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A B S T R A C T

Three artificial imine reductases, constructed via supramolecular anchoring utilising FeIII-azotochelin, a natural
siderophore, to bind an iridium-containing catalyst to periplasmic siderophore-binding protein (PBP) scaffolds,
have previously been synthesised and subjected to catalytic testing. Despite exhibiting high homology and
possessing conserved siderophore anchor coordinating residues, the three artificial metalloenzymes (ArMs)
displayed significant variability in turnover frequencies (TOFs). To further understand the catalytic properties of
these ArMs, their kinetic behaviour was evaluated with respect to the reduction of three cyclic imines: dihy-
droisoquinoline, harmaline, and papaverine. Kinetic analyses revealed that all examined ArMs adhere to
Michaelis-Menten kinetics, with the most pronounced saturation profile observed for the substrate harmaline.
Additionally, molecular docking studies suggested varied hydrogen-bonding interactions between substrates and
residues within the artificial binding pocket. Pi-stacking and pi-cation interactions were identified for harmaline
and papaverine, corroborating the higher affinity of these substrates for the ArMs in comparison to dihy-
droisoquinoline. Furthermore, it was demonstrated that multiple cavities are capable of accommodating sub-
strates in close proximity to the catalytic centre, thereby rationalising the moderate enantioselectivity conferred
by the unmodified scaffolds.

1. Introduction

Artificial metalloenzyme (ArM) development represents a versatile
strategy that merges the benefits of protein scaffolds with tailor-made
synthetic catalysts [1–7]. The effectiveness of a metalloenzyme's cata-
lytic function depends on both the immediate coordination environment
of the metal ion and the protein framework enveloping it [1,8]. By
integrating non-natural metal centres or cofactors into native protein
structures, researchers aim to create artificial metalloenzymes capable
of emulating the functionalities of natural metalloenzymes. Notably,
protein scaffolds can not only enhance the solvent tolerance of inorganic
catalysts via the secondary coordination sphere [4,9], but also improve
(enantio)selectivity by directing the substrate orientation within engi-
neered binding sites [1,5].

Our research group devised an ArM using a supramolecular
anchoring strategy [2]. An iron-siderophore anchor (FeIII-azotochelin)

was utilised to bind an iridium-containing catalyst as abiological
cofactor, [FeIII(1)Cp*IrIII], Fig. 1a. The siderophore-anchored cofactor
exhibited nanomolar affinity for a periplasmic binding protein from
Campylobacter jejuni, CjCeuE. The crystal structure of the resulting
artificial metalloenzyme [FeIII(1)Cp*IrIII] ⊂ CjCeuE (PDB: 5DO5_1) is
shown in Fig. 1b. This ArM displayed imine reductase activity towards a
model substrate, 6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline (2,
referred to as dihydroisoquinoline), Fig. 1c, achieving around 33%
enantiomeric excess (e.e.) without any scaffold optimisation, however,
only a low turnover frequency (TOF) of 0.30 min−1 was obtained.
Subsequently, we identified two potential homologues of CjCeuE from
thermophilic organisms, Geobacillus stearothermophilus, GstCeuE, and
Parageobacillus thermoglucosidasius, PthCeuE, [10] which enabled the
development of the ArMs [FeIII(1)Cp*IrIII] ⊂ GstCeuE and [FeIII(1)
Cp*IrIII] ⊂ PthCeuE. These ArMs exhibited improved TOFs of around
1.71 min−1 [3], albeit with slightly reduced e.e. for the

* Corresponding author.
E-mail address: anne.duhme-klair@york.ac.uk (A.-K. Duhme-Klair).

