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Multifunctional biocatalyst for conjugate 
reduction and reductive amination

Thomas W. Thorpe1, James R. Marshall1, Vanessa Harawa1, Rebecca E. Ruscoe1, 
Anibal Cuetos2, James D. Finnigan3, Antonio Angelastro1, Rachel S. Heath1, 
Fabio Parmeggiani1,6, Simon J. Charnock3, Roger M. Howard4, Rajesh Kumar4, 
David S. B. Daniels5, Gideon Grogan2 & Nicholas J. Turner1 ✉

Chiral amine diastereomers are ubiquitous in pharmaceuticals and agrochemicals1, 
yet their preparation often relies on low-efficiency multi-step synthesis2. These 
valuable compounds must be manufactured asymmetrically, as their biochemical 
properties can differ based on the chirality of the molecule. Herein we characterize a 
multifunctional biocatalyst for amine synthesis, which operates using a mechanism 
that is, to our knowledge, previously unreported. This enzyme (EneIRED), identified 
within a metagenomic imine reductase (IRED) collection3 and originating from an 
unclassified Pseudomonas species, possesses an unusual active site architecture that 
facilitates amine-activated conjugate alkene reduction followed by reductive 
amination. This enzyme can couple a broad selection of α,β-unsaturated carbonyls 
with amines for the efficient preparation of chiral amine diastereomers bearing up to 
three stereocentres. Mechanistic and structural studies have been carried out to 
delineate the order of individual steps catalysed by EneIRED, which have led to a 
proposal for the overall catalytic cycle. This work shows that the IRED family can serve 
as a platform for facilitating the discovery of further enzymatic activities for 
application in synthetic biology and organic synthesis.

Reductive amination (RA) is one of the most widely used and powerful 
methodologies in medicinal chemistry for the synthesis of high-value 
chiral amines1, enabling efficient formation of C–N bonds through the 
reductive coupling of carbonyls and amines2,4. The development of 
effective catalysts for asymmetric RA continues to be explored, includ-
ing those based on metallo-5,6, organo-7 and biocatalysis3,8–10. Further-
more, valuable amino-containing compounds often contain multiple 
stereogenic centres (Fig. 1a), although total control of their chirality 
is more challenging, resulting in less efficient multistep syntheses11 or 
more-complex tandem catalysis systems12,13. Although multi-enzyme 
systems are highly amenable to these biomimetic tandem processes 
(Fig. 1b), difficulties in their assembly arise from incompatibilities in 
their reaction medium and reaction rates, which can lead to by-product 
formation and intricate reaction set-up14. To address these issues and 
achieve the desired reaction metrics, substantial protein engineering 
is often required on each enzyme component15. Discovery of a single 
enzyme that can control multiple stereocentres through an RA-like 
process would be highly desirable and enable efficient synthesis of valu-
able amine diastereomers using a one-pot, one-catalyst system (Fig. 1c).

Nicotinamide-dependent enzymes are versatile biocatalysts for 
both asymmetric conjugate reduction (CR)16,17 and RA8,9,18,19. For RA, 
imine reductases (IREDs) have emerged as attractive catalysts because 
they possess broad substrate scope and can be engineered for indus-
trial application20,21. IREDs are characterized as chemoselective for 

the reduction of C=N bonds22–24, although under exceptional circum-
stances they can reduce C=O bonds of activated carbonyl species25. 
Furthermore, we recently demonstrated that IREDs could be combined 
with ene-reductases (EREDs) in a one-pot process to reduce both the 
C=C and C=N bonds of cyclic α,β-unsaturated imines (ene-imines)26. 
We speculated that if an IRED could catalyse both of these steps, in a 
similar fashion to recently reported biosynthetic oxidoreductases27,28, 
this biocatalyst could be applied to the CR–RA of α,β-unsaturated 
carbonyls and allow access to enantioenriched amine diastereomers 
(Fig. 1c).

