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ABSTRACT: Imine reductases (IREDs) catalyze the asymmetric
reduction of cyclic imines, but also in some cases the coupling of
ketones and amines to form secondary amine products in an enzyme-
catalyzed reductive amination (RedAm) reaction. Enzymatic RedAm
reactions have typically used small hydrophobic amines, but many
interesting pharmaceutical targets require that larger amines be used in
these coupling reactions. Following the identification of IR77 from
Ensifer adhaerens as a promising biocatalyst for the reductive amination
of cyclohexanone with pyrrolidine, we have characterized the ability of
this enzyme to catalyze couplings with larger bicyclic amines such as
isoindoline and octahydrocyclopenta(c)pyrrole. By comparing the
activity of IR77 with reductions using sodium cyanoborohydride in
water, it was shown that, while the coupling of cyclohexanone and
pyrrolidine involved at least some element of reductive amination, the amination with the larger amines likely occurred ex situ, with
the imine recruited from solution for enzyme reduction. The structure of IR77 was determined, and using this as a basis, structure-
guided mutagenesis, coupled with point mutations selecting improving amino acid sites suggested by other groups, permitted the
identification of a mutant A208N with improved activity for amine product formation. Improvements in conversion were attributed
to greater enzyme stability as revealed by X-ray crystallography and nano differential scanning fluorimetry. The mutant IR77-A208N
was applied to the preparative scale amination of cyclohexanone at 50 mM concentration, with 1.2 equiv of three larger amines, in
isolated yields of up to 93%.

KEYWORDS: biocatalysis, imine reductase, reductive aminase, chiral amine, NADPH

■ INTRODUCTION

In recent years, the emergence of imine reductases (IREDs)
has had a substantial impact on the application of enzymes in
the preparation of chiral amines of pharmaceutical interest.1−5

IREDs are NAD(P)H-dependent oxidoreductases that catalyze
the asymmetric reduction of prochiral imines, but in certain
cases also enable the reductive amination of prochiral ketones
through catalysis of both imine formation and subsequent
reduction of the iminium ion intermediate. In such cases where
evidence has been provided of the enzyme catalyzing both
chemical steps at near or equimolar ratios of ketone and amine
substrates, this subset of IREDs have also been termed
“reductive aminases” (RedAms) (Scheme 1).6−12

The fundamental nature of the reductive amination reaction
to the formation of amines has ensured that IRED-based
technology has now been applied in the pharmaceutical sector
at up to kg13 and ton14 scale. Their ease of expression and
application, in a mode similar to well-studied keto-
reductases,15 has also ensured that IREDs and RedAms have
been successfully applied in cascades of up to three enzymes in
the synthesis of chiral amines.10,16 In the first descriptions of

IREDs catalyzing reductive aminations at low amine
equivalents,7 the amine moiety was in most cases small and
hydrophobic, including, for example, methylamine, allylamine,
and cyclopropylamine. This meant that while “reductive
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Scheme 1. Imine Reduction and Reductive Amination
Reactions Catalyzed by IREDs and RedAms
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amination” reactions could certainly be achieved using IREDs
with large excesses of amine to favor imine formation in
solution, true enzyme-catalyzed reductive aminations at
ketone: amine equivalents at or close to 1:1 could for the
most part only be achieved with this limited range of amine
partners. As part of these initial reports, however, and in
publications since, large screens of IREDs from a range of
organism sources, including metagenomes,5 have revealed
enzymes competent for catalyzing reductive amination
reactions between selected ketones and larger amine partners,
including aniline,17,18 benzylamine,17,18 and longer aryl alkyl-
amines.12 For example, France and co-workers showed that
IRED “IR77” catalyzed the amination of cyclohexanone 1 with
benzylamine a and pyrrolidine b, provided at 2.5 molar equiv
(m.e.), to give the amine products 1a and 1b in up to 78 and
97% conversion, respectively (Scheme 2).17 More recently,
Gao and co-workers showed that engineered mutants of IR-
G36 enabled the amination of N-Boc-3-piperidinone 2 with 1.1

equiv of amines such as 2-phenylethylamine c to give products
such as 2c with 98% conversion and >99% e.e.12

Researchers at GSK also showed that aldehyde 3 could be
coupled with amine d at 2.4 m.e. using the “M3” variant of
“IR46” from Saccharothrix espanaensis to give the amine
product 3d in 84.4% yield.13 Following the earlier work of our
groups,17 we were interested to explore the limits of acceptance
of bulky amines in the amination of cyclohexanone by “IR77”.
In addition to more standard amine partners such as ammonia
g, methylamine e and allylamine d (Scheme 3), we were
particularly interested in the use of bulky secondary amines
such as isoindoline h, and octahydrocyclopenta(c)pyrrole i, as
when coupled with cyclohexanone 1, the products feature
scaffolds encountered in pharmaceutical molecules such as the
sulfonamide diuretic clorexolone 4 (Scheme 3).
To this end, in this study, we have investigated the ability of

IR77 to enable the reductive amination of cyclohexanone with
bulkier monocyclic and bicyclic imine substrates. A compar-
ison of IR77-catalyzed transformations with abiotic reductive

Scheme 2. IREDs in Reductive Amination Reactions Using Bulky Amines.12,17,18

Scheme 3. Reductive Amination Substrates Used in This Study
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aminations in which the ketone and amine partners were
incubated with sodium cyanoborohydride suggests that, while
imine formation between either pyrrolidine or benzylamine
with cyclohexanone is likely catalyzed by IR77, reactions with
the larger amines are probably a result of the recruitment of
imine from solution, followed by reduction. The structure of
IR77 was determined, and rational mutagenesis was used to
create mutants of improved activity. These have been
characterized using kinetics, X-ray crystallography, and nano-
differential scanning fluorimetry (nano-DSF), and alanine 208
was identified as a hotspot for improved activity, with mutants
A208S and A208N displaying greater catalytic efficiency than
the wild-type enzyme.