Contents lists available at ScienceDirect

Journal of Inorganic Biochemistry
journal homepage: www.elsevier.com/locate/jinorgbio

https://doi.org/10.1016/j.jinorgbio.2024.112691
Received 10 June 2024; Received in revised form 29 July 2024; Accepted 4 August 2024

mailto:anne.duhme-klair@york.ac.uk
www.sciencedirect.com/science/journal/01620134
https://www.elsevier.com/locate/jinorgbio
https://doi.org/10.1016/j.jinorgbio.2024.112691
https://doi.org/10.1016/j.jinorgbio.2024.112691


Journal of Inorganic Biochemistry 260 (2024) 112691

2

dihydroisoquinoline model substrate (29 and 24%, respectively). Both
homologues have conserved anchor-binding residues and exhibit very
similar folded structures (Fig. 1b).

Whilst the crystal structures ofGstCeuE and PthCeuE with the bound
azotochelin anchor could be determined, crystallising the respective
ArMs proved challenging and was unsuccessful. Comparing the struc-
tures of the artificial imine reductase [FeIII(1)Cp*IrIII] ⊂ CjCeuE with
those of FeIII-azotochelin⊂GstCeuE (PDB: 8bax) and FeIII-azotoche-
lin⊂PthCeuE (PDB: 8bf6) revealed a similar position of the anchor
moiety among the three structures (Fig. 1b, insert). However, these
findings did not shed light on the exact position and orientation of the
catalytic moiety. Computational approaches could aid in predicting
favourable positions of the cofactor, although molecular modelling of
ArMs presents challenges due to their multiple components: protein
scaffold, cofactor, substrates, and interactions between metal species
and proteins [5].

Having established the catalytic activity of the three ArMs, we were
interested in investigating whether these ArMs exhibit kinetics akin to
natural enzymes. Whilst ArMs have previously been reported to display
enzyme-like kinetics (Michaelis-Menten saturation) [1,7,11,12], some
studies have indicated deviations, with certain ArMs failing to demon-
strate conventional saturation kinetics [12–14]. To gain further struc-
tural and kinetic insights that could aid in enhancing ArM selectivity, we
selected two additional cyclic imines as model substrates for our kinetic
studies: 1-methyl-7-methoxy-3,4-dihydro-beta-carboline (4, referred to
as harmaline, Fig. 1d), previously tested utilising immobilised [FeIII(1)
Cp*IrIII] ⊂ GstCeuE [3,15], and 1-[(3,4-dimethoxyphenyl)methyl]-3,4-
dihydro-6,7-dimethoxyisoquinoline (6, referred to as papaverine,
Fig. 1e), both were tested in parallel with 2. Additionally, molecular
docking studies were performed to model substrate binding to the cat-
alytic site of these enzymes.

2. Results and discussion

2.1. Substrate specificity

To survey the substrate specificity of the artificial imine reductases
described herein, they were challenged with a selection of model sub-
strates. Two cyclic imines (4 and 6) with structures that differ signifi-
cantly from that of substrate 2, were chosen. The dihydro-beta-carboline
derivative 4, is slightly larger than 2 and lacks one of the OMe-based
hydrogen bond acceptors whilst containing an additional hydrogen
bond donor (NH). Substrate 6 on the other hand, is a sterically more
demanding derivative of 2 that contains two additional OMe-based
hydrogen-bond acceptors. Reaction rates were monitored by following
the decrease in the intensity of the imine absorption band at 375 nm for
4 and at 350 nm for both 2 and 6 [3]. Reactions performed with 50 mM
concentrations of 2 were previously reported [2,3] and the results are
presented in Table 1, entries 1–3, for reference. Due to the lower solu-
bility of 4 and 6 in the catalytic buffer, the reaction conditions had to be
slightly adjusted, and a substrate concentration of 10 mM was used
instead. Additionally, the pH of the buffer was increased from 6 to 7.
Control experiments using a 10 mM concentration of 2 at pH 7 were
therefore performed, using both unbound catalyst [FeIII(1)Cp*IrIII] and
the [FeIII(1)Cp*IrIII] ⊂ GstCeuE ArM for comparison (Table 1, entries 4
and 5). The change in reaction conditions caused a decrease in TOF from
1.71 min−1 to 1.10 min−1 and a decrease in the e.e. from 29 to 12% for
[FeIII(1)Cp*IrIII] ⊂ GstCeuE (Table 1, entries 2 and 4). All further tests
were run at 10 mM substrate and pH 7 to facilitate comparison.