In pursuit of this activity, we screened both reported8,24,29–31 and 
our recently established (meta)genomic IREDs3,32 for the complete 
reduction of cyclic ene-imine I to amine II (Fig. 1d and Supplementary 
Table 1). Among the 389 IREDs screened, we observed that 262 cata-
lysed reduction of I, with the majority behaving conventionally, that 
is, reducing the C=N bond only (206 enzymes, 53%). A smaller subset 
of IREDs were able to catalyse the reduction of both the C=C and C=N 
bonds of I to the diastereomerically enriched product II (44 enzymes, 
11%). Furthermore, in a complementary fashion, some IREDs reduced 
solely the C=C bond (12 enzymes, 3%). Mapping the reaction profiles 
against genetic sequence indicated localized sequence–activity cor-
relation only (Extended Data Fig. 1). One metagenomic enzyme, prob-
ably originating from an unclassified Pseudomonas species (EneIRED, 
Fig. 1d, see Supplementary Fig. 2 for predicted operon of EneIRED), 
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exhibited excellent full reduction of I to II, and hence this enzyme was 
selected for further study.

EneIRED was examined for the ability to catalyse CR–RA of cyclohex-
2-enone 1 with allylamine a, monitoring for potential reduced and 
coupled products 1a, 1′, 1′a including aza-conjugate addition. The 
reaction proceeded with high conversion, forming predominately 
CR–RA product 1′a and CR product 1′ without concomitant generation 
of direct RA product 1a. Optimization of the buffer type, pH, as well as 
co-solvent (Extended Data Fig. 2), increased the conversion to 1′a with 
1.1 equivalents (eq.) of allylamine (61%, Supplementary Table 2) and 
could be scaled up using 20 eq. of a yielding the hydrochloride salt in 
69% yield (Fig. 1e).

We explored the substrate scope of EneIRED using the optimized 
reaction conditions (Fig. 2, for a full list of substrates see Supplemen-
tary Fig. 4). EneIRED exhibited a broad substrate scope yielding CR and 
mono-RA products. Generally, unhindered enals and enones could be 
transformed with high chemoselectivity to the corresponding satu-
rated amines. This trend is observed by comparing the reaction profiles 
of increasingly hindered C2-substituted but-2-enals 3–5 or decreasingly 
hindered amine donors a–c with cinnamaldehyde 6.

Cyclic enones with various ring sizes were all accepted by EneIRED, 
with 6- and 5-membered, 1 and 10, affording good conversion to the 
corresponding saturated amine products 1′b or 10′b without direct 
RA products 1b or 10b. 2-, 3- and 4,4′-methyl substituted cycloalkyl-
2-enones 12–15 were also accepted by the enzyme, with 3-substituted 

12 and 15 offering high conversion, chemo- and stereoselectivity to the 
corresponding CR–RA products 12′b and 15′b. C-3-substitution of the 
cyclohex-2-enone scaffold 15–22 was generally well tolerated, offering 
excellent conversion, chemo-, enantio- and (trans)-diastereoselectivity 
to the corresponding N-substituted cyclohexylamines 15′b, 16′b, 
18′b and 20′b. Factors controlling stereochemistry at C-2 of the 
α,β-unsaturated carbonyl are discussed in Supplementary Informa-
tion section 9.2.

A broad selection of amine partners was explored using 
3-methyl-cyclohexenone 15 as substrate partner. Excellent conver-
sion, chemo-, enantio- and diastereoselectivities were observed for 
small linear primary amines a–c, e–h. Notably, functionalized products 
from amines a, e, g, h could be formed efficiently, as could the second-
ary amine pyrrolidine i.

We were also keen to see if CR–RA products with additional stereo-
centres could be synthesized. (R)- or (S)-3-fluoropyrrolidine j could be 
coupled efficiently with 3-methylcyclohexenone 15, affording (cis)-15′j 
with high chemo- and diastereoselectivity (see Supplementary Infor-
mation section 9 for details on the use of rac-j). Furthermore, CR–RA 
of cyclopropylamine b with racemic enone 23 demonstrated that the 
single catalyst could control three stereocentres on cyclohexylamine 
ring 23′b, offering excellent enantioselectivity as well as good chemo- 
and diastereoselectivity.