■ RESULTS AND DISCUSSION

Reductive Aminations Using Purified IR77. The
enzyme designated IR77 by France and co-workers in a
previous work17 has 100% sequence identity (Figure S1) with
NCBI accession sequence WP_053252429, annotated as an
“NADP-binding domain” from the nitrogen-fixing bacterium
Ensifer adhaerens, also known as a species of Sinorhizobium.
IR77 had previously been shown to be a promising target for
reductive amination reactions, giving 78 and 97% yields for the
coupling of cyclohexanone 1 with benzylamine a and
pyrrolidine b, respectively, when using cell-free extracts
containing the expressed enzyme.17 As a first step in
investigating the engineering of IR77, the gene was subcloned
into the pET-YSBLIC-3C vector,19 equipping the protein with
an N-terminal hexahistidine tag, and was then expressed in
Escherichia coli and purified using nickel affinity chromatog-
raphy followed by size exclusion (Figure S2). The purified
enzyme was assayed for activity by gas chromatography
analysis in small-scale (3 mL) biotransformations containing
10 mM cyclohexanone 1 with 25 mM amines benzylamine a,
pyrrolidine b, allylamine d, methylamine e, aniline f, or 2 M
ammonia g (Scheme 3 and Figure 1). In each case, the

conversions were superior to those observed with the cell
extracts performed previously,17 presumably attributable to the
higher specific activity of the purified enzyme employed in
these reactions. After 6 h, near quantitative conversions to
secondary amine products were achieved for reactions with
benzylamine a and pyrrolidine b and methylamine e, although

poor conversion (<10%) was observed with ammonia g, in
agreement with previous observations.17

Kinetic analysis on wt-IR77 was performed using UV
spectrophotometry to monitor the oxidation of NADPH at
increasing concentrations of cyclohexanone 1or pyrrolidine b
in the presence of a constant concentration of the other
(Tables 1, S3, S4 and Figure S5A,B).
A kcat of 0.24 s−1 for cyclohexanone 1, measured in the

presence of pyrrolidine b, was between those recorded for the
fungal reductive aminases, for example, AspRedAm and
AtRedAm, for which values of 1.47 and 0.11 s−1 were
previously recorded for the same substrate.7,8 The Km was 15
mM, significantly higher than values recorded for AspRedAm
and AtRedAm of 1.9 and 2.1 mM, respectively.7,8 For
pyrrolidine b, the kcat and Km recorded in the presence of 10
mM cyclohexanone were 0.12 s−1 and 17 mM. These values
were higher and lower, respectively, than those obtained for
this amine with AspRedAm (0.08 s−1 and 25.1 mM), giving an
approximately two-fold improved catalytic efficiency for IR77
over that enzyme for this transformation.7

IR77 was also assessed for its ability to catalyze the reductive
amination of 10 mM cyclohexanone 1 with 2.5 m.e. of target
amines isoindoline h, and octahydrocyclopenta(c)pyrrole i. In
these reactions (Figure 1), once again, we observed
quantitative conversion to secondary amine products within
2 and 8 h, respectively. Interestingly, kinetics experiments
using increasing concentrations of isoindoline h and 10 mM
cyclohexanone revealed a higher kcat of 0.30 s

−1 and a lower Km
of 0.61 mM for the bulkier amine (Figure S5C and Table S5),
giving a catalytic efficiency of 0.49 s−1 mM−1, 66-fold higher
than for pyrrolidine.
We hypothesized that, rather than this being due to

exceptional improvements in binding of h to the enzyme for
reductive amination, it was reflective rather of a greater amount
of intermediate imine that is formed in solution and recruited
for reduction by the enzyme directly. This would correspond
to a switch in catalytic mode from a reductive aminase in
which both imine formation and imine reduction are catalyzed
by the enzyme, to an IRED, where the imine is formed in
solution and recruited for reduction by the enzyme’s active
site.
To examine this further, evidence for levels of imine

formation in solution was sought by studying mixtures
containing 1 and either b or h in the absence of enzyme by
13C NMR (Figure 2).
In the mixture of cyclohexanone 1 with isoindoline h,

significant broadening of the ketone carbonyl peak at
approximately 220.5 ppm was observed with a width of
approximately 40 Hz, much wider than all other peaks in
spectrum with approximate values of 3 Hz (Figure 2). This
suggests that an intermediate is formed in solution during this
reaction. However, the lack of peak broadening in the reaction
of 1 with b, with a much narrower peak width of approximately
4 Hz, suggests that no such intermediate is formed in that case.
Although the intermediate suggested by analysis of the reaction
between 1 and h cannot be characterized by variable
temperature experiments due to its short lifetime, its presence
suggests that a significant amount of cyclohexanone reacts to
form an intermediate in solution in the absence of enzyme.
We had previously compared the reactions catalyzed by

