, 0.46 cm Øx 25 cm
Solvent ratio [%]: 97 heptane/3 i-propanol, 0.1 diethylamine
Solvent Flow: 1 mL/min
Oven Temperature: 30 °C

Compound

(+)-113 (-)-113

Method C

tR [min] 5.93 5.38

N
H

(-)-113

N
H

(+)-113

N
H

(-)-113

N
H

(+)-113

N
H

(+)-113

N
H

(-)-113

Biotransformation of 111 (R-IRED V7GV82) Biotransformation of 111 (S-IRED D2PR38)
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