To assess the synthetic applicability of the EneIRED-catalysed CR–
RA, preparative-scale syntheses were performed using 15 partnered 
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with a, b or i, as well as 16 combined with b forming 15′a, 15’b, 15’i, 
and 16′b as the hydrochloride salts in 81%, 77%, 60% and 72% isolated 
yield respectively (Extended Data Fig. 3). The former example could be 
intensified to 50 mM enone 15 and 250 mM (5 eq.) amine b substrate 

loadings, affording 15′b in 64% isolated yield at a scale of 1.0 mmol 
(110 mg, total turnover number (TTN) = 640).

We next carried out mechanistic investigations to further character-
ize EneIRED and identify any intermediates formed during CR–RA. 
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EneIRED effectively catalysed the reaction using reduced nicotinamide 
adenine dinucleotide phosphate (NADPH) (2 eq.) only. Furthermore, 
in the absence of EneIRED or the nicotinamide cosubstrate regenera-
tion system, no reduction products could be detected (Extended Data 
Fig. 4a–c). Isotopic labelling experiments, using the in situ-generated 
deuterated nicotinamide cosubstrate from d-glucose-1-d1, yielded 
1,3-d2-15′b from 15 and b as the hydrochloride salt confirming hydride 
transfer occurs at C-1 and C-3 of the unsaturated carbonyl substrate 
(Fig. 3a, 75% isolated yield, 91% two-dimensional incorporation; see 
Supplementary Figs. 4, 5 for further details).

A time-course study is consistent with a stepwise CR–RA 
double-hydride transfer mechanism, in which, first, enone 15 under-
goes CR to an intermediate enantioenriched ketone (R)-15′, before RA 
of the intermediate to the final product (1R,3R)-15′b (Extended Data 
Fig. 5a). Importantly, no direct RA product 15b, a potential alternative 
intermediate, was observed during the time course, suggesting that the 
reaction proceeds via ketone 15′ only. Furthermore, although 15b was 
inert to redox activity with EneIRED and co-substrates, ketone (R)-15′ 
undergoes RA with b (Extended Data Fig. 4d, e), indicating 15′ as the 
sole reaction intermediate.

We were also keen to probe the enzyme–substrate complex formed 
during the CR step. Omitting any amine donor from the reaction 
yielded no product of either CR or RA (Fig. 3b), suggesting that the 
IRED-catalysed reaction explicitly requires the presence of an amine 
in the catalytic cycle. Furthermore, no activity was observed when 
combining either enone 15 with tertiary amine donor triethylamine k 
or unsaturated ester methyl cyclohex-1-ene-1-carboxylate and cyclo-
propylamine b, suggesting that EneIRED-catalysed CR probably occurs 
via an ene-imine-NAD(P)H-biocatalyst complex, reminiscent of organo-
catalytic CR systems33 that have recently been hosted in an artificial 
enzyme34. To the best of our knowledge this is the first example of an 
enzyme that achieves CR by this type of ene-imine intermediate.

The multiple activities of EneIRED prompted us to study its structure 
using X-ray crystallography. Crystals of EneIRED in complex with NADP+ 
were obtained in the P21 space group with two molecules in the asym-
metric unit, forming the now-familiar domain-swapping dimeric fold 
observed in the IRED family8,35 (Fig. 3c). A comparison of the monomer 
structure with others in the Protein DataBank using the DALI server36 
revealed that the closest existing IRED structures in the database were 
those from Streptosporangium roseum (PDB code 5OCM, 30% seq id, 
r.m.s. deviation 1.6 Å over 286 Ca atoms)37, Aspergillus oryzae (5G6S, 
30%, 1.6 Å)8 and Stackebrandtia nassauensis (6JIT, 30%, 2.0 Å). The most 
striking differences compared to other IREDs that have structures in 
the database were observed in the active site (Fig. 3f; see Extended Data 
Fig. 6 for electron density).