RedAms and IREDs with the reductive amination reaction of
sodium cyanoborohydride when challenged with a mixture of
ketone and amine.8 In those experiments, we showed that both

Figure 1. Biotransformations of cyclohexanone 1 with amines a, b,
and d−i using purified wt-IR77.
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AdRedAm and AtRedAm catalyzed the formation of N-
allylcyclohexylamine from 1 and d much faster than either
NaBH3CN or an IRED under the same conditions, indicative
of a reductive amination mode of action by AdRedAm and
AtRedAm. A similar approach was employed here: we
incubated NaBH3CN, with 1 and either a, b, f, or h, and

compared reactions rates with those incubated with wt-IR77
(Figure 3).
The reaction of 1 with isoindoline h and NaBH3CN

displayed similar rates and conversions to that observed with
wt-IR77. The results suggest that the relevant imine is formed
ex situ and only the imine reduction is catalyzed by IR77.

Table 1. Kinetic Measurements for IR77 Variants with Cyclohexanone 1 and Pyrrolidine b

kcat (s
−1) Km (mM) kcat/Km (s

−1 mM−1) × 10−2 kcat (s
−1) Km (mM) kcat/Km (s

−1 mM−1) × 10−2

variant 1 1 1 b b b

wt-IR77 0.24 15 1.6 0.12 17 0.72

A119S 0.25 16 1.6 0.09 23 0.40

C192I 0.33 16 2.1 0.10 9.0 1.1

A208S 0.43 9.6 4.5 0.21 9.7 2.2

A208N 0.50 26 2.0 n.d. n.d. n.d.

Figure 2. Carbon NMR spectra with water suppression showing cyclohexanone 1 and either pyrrolidine b or isoindoline h in Tris−HCl buffer at
pH 9.0. Enlarged spectra show the carbonyl peak and have 16x vertical magnification. The full width at half maximum of the carbonyl peak is
shown. Both spectra were processed with 1 Hz line broadening.

Figure 3. Reaction schemes for cyclohexanone 1 and amines a, b, f, and h in the presence of NaBH3CN (closed marker) wt-IR77 (open marker).
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Conversely, reactions with 1 and amines a, b, and f displayed
lower rates and conversions with NaBH3CN than with wt-
IR77, suggesting that both the imine formation and its
reduction are catalyzed by IR77 in this case, by a reductive
aminase mode. The results suggest that the mode of catalysis
of IR77 is therefore dependent on the nature of the amine
partner in the reductive amination reaction, including size and
its nucleophilicity in water,20 which may have a significant
influence on the amount of imine formed in solution.
Structure of IR77. As a first step to making mutants of

IR77 with improved activity toward 1 with b and h, the
structure of the enzyme was determined by X-ray crystallog-
raphy and refined to a resolution of 2.58 Å (PDB code 8A3X).
Data collection and refinement statistics can be found in Table
S6. Crystals were obtained in the P21 space group and featured
four molecules, representing two dimers, in the asymmetric
unit. The enzyme adopts the canonical fold now well
established for IRED structures.7,21−23 An N-terminal
Rossmann domain (residues 1−164) connects to a C-terminal
helical domain (195−294) through a long alpha-helix (165−

194). Two monomers closely associate in a domain swapping
arrangement that serves to form two active sites per dimer,
each at the interface of one N-terminal domain with the C-
terminal domain of its partner (Figure 4A).

A comparison of the monomer with structures in the PDB
using the DALI server24 revealed closest structural similarity
with the IREDs from Myxococcus stipitatus (6TOE; 51%
sequence identity; rmsd 1.3 Å over 291 Cα atoms)25 and

Streptosporangum roseum (5OCM; 34%; 1.8 Å over 290).26

Following building of the protein atoms and water molecules,
clear electron density was observed within each active site that
could in each case be modeled as NADP+. When multiple
dimers have been obtained within the asymmetric unit of
IREDs, it has proved possible to discern different conforma-
tions within the same structure, representative of “open” and
“closed” dimers that hint at the structural flexibility of the
IRED during catalysis.8 In IR77, each dimer can be considered
to be a “closed” structure, with a hydrophobic pocket formed
at the cofactor binding site. The substrate binding site is
defined by the frequently observed aspartate residue D171,
which protrudes from the roof of the cavity into the active site
from the interdomain helix (Figure 4B). Facing the
nicotinamide ring of the cofactor, on the opposite side of the
active site, are the side chains of M178, W179, and H242 from
the partner monomer. At the back of the active site are V212
and L216 from the partner monomer and T123. Two features
of the active site which could explain the activity of the wild-
type IR77 with bulkier imines are the presence of T209 and
P241 at the back and front of the binding site as viewed in
Figure 4B, which replace much larger tryptophan and
methionine residues in IREDs that lack the ability to react
with bulkier substrates, such as AspRedAm,7 and wild-type IR-
G36.12 (Figure S7). The product 2-cyclohexylisoindoline 1h
was modeled into the active site of IR77 using Autodock Vina
(Figure 4B). Superimposition of the model with structures of
AspRedAm clearly showed clashes with W210 and M239 in
that enzyme with the cyclohexyl and aromatic rings of the
substrate.
Mutation of IR77. In an effort to identify mutational sites

that might improve the activity of IR77, the choice of first-
round mutations was informed by previous successful
engineering studies on IREDs that had improved activity. In
one notable example, researchers at GSK had successfully
engineered the IRED “IR46” from S. espanaensis for the
reductive amination of 3 with d (Scheme 2) using point site-
saturation mutagenesis and shown that some mutations, with
possible generic implications, which were more remote from
the substrate binding site, were useful for improving the
activity of the IRED for that process.13 These included Y142S
(IR77 A119), thought to introduce a hydrogen bond to the
pendant D194 (IR77 D171); L201F and V215I (IR77 M178
and C192), each thought to introduce favorable hydrophobic
interactions at the dimer interface; L37Q and V92K (IR77

Figure 4. (A) Structure of IR77 dimer with the backbone of subunits
A and B shown in blue and green, respectively; the locations of
residues selected for mutation are highlighted with blue spheres and
annotated; (B) detail of active site of IR77 with backbone and side
chain carbon atoms of subunits A and B shown in blue and green,
respectively. 2-Cyclohexylisoindoline 1h was modeled into the active
site using Autodock VINA.27

Figure 5. (A) Biotransformations of cyclohexanone 1 with pyrrolidine b using mutants of IR77; (B) biotransformations of cyclohexanone 1 with
octahydrocyclopenta(c)pyrrole i using point mutants of IR77.
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R12Q and S67K), thought to be involved in cofactor binding
or orientation and S258N, thought to have a role in interaction
with the substrate (IR77 S237). In addition, the previous paper
also identified mutation Q231F, which was thought to again
introduce favorable hydrophobic interactions at the dimer.
Superimposition of a structural model of IR46 suggested that
IR77 has alanine A208 in this position. Hence, we also mutated
A208 to serine to create hydrogen-bonding interactions in a
hydrophilic pocket containing T133, N156, and Q158 in the
partner monomer. Based upon this analysis, IR77 point
mutants R12Q, S67K, A119S, M178F, C192I, S237N, and
A208S, illustrated on the IR77 dimer shown in Figure 4A, were
chosen as starting points for a rational mutagenesis
investigation targeting an improved enzyme for the amination
of 1 with b, h, and i.
Point mutants were prepared by InFusion- (Takara Bio)-

based mutagenesis starting with PCR using primers listed in
Table S2. Mutations were confirmed by sequencing and IR77

muteins prepared and purified as for the wild-type (wt)
enzyme. In the first instance, the performance of mutants in
the reductive amination of 10 mM cyclohexanone 1 with 25
mM pyrrolidine b was assessed using GC analysis (Figure 5A).
These studies revealed that three of the mutants, A119S,

C192I, and A208S, clearly catalyzed the reaction at a rate faster
than the wt, reaching superior conversions of 74, 83, and 79%
compared to the wt (69%) after 4 h. By contrast, active site
mutant S237N was the slowest and resulted in the lowest
conversion after the same time. M178F, S67K, and R12Q also
displayed inferior activity to the wt. In an effort to characterize
the basis for the improved activity, A119S, C192I, and A208S
were subjected to kinetic analysis using cyclohexanone 1 as the
substrate at an invariant concentration of pyrrolidine b (Table
1). While the catalytic efficiency (kcat/Km) of the A119S and
C92I mutants was the same or only marginally higher
compared to wt-IR77, that of A208S was 2.85-fold and 2.95-
fold increased over the wt for cyclohexanone 1 and pyrrolidine

Figure 6. (A) Biotransformations with A208 SSM library of IR77. (B) Biotransformations with best four mutants from SSM library at a higher
substrate loading.
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b, respectively, attributable both to increases in kcat and to a
reduction in Km in both cases.
Mutants were also assayed with respect to the reductive

amination of 10 mM cyclohexanone 1 with 25 mM target
amines isoindoline h, and octahydrocyclopenta(c)pyrrole i. For
amine i, A119S, C192I, and A208S single mutants out-
performed wt-IR77 with respect to conversion reaching higher
conversions of 62, 69, and 64% within 6 h with
octahydrocyclopenta(c)pyrrole i compared to 56% for wt-
IR77 (Figure 5B). Isoindoline h proved to be an exceptional
amine partner with both the wt-IR77 and best mutants
reaching product conversions of >99% within 2 h (Figure
S6B). Indeed, at this concentration of h, it was not possible to
discriminate between the activities of variants for this amine
substrate.
The superior performance of the three point mutants

identified in the first round prompted us to create a further
library of double (A119S/A208S, A119S/C192I, and C192I/
A208S) and triple (A119S/C192I/A208S) mutants that
combined the beneficial mutations. Interestingly, the combi-
nation of mutations was, for most muteins, largely not additive;
indeed, the catalytic performance of most in the reductive
amination of cyclohexanone 1 with pyrrolidine b was inferior
to that of wt-IR77 or single-point mutants (Figure S6). The
triple mutant A119S/C192I/A208S was the poorest of the
combined mutants overall. However, in the case of A119S/
A208S, conversion after 1 h was slightly improved from 36%
(wt) to 41% (A119S) and 45% (A208S) to 52% (Figure S6D),
although kinetic analysis showed that the catalytic efficiency of
this double mutant was inferior to that of wt-IR77, with a kcat/
Km of 0.23 s