EneIRED possesses a tyrosine residue, Y177, at the top of the ceiling 
of the active site as drawn, in common with other IREDs, such as those 
from Streptomyces sp. GF3546 (4OQY)38, Bacillus cereus (4D3F)39, and 
Nocardopsis halophila (4D3S)38, which have been shown to display 
(S)-stereoselectivity for the reduction of model imine compound 
2-methyl pyrroline. In common with those enzymes, Y177 forms a 
hydrogen bond with the hydroxyl group of a side chain, in this case 
threonine T101, which in turn H-bonds to the 2′-hydroxyl of the ribose 
in NADP+. However, EneIRED also possesses an additional tyrosine resi-
due Y181 that also points into the active site towards the cosubstrate 
binding cleft, which is a hydrophobic leucine in both 5OCM and 6JIT. 
The active site also features a number of cyclic and hydrophobic amino 
acid side chains F185, Y269, H245 and A240 with Y129 at the rear and 
V244 at the front, which form a closed cavity that has been previously 
observed to be suitable for binding, especially of planar cyclic imines 
in IRED structures8,40.

We explored the role of Y177 and Y181 in CR–RA through the creation 
of point variants of EneIRED. Point mutation of Y181 (EneIRED-Y181A/
L/F) gave mutants that exhibited lower stereoselectivity for CR–RA 
of 15 with b correspondent with the volume of the residue (Fig. 3e), 
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suggesting that this position is important in providing a steric constraint 
for controlling the face for hydride delivery in both CR and RA steps. 
Both EneIRED-Y181A and the point mutation of Y177, EneIRED-Y177A, 
exhibited considerable reduction in the rate of CR–RA compared to 
the wild type, that is, a lower rate of the consumption of 15 and accu-
mulation of 15′b (Extended Data Fig. 5b, c). Interestingly, for Y177A, 
only low levels of ketone (<5%) were observed during the course of the 
reaction, suggesting that this residue is important for CR and not RA.

A model of the enzyme active site in complex with the ene-imine 
formed by condensation of 15 with b was constructed using AutoDock 
Vina41 (Fig. 3f). In the top pose, the model suggests that the closest 
atom to the C-4 of the pyridinium ring of the cosubstrate, suitable for 
acceptance of a hydride, is the prochiral carbon atom of the C=C bond. 
Delivery of a hydride to this atom as shown in the model would give the 
experimentally observed (R)-configuration at this centre.

On the basis of our structural and mechanistic investigation, the 
following dual EneIRED catalytic cycle is proposed for productive 
CR–RA (Fig. 4a). First, the nicotinamide cosubstrate and conden-
sation product of α,β-unsaturated carbonyl V and amine form an 
active-site ene-imine-NAD(P)H-EneIRED complex VI. Where sub-
strate orientation kinetically favours the C-3 of the ene-imine orien-
tated toward the nicotinamide hydride, CR yields the stereoenriched 
1-enamine-NAD(P)+-EneIRED complex VII. Following this, the oxidized 
cosubstrate and prochiral 1-enamine are expelled from the enzyme, 
with the latter being hydrolysed in solution to form the stereoenriched 

carbonyl VIII. A further NAD(P)H cosubstrate binds to the enzyme 
together with the condensation product of the previously released car-
bonyl VIII and amine to form complex IX which undergoes the expected 
IRED-catalysed RA9, yielding the stereoenriched final product X.