−1 mM−1.
Given the lack of improved activity in the combined

mutants, the site of mutation with the best catalytic efficiency,
A208S, was further examined using a site saturation muta-
genesis (SSM) library. Preliminary 30 min reactions with 1 and
b or h with all 19 point mutants filtered out those with the
lowest conversions, highlighting seven with conversions greater
than the wt-IR77 for further testing: A208N, A208D A208C,
A208H, A208F, A208K, and A208Y (Figure 6A). Reactions

with 80 mM 1 and 1.2 m.e. h permitted the identification of
four mutants (A208N, A208H, A208K, and A208F) with
superior conversion over 24 h compared to A208S. In order to
discriminate the performance of these mutants, substrate
loadings were increased to 150 mM cyclohexanone and 1.2
m.e. isoindoline. Although conversions plateaued after around
4 h due to the high substrate loadings, the best performance
was observed with A208N, reaching 30% conversion compared
to 22, 15, and 16% for A208H, A208K, and A208F,
respectively (Figure 6B).
The catalytic efficiency of A208N was evaluated with kinetic

measurements (Table 1 and Figure S5). A kcat of 0.50 s
−1 for

cyclohexanone 1, measured in the presence of pyrrolidine b,
was greater than that recorded for wt-IR77 (0.25 s−1) and
A208S (0.44 s−1) (Figure S5A). However, the Km of 26 mM
was greater than those recorded for wt-IR77 (16 mM) and
A208S (9.6 mM), leading to a catalytic efficiency only 1.24 fold
greater than the wild type and approximately half that of
A208S. For isoindoline h, the kcat recorded in the presence of
10 mM cyclohexanone was 0.28 s−1, in between those recorded
for wt-IR77 and A208S of 0.30 and 0.23 s−1, respectively
(Figure S5C). However, the Km of 0.94 mM was greater than
those recorded for wt-IR77 and A208S of 0.61 and 0.60 mM,
giving 60% of the catalytic efficiency of wt-IR77 in this case.
The lower catalytic efficiency of A208N over A208S is
compensated for by the greater stability observed by the
former. An increase in melting temperature (Tm), measured
using nano-DSF, of 8.2 °C was observed upon binding of
cofactor, over 2 °C greater than the difference observed with
wt-IR77 and 1 °C greater than A208S (Figure S8). This
improvement in stability is illustrated in the capability of IR77
A208N to withstand significantly greater substrate loadings
than either wt-IR77 or A208S.
Structure of IR77 A208N. To shed light on molecular

interactions that may affect the activity and stability of the
A208N mutant, its structures were also determined using X-ray
crystallography (PDB code 8A5Z). Crystals of IR77 A208N
were obtained in the P212121 space group with two molecules
in the asymmetric unit constituting one dimer. The dimer

Figure 7. Structure of IR77 A208N mutant (8A5Z) highlighting interdimer interactions established as a result of mutating position A208 to
asparagine (inset). Distances are given in Ångstroms.
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featured one more open active site and the other more closed,
and more resembling the conformation observed with those in
the wild-type structure. Following building and refinement of
the structure, electron density for the cofactor NADP+ was
again clearly visible within the active sites at each dimer
interface. Position A208N is observed at the interface of the C-
terminal helical domain of one monomer and the N-terminal
domain of its partner. Introduction of the mutation has
resulted in new H-bonding interactions between the N208 side
chain and those of T133 and N156 in the partner monomer
(Figure 7). Interestingly, Asn is also found in this position in
the IRED from Actinoalloteichus hymeniacidonis reported by
Gao and co-workers (PDB 7WNN),12 although in that
instance, there are no H-bonding side chains on the partner
monomer to form stabilizing interactions. However, the benefit
of engineering intersubunit interactions in IREDs for improved
stability and activity previously described12,13 is consolidated
by the structural data on IR77-A208N in conjunction with the
biotransformation experiments.
Preparative Reductive Aminations by IR77-A208N.

To assess the applicability of these reactions with the best
mutein, IR77 A208N, preparative scale reactions were
performed on approximately 100 mg scale in 20 mL buffer
with substrate loadings of 50 mM cyclohexanone and 1.2 m.e.
of benzylamine a, pyrrolidine b, and isoindoline h. Substrate
loadings were selected to maintain a balance between high
loadings and high product formation. Products were isolated
with good yields of 71, 62, and 93%, respectively, after flash
column purification, highlighting the potential synthetic
capability of IR77 A208N at higher concentrations of substrate.

■ CONCLUSION

In summary, we report the application of a wild-type IRED for
the reductive amination of ketones with bulky amines. IR77 is
an enzyme capable of tolerating high substrate loadings of up
to 150 mM and low ketone: amine equivalents of 1:1.2 with
cyclohexanone and isoindoline. We have provided further
evidence that bulky amines can be used as amine donors in
reductive amination reactions to give products with high yields,
but that some larger amines, with greater nucleophilicity in
water, may be processed in a different catalytic mode to that of
smaller amines, with ex situ imine formation and subsequent
enzyme-catalyzed reduction predominating in these cases. We
have also shown that mutations that target improved IRED
performance through the formation of new intermolecular
interactions can lead to mutants of superior process stability,
an approach that may be transferred to other IRED
engineering studies in the future.

■ EXPERIMENTAL SECTION

For full details of experimental procedures, see Supporting
Information.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acscatal.2c06066.

Cloning and expression of IR77 genes and protein
purification, mutagenesis of IR77, determination of
kinetic constants, biotransformations, preparative-scale
biotransformations, GC analysis, time courses of
biotransformations analysed using GC, synthesis of

standards and characterisation of reaction products,
syntheses of amine standards, NMR analysis of imine
formation in solution, structural alignment with
AspRedAm, autodock models, and nano DSF measure-
ments (PDF)

■ AUTHOR INFORMATION

Corresponding Author

Gideon Grogan − Department of Chemistry, University of
York, York YO10 5DD, U.K.; orcid.org/0000-0003-
1383-7056; Email: gideon.grogan@york.ac.uk

Authors

Amelia K. Gilio − Department of Chemistry, University of
York, York YO10 5DD, U.K.; orcid.org/0000-0003-
2834-035X

Thomas W. Thorpe − School of Chemistry, Manchester
Institute of Biotechnology, University of Manchester,
Manchester M1 7DN, U.K.

Alex Heyam − Department of Chemistry, University of York,
York YO10 5DD, U.K.; orcid.org/0000-0003-1569-5389

Mark R. Petchey − Department of Chemistry, University of
York, York YO10 5DD, U.K.

Balázs Pogrányi − Department of Chemistry, University of
York, York YO10 5DD, U.K.

Scott P. France − Pfizer Worldwide Research and
Development, Groton, Connecticut 06340, United States;
orcid.org/0000-0003-1679-6165

Roger M. Howard − Pfizer Worldwide Research and
Development, Groton, Connecticut 06340, United States;
orcid.org/0000-0001-5884-4896

Michael J. Karmilowicz − Pfizer Worldwide Research and
Development, Groton, Connecticut 06340, United States

Russell Lewis − Pfizer Worldwide Research and Development,
Groton, Connecticut 06340, United States; orcid.org/
0000-0002-5776-7347

Nicholas Turner − School of Chemistry, Manchester Institute
of Biotechnology, University of Manchester, Manchester M1
7DN, U.K.; orcid.org/0000-0002-8708-0781

Complete contact information is available at:
https://pubs.acs.org/10.1021/acscatal.2c06066

Notes

The authors declare the following competing financial
interest(s): Mark Petchey is currently a Postdoctoral
Researcher at AstraZeneca R&D Gothenburg.

■ ACKNOWLEDGMENTS

A.K.G. and T.W.T. were funded by studentships awarded by
Pfizer. M.R.P. and B.P. were funded by studentships from the
British Biotechnology and Biological Research Council
(BBSRC) and the industrial affiliates of the Centre of
Excellence for Biocatalysis, Biotransformation and Biocatalytic
Manufacture (CoEBio3), respectively. We thank Dr Johan P.
Turkenburg and Sam Hart for assistance with X-ray data
collection and the Diamond Light Source for access to
beamline I04 under proposal number MX18598-3.

■ REFERENCES

(1) Grogan, G.; Turner, N. J. InspIRED by Nature: NADPH-
Dependent Imine Reductases (IREDs) as Catalysts for the
Preparation of Chiral Amines. Chem.�Eur. J. 2016, 22, 1900−1907.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.2c06066
ACS Catal. 2023, 13, 1669−1677