Finally, we sought to further extend the enzyme catalysed CR–RA 
by employing a conjugated dienyl-ketone. Whereas 24 was suscepti-
ble to aza-conjugate addition, EneIRED-catalysed four-electron and 
six-electron CR–RA of α,β,γ,δ-unsaturated enone 24 in combination 
with cyclopropylamine b, affording 24′b and (trans)-24″b=16′b respec-
tively (Fig. 4b). Interestingly, six-electron CR–RA product 24″b=16′b 
possessed analogous diastereoselectivity and enantioselectivity to the 
CR–RA of the corresponding ethyl-substituted α,β-unsaturated enone 
16, suggesting that reduction of 24 proceeds by a similar pathway to 
that of 16. This experiment suggests that EneIRED could be used to 
establish additional stereogenic centres during the CR–RA process.

In summary, we report the characterization of a multifunctional bio-
catalyst (EneIRED) that is able to catalyse CR as well as imine reduction 
and RA. EneIRED possesses broad substrate scope, enabling the stere-
oselective preparation of valuable amine diastereomers in a one-pot, 
one-catalyst reaction starting from simple prochiral starting materi-
als. Mechanistic and structural studies reveal a multi-step process in 
which EneIRED first catalyses amine-activated CR of α,β-unsaturated 
carbonyl via an ene-imine-NAD(P)H-enzyme complex that is, to our 
knowledge, previously undescribed. We envisage that refinement of the 
biocatalyst though enzyme engineering will reduce the amine loading 
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for expedient CR–RA as well as expand the substrate scope. This reac-
tion further expands the repertoire of IREDs and emphasizes their 
importance in the synthesis of stereochemically defined chiral amines.
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Methods

Cloning, expression and protein purification
The codon-optimized EneIRED gene sequence (TWIST Biosciences, US, 
GenBank accession number MW854365) was cloned into pET-28a-(+) 
(Supplementary Fig. 1) and used to transform chemically compe-
tent E. coli BL21 (DE3). Point variants of EneIRED were created by 
site-directed mutagenesis using appropriate primers, see Supple-
mentary Information sections 1.5, 2.2. Cultivation was performed in 
400 ml Terrific Broth (TB) media (Formedium, UK) supplemented 
with 35 μg ml−1 kanamycin in 2-l Erlenmeyer baffled flasks. Cultures 
were incubated at 37 °C and shaken at 200 rpm until an optical density 
(OD600nm) of 0.6–0.8, before gene expression was induced with iso-
propyl β-d-1-thiogalactopyranoside (IPTG) at a final concentration of 
100 μM. Incubation was continued at 23 °C and 200 rpm for 25 h before 
harvesting the biomass using centrifugation. Disruption of the cells 
using sonication in an ice bath, then clarification by centrifugation 
and lyophilization afforded powdered EneIRED cell-free extract (CFE). 
To obtain purified enzyme, EneIRED CFE was resuspended, clarified 
by centrifugation and immobilized metal affinity chromatography 
(IMAC) was performed. Further purification of the protein for crys-
tallography and control and mechanistic experiments was realized 
using gel filtration (GF) chromatography. For further details see Sup-
plementary Information.

Biotransformations
Typical procedure for EneIRED-catalysed CR–RA: A 200 μl reaction 
mixture consisting of 10 mM α,β-unsaturated carbonyl, 200 mM amine, 
0.2 mol% EneIRED, 0.1 mg ml−1 glucose dehydrogenase (GDH), 5.0 mol% 
NADP+, 30 mM glucose, 15% v/v DMSO, 100 mM glycine-NaOH buffer 
pH 9.0 were shaken at 900 rpm in 96-well microtiter plate at 30 °C for 
18 h before being quenched with 5.0 M NaOH (aq., 20 μl) and extracted 
into heptane, dichloromethane or CDCl3 (2 × 200 μl). The organic frac-
tions were combined and analysed by gas chromatography–mass 
spectrometry (GC–MS) before being derivatized and analysed by gas 
chromatography–flame-ionization detection (GC–FID) over a chiral 
stationary phase or 1H NMR. CR–RA reactions were undertaken in 2–5 
replicates and could also be performed using EneIRED CFE (4 mg ml−1) 
affording comparable results.