1676

https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c06066/suppl_file/cs2c06066_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c06066/suppl_file/cs2c06066_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c06066?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c06066/suppl_file/cs2c06066_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gideon+Grogan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1383-7056
https://orcid.org/0000-0003-1383-7056
mailto:gideon.grogan@york.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amelia+K.+Gilio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2834-035X
https://orcid.org/0000-0003-2834-035X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thomas+W.+Thorpe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alex+Heyam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1569-5389
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mark+R.+Petchey"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bala%CC%81zs+Pogra%CC%81nyi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Scott+P.+France"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1679-6165
https://orcid.org/0000-0003-1679-6165
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roger+M.+Howard"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5884-4896
https://orcid.org/0000-0001-5884-4896
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+J.+Karmilowicz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Russell+Lewis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5776-7347
https://orcid.org/0000-0002-5776-7347
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicholas+Turner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8708-0781
https://pubs.acs.org/doi/10.1021/acscatal.2c06066?ref=pdf
https://doi.org/10.1002/chem.201503954
https://doi.org/10.1002/chem.201503954
https://doi.org/10.1002/chem.201503954
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.2c06066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(2) Mangas-Sanchez, J.; France, S. P.; Montgomery, S. L.; Aleku, G.
A.; Man, H.; Sharma, M.; Ramsden, J. I.; Grogan, G.; Turner, N. J.
Imine reductases (IREDs). Curr. Opin. Chem. Biol. 2017, 37, 19−25.
(3) Lenz, M.; Borlinghaus, N.; Weinmann, L.; Nestl, B. M. Recent
Advances in Imine Reductase-catalyzed Reactions. World J. Microbiol.
Biotechnol. 2017, 33, 199.
(4) Mitsukura, K.; Yoshida, T. Imine Reductases for Chiral Amine
Synthesis. In Future Directions in Biocatalysis; Matsuda, T., Ed., 2nd
ed.; Elsevier, 2017; pp 97−117.
(5) Marshall, J. R.; Yao, P.; Montgomery, S. L.; Finnigan, J. D.;
Thorpe, T. W.; Palmer, R. B.; Mangas-Sanchez, J.; Duncan, R. A. M.;
Heath, R. S.; Graham, K. M.; Cook, D. J.; Charnock, S. J.; Turner, N.
J. Screening and Characterization of a Diverse Panel of Metagenomic
Imine Reductases for Biocatalytic Reductive Amination. Nat. Chem.
2021, 13, 140−148.
(6) Gilio, A. K.; Thorpe, T. W.; Turner, N.; Grogan, G. Reductive
Aminations by Imine Reductases: from Milligrams to Tons. Chem. Sci.
2022, 13, 4697−4713.
(7) Aleku, G. A.; France, S. P.; Man, H.; Mangas-Sanchez, J.;
Montgomery, S. L.; Sharma, M.; Leipold, F.; Hussain, S.; Grogan, G.;
Turner, N. J. A Reductive Aminase from Aspergillus oryzae. Nat.
Chem. 2017, 9, 961−969.
(8) Sharma, M.; Mangas-Sanchez, J.; France, S. P.; Aleku, G. A.;
Montgomery, S. L.; Ramsden, J. I.; Turner, N. J.; Grogan, G. A
Mechanism for Reductive Amination Catalyzed by Fungal Reductive
Aminases. ACS Catal. 2018, 8, 11534−11541.
(9) Mangas-Sanchez, J.; Sharma, M.; Cosgrove, S.; Ramsden, J. I.;
Marshall, J. R.; Thorpe, T. W.; Palmer, R. B.; Grogan, G.; Turner, N.
J. Asymmetric Synthesis of Primary Amines Catalyzed by
Thermotolerant Fungal Reductive Aminases. Chem. Sci. 2020, 11,
5052−5057.
(10) Ramsden, J. I.; Heath, R. S.; Derrington, S. R.; Montgomery, S.
L.; Mangas-Sanchez, J.; Mulholland, K. R.; Turner, N. J. Biocatalytic
N-Alkylation of Amines Using either Primary Alcohols or Carboxylic
Acids via Reductive Aminase Cascades. J. Am. Chem. Soc. 2019, 141,
1201−1206.
(11) González-Martínez, D.; Cuetos, A.; Sharma, M.; García-Ramos,
M.; Lavandera, I.; Gotor-Fernández, V.; Grogan, G. Asymmetric
Synthesis of Primary and Secondary β-Fluoro-arylamines using
Reductive Aminases from Fungi. ChemCatChem 2020, 12, 2421−

2425.
(12) Zhang, J.; Liao, D.; Chen, R.; Zhu, F.; Ma, Y.; Gao, L.; Qu, G.;
Cui, C.; Sun, Z.; Lei, X.; Gao, S.-S. Tuning an Imine Reductase for the
Asymmetric Synthesis of Azacycloalkylamines by Concise Structure-
Guided Engineering. Angew. Chem., Int. Ed. 2022 , 61 ,
No. e202201908.
(13) Schober, M.; MacDermaid, C.; Ollis, A. A.; Chang, S.; Khan,
D.; Hosford, J.; Latham, J.; Ihnken, L. A. F.; Brown, M. J. B.; Fuerst,
D.; Sanganee, M. J.; Roiban, G.-D. Chiral Synthesis of LSD1 Inhibitor
GSK2879552 Enabled by Directed Evolution of an Imine Reductase.
Nat. Catal. 2019, 2, 909−915.
(14) Kumar, R.; Karmilowicz, M. J.; Burke, D.; Burns, M. P.; Clark,
L. A.; Connor, C. G.; Cordi, E.; Do, N. M.; Doyle, K. M.; Hoagland,
S.; Lewis, C. A.; Mangan, D.; Martinez, C. A.; McInturff, E. L.;
Meldrum, K.; Pearson, R.; Steflik, J.; Rane, J.; Weaver, J. Biocatalytic
Reductive Amination from Discovery to Commercial Manufacturing
Applied to Abrocitinib JAK1 Inhibitor. Nat. Catal. 2021, 4, 775−782.
(15) Huisman, G. W.; Liang, J.; Krebber, A. Practical Chiral Alcohol
Manufacture Using Ketoreductases. Curr. Opin. Chem. Biol. 2010, 14,
122−129.
(16) France, S. P.; Hussain, S.; Hill, A. M.; Hepworth, L. J.; Howard,
R. M.; Mulholland, K. R.; Flitsch, S. L.; Turner, N. J. One-Pot
Cascade Synthesis of Mono- and Disubstituted Piperidines and
Pyrrolidines using Carboxylic Acid Reductase (CAR), ω-Trans-
aminase (ω-TA), and Imine Reductase (IRED) Biocatalysts. ACS
Catal. 2016, 6, 3753−3759.
(17) France, S. P.; Howard, R. M.; Steflik, J.; Weise, N. J.; Mangas-
Sanchez, J.; Montgomery, S. L.; Crook, R.; Kumar, R. J.; Turner, N. J.
Identification of Novel Bacterial Members of the Imine Reductase

Enzyme Family that Perform Reductive Amination. ChemCatChem
2018, 10, 510−514.
(18) Roiban, G.-D.; Kern, M.; Liu, Z.; Hyslop, J.; Tey, P. L.; Levine,
M. S.; Jordan, L. S.; Brown, K. K.; Hadi, T.; Ihnken, L. A. F.; Brown,
M. J. F. Efficient Biocatalytic Reductive Aminations by Extending the
Imine Reductase Toolbox. ChemCatChem 2017, 9, 4475−4479.
(19) Atkin, K. E.; Reiss, R.; Turner, N. J.; Brzozowski, A. M.;
Grogan, G. Cloning, Expression, Purification, Crystallization and
Preliminary X-ray Diffraction Analysis of Variants of Monoamine
Oxidase from Aspergillus niger. Acta Crystallogr., Sect. F: Struct. Biol.
Cryst. Commun. 2008, 64, 182−185.
(20) Brotzel, F.; Chu, Y.-C.; Mayr, H. Nucleophilicities of Primary
and Secondary Amines in Water. J. Org. Chem. 2007, 72, 3679−3688.
(21) Rodríguez-Mata, M.; Frank, A.; Wells, E.; Leipold, F.; Turner,
N. J.; Hart, S.; Turkenburg, J. P.; Grogan, G. Structure and Activity of
NADPH-dependent Reductase Q1EQE0 from Streptomyces kana-
myceticus, which Catalyses the R-selective Reduction of an Imine
Substrate. ChemBioChem 2013, 14, 1372−1379.
(22) Huber, T.; Schneider, L.; Präg, A.; Gerhardt, S.; Einsle, O.;
Müller, M. Direct Reductive Amination of Ketones: Structure and
Activity of S-Selective Imine Reductases from Streptomyces. Chem-
CatChem 2014, 6, 2248−2252.
(23) Aleku, G. A.; Man, H.; France, S. P.; Leipold, F.; Hussain, S.;
Toca-Gonzalez, L.; Marchington, R.; Hart, S.; Turkenburg, J. P.;
Grogan, G.; Turner, N. J. Stereoselectivity and Structural Character-
ization of an Imine Reductase (IRED) from Amycolatopsis orientalis.
ACS Catal. 2016, 6, 3880−3889.
(24) Holm, L. DALI and the persistence of protein shape. Protein Sci.

2020, 29, 128−140.
(25) Stockinger, P.; Borlinghaus, N.; Sharma, M.; Aberle, B.;
Grogan, G.; Pleiss, J.; Nestl, B. M. Inverting the Steroselectivity of an
NADH-Dependent Imine-Reductase Variant. ChemCatChem 2021,
13, 5210−5215.
(26) Lenz, M.; Fademrecht, S.; Sharma, M.; Pleiss, J.; Grogan, G.;
Nestl, B. M. New imine-reducing enzymes from β-hydroxyacid
dehydrogenases by single amino acid substitutions. Protein Eng., Des.
Sel. 2018, 31, 109−120.
(27) Trott, O.; Olson, A. J. AutoDock Vina: improving the speed
and accuracy of docking with a new scoring function, efficient
optimization and multithreading. J. Comput. Chem. 2010, 31, 455−

461.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.2c06066
ACS Catal. 2023, 13, 1669−1677

1677

https://doi.org/10.1016/j.cbpa.2016.11.022
https://doi.org/10.1007/s11274-017-2365-8
https://doi.org/10.1007/s11274-017-2365-8
https://doi.org/10.1038/s41557-020-00606-w
https://doi.org/10.1038/s41557-020-00606-w
https://doi.org/10.1039/d2sc00124a
https://doi.org/10.1039/d2sc00124a
https://doi.org/10.1038/nchem.2782
https://doi.org/10.1021/acscatal.8b03491?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b03491?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b03491?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/d0sc02253e
https://doi.org/10.1039/d0sc02253e
https://doi.org/10.1021/jacs.8b11561?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b11561?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b11561?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cctc.201901999
https://doi.org/10.1002/cctc.201901999
https://doi.org/10.1002/cctc.201901999
https://doi.org/10.1002/anie.202201908
https://doi.org/10.1002/anie.202201908
https://doi.org/10.1002/anie.202201908
https://doi.org/10.1038/s41929-019-0341-4
https://doi.org/10.1038/s41929-019-0341-4
https://doi.org/10.1038/s41929-021-00671-5
https://doi.org/10.1038/s41929-021-00671-5
https://doi.org/10.1038/s41929-021-00671-5
https://doi.org/10.1016/j.cbpa.2009.12.003
https://doi.org/10.1016/j.cbpa.2009.12.003
https://doi.org/10.1021/acscatal.6b00855?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b00855?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b00855?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b00855?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cctc.201701408
https://doi.org/10.1002/cctc.201701408
https://doi.org/10.1002/cctc.201701379
https://doi.org/10.1002/cctc.201701379
https://doi.org/10.1107/s174430910800345x
https://doi.org/10.1107/s174430910800345x
https://doi.org/10.1107/s174430910800345x
https://doi.org/10.1021/jo062586z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo062586z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cbic.201300321
https://doi.org/10.1002/cbic.201300321
https://doi.org/10.1002/cbic.201300321
https://doi.org/10.1002/cbic.201300321
https://doi.org/10.1002/cctc.201402218
https://doi.org/10.1002/cctc.201402218
https://doi.org/10.1021/acscatal.6b00782?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b00782?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/pro.3749
https://doi.org/10.1002/cctc.202101057
https://doi.org/10.1002/cctc.202101057
https://doi.org/10.1093/protein/gzy006
https://doi.org/10.1093/protein/gzy006
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1002/jcc.21334
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.2c06066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