Screening the panel of IREDs was undertaken at 100 μl total reaction 
volume consisting of 5 mM of ene-imine I, 12.5 mg ml−1 IRED, 0.1 mg ml−1 
GDH, 1.0 mol% NADP+, 50 mM glucose in 100 mM KPi buffer pH 7.0 were 
shaken at 900 rpm in 384-well microtiter plate at 30 °C for 24 h before 
being quenched with 5.0 M NaOH (aq., 10 μl), extracted into heptane 
(2 × 100 μl) and analysed by GC–MS. The product distributions were 
mapped to the phylogenetic IRED tree (Extended Data Fig. 1) created 
using the Interactive Tree of Life (iTOL)42.

Time-course reactions were undertaken at 5 mM α,β-unsaturated 
carbonyl, 200 mM amine, 0.4 mol% EneIRED or EneIRED point vari-
ants, 0.1 mg ml−1 GDH, 10 mol% NADP+, 30 mM glucose, 15% v/v DMSO, 
100 mM glycine-NaOH buffer pH 9.0 and were shaken at 250 rpm in a 
2-ml Eppendorf at 30 °C. At each time point, 100 μl of the reaction was 
removed and basified with 5.0 M NaOH (aq., 10 μl) before extraction 
into heptane (2 × 200 μl) and analysis by GC–MS.

Preparative scale reactions were undertaken at 10 or 50 mM 
α,β-unsaturated carbonyl with 200–250 mM amine, 0.2 or 0.1 mol% 
EneIRED, 0.1 mg ml−1 GDH, 1.0 mol% NADP+, 30 or 150 mM glucose, 
15% v/v DMSO, 100 mM glycine-NaOH buffer pH 9.0 at a volume of 
30 ml or 50 ml and were shaken at 200 rpm in falcon tubes at 25 °C 
for 24 h before being quenched with 5.0 M NaOH (aq., 0.1 × reaction 
volume), clarified by centrifugation and extracted into MTBE (3 × 
reaction volume). The organic fractions were combined, dried with 
MgSO4 and concentrated under reduced pressure to remove excess 
amine substrate before acidification with 2.0 M HCl (dioxane, 2 eq.) and 
concentration in vacuo to yield the amine-HCl salt, which was analysed 

by NMR and GC–FID over a chiral stationary phase. For further details 
see Supplementary Information.

Protein crystallography data collection, structure solution and 
refinement
Initial screening of crystallization conditions was performed using 
commercially available INDEX (Hampton Research), PACT premier 
and CSSI/II (Molecular Dimensions) screens in 96-well sitting drop 
trays. Optimization was carried out in a 24-well hanging-drop format 
to obtain crystals for X-ray diffraction studies. For co-crystallization 
experiments, a 200 mM stock solution of cosubstrate NADP+ in wate 
was prepared.

Crystals of the wt-EneIRED-NADP+ complex were grown using 
wt-EneIRED concentrated to 35 mg ml−1 in 50 mM Tris buffer pH 7.5 
containing 300 mM NaCl. The crystallization drop contained 0.15 μl 
protein: 0.15 μl mother liquor, comprising 100 mM Tris buffer pH 6.5, 
25% (w/v) PEG (polyethylene glycol) 3350, and 5.0 mM NADP+. Crystals 
were harvested directly into liquid nitrogen with nylon CryoLoops 
(Hampton Research), using the mother liquor containing 10% (v/v) 
ethylene glycol as cryoprotectant.

The dataset described in this report was collected at the Diamond 
Light Source, Didcot, Oxfordshire, UK on beamline I03, at a temper-
ature of 120 K and a wavelength of 0.97625 Å. Data were processed 
and integrated using XDS43 and scaled using SCALA44 included in the 
Xia2 processing system45. Data collection statistics are provided in 
(Extended Data Table 1). The crystal of EneIRED-NADP+ was obtained in 
space group P21, with two molecules in the asymmetric unit; the solvent 
content in the crystals was 42%. The structure of the EneIRED-NADP+ was 
solved by molecular replacement using MOLREP46 with the monomer of 
AtRedAm (PDB code 6EOD)47 as the model. The structure was built and 
refined using iterative cycles in Coot48 and REFMAC49, using local NCS 
restraints in the refinement cycles. Following building and refinement 
of the protein and water molecules in this complex, residual density 
was observed in the omit maps at the dimer interfaces, which could 
be clearly modelled as NADP+. The final structures exhibited percent-
age crystallographic R-factor, Rcryst, and free R-factor, Rfree, values of 
19.0 and 23.0. Refinement statistics for the structures are presented in 
(Extended Data Table 1). The Ramachandran plot for EneIRED-NADP+ 
showed 96.5% of residues to be situated in the most favoured regions, 
3.0% in additional allowed and 0.5% residues in outlier regions. The 
structure has been deposited in the Protein Databank (PDB) with acces-
sion number 7A3W

Data availability
The data supporting the findings of this study are available within the 
paper and its Supplementary Information, and NMR traces are avail-
able from the Mendeley data repository (https://data.mendeley.com) 
at https://doi.org/10.17632/fhc429t33c.1. Sequence data have been 
deposited in Genbank (accession numbers MW854365, MW925135–
MW925140) and the coordinate files and structure factors have been 
deposited in the PDB with accession number 7A3W.
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Extended Data Fig. 1 | Phylogenetic IRED tree mapped against the reaction 
profiles of IRED-catalysed reduction of ene-imine I. Although the majority 
of the IREDs catalysed conventional imine reduction only, a small number were 

able to reduce both C=C and C=N bonds. Of these, EneIRED (pIR-120) possessed 
the highest propensity to forming the desired amine II.



Extended Data Fig. 2 | Optimization of EneIRED-catalysed CR–RA reaction 
conditions. Conversion to the products of CR and CR–RA were elevated in 
glycine-OH pH 9.0, at moderate DMSO cosolvent concentration and at higher 

equivalents of amine donor. Formation of the direct RA product was not 
observed under any conditions.
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Extended Data Fig. 3 | Scaled-up examples of EneIRED-catalysed CR–RA. Several secondary and tertiary amines could be prepared including an example at 
elevated enone concentration and lower amine equivalents.



Extended Data Fig. 4 | Control reactions and isolated reactions of potential 
CR–RA pathway intermediates in EneIRED-catalysed CR–RA. a, EneIRED 
CR–RA of 15 and b with NADPH. b, No enzyme control reaction. c, No recycling 
system control reaction. d, Reactions of potential CR–RA intermediate  

15b with NADP+ or NADPH. e, Reaction of potential CR–RA intermediate 15′ 
with b using EneIRED. f, No amine control reactions with EneIRED point 
variants.
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Extended Data Fig. 5 | Time-course studies of the CR–RA of 15 with b 
catalysed by wild-type EneIRED and point variants. Both EneIRED-Y177A and 
EneIRED-Y181A exhibited a reduction in the rate of CR and CR–RA product 
formation compared to wild-type EneIRED, indicating that both residues are 

important for efficient catalysis. Notably, for EneIRED-Y177A the concentration 
of the ketone intermediate was comparatively low throughout the reaction, 
suggesting that Y177 is more important for CR than RA.



Extended Data Fig. 6 | Active site of EneIRED highlighting electron density. 
a, Side chains, with density corresponding to the refined 2Fo − Fc map (blue) at a 
level of 1σ. b, NADP+, with density corresponding to the Fo − Fc difference map 

(green) at a level of 3σ obtained from refinement in the absence of the ligand, 
with refined atoms included for clarity. Fo and Fc stand for the observed and 
calculated structure factor amplitudes, respectively.
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Extended Data Table 1 | Data collection and refinement statistics (molecular replacement)  
for EneIRED in complex with NADP+

One crystal was used to obtain this dataset. The values in parentheses are for the highest-resolution shell.
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