[FeIII(1)Cp*IrIII], [FeIII(1)Cp*IrIII] ⊂ CjCeuE, [FeIII(1)Cp*IrIII] ⊂

GstCeuE and [FeIII(1)Cp*IrIII] ⊂ PthCeuE displayed similar trends for the
reduction of 2, 4 and 6 (Table 1). As expected, racemic amine products
were obtained with unbound catalyst cofactor [FeIII(1)Cp*IrIII]. Inter-
estingly, faster reaction rates were achieved with the more thermostable
homologues [FeIII(1)Cp*IrIII] ⊂ GstCeuE and [FeIII(1)Cp*IrIII] ⊂

PthCeuE if compared to [FeIII(1)Cp*IrIII] ⊂ CjCeuE. Unexpectedly, the
sterically-demanding 4-ethyl-1,2-dimethoxybenzene moiety in 6 did not

Fig. 1. Representation of cofactor and ArM or scaffolds/anchor crystal structures. a) Catalytic cofactor: specific coloration to denote different components: iridium
(red), iron (orange), azotochelin moiety (purple), pyridinesulfonamide moiety (cyan) with coordinating nitrogens (blue), and Cp* (yellow). b) Visualisation of
[FeIII(1)Cp*IrIII] ⊂ CjCeuE ArM (wheat) aligned with FeIII-azotochelin⊂GstCeuE (pale green) and FeIII-azotochelin⊂PthCeuE (light blue) in PyMol. Ligands are
depicted as sticks and coloured according to the scheme in part a. See insert for details of ligands alignment (rotation: 180◦). c) Molecular structure of imine
substrates and their respective reduction products (chiral amines). Imines: dihydroisoquinoline (2), harmaline (4) and papaverine (6); Amines: (R)/(S)-salsolidine
(3), (R)/(S)-tetrahydroharmine (5) and (R)/(S)-tetrahydropapaverine (7). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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induce significant changes in the enantioselectivity achieved by the
three artificial imine reductases when compared with substrates 2 and 4.
The e.e. values achieved in the reduction of substrates 2, 4 and 6 by
[FeIII(1)Cp*IrIII] ⊂ GstCeuE differ significantly, with the formation of
(R)-3, (R)-5 and (R)-7 proceeding with e.e. values of 12, 31 and 28%,
respectively (Table 1, entries 5, 8 and 12). Although only relatively
subtle, the changes in both reactivity and selectivity observed with the
different substrates highlight the benefits of introducing a protein
scaffold that imparts a second-sphere coordination environment to an
inorganic cofactor [16–18], and enables substrate interactions that
resemble those found in the binding pockets of natural enzymes. We
have previously reported that a histidine residue (His227), which co-
ordinates to the iridium centre in [FeIII(1)Cp*IrIII] ⊂ CjCeuE, plays a key
role in conferring enantioselectivity, albeit at the cost of the TOF [2] and
note that this histidine residue is conserved in both GstCeuE and
PthCeuE [3,10]. The replacement of histidine with alanine resulted in a
[FeIII(3)Cp*IrIII] ⊂ CjH227A variant with negligible enantioselectivity

and significantly higher TOF [2]. Therefore, we anticipate that an in-
depth understanding of the structure and dynamics of these ArMs will
be crucial for their optimisation.

2.2. Michaelis-Menten kinetics for substrates 2, 4 and 6

Michaelis-Menten kinetic investigations provided valuable insights
into the interactions between the artificial imine reductases studied
herein and imines 2, 4 and 6, culminating in the formation of the
respective (R)/(S)-amines (Fig. 2, Table 2). The kinetic measurements
were carried out in 96-well plates, which required concentrations to be
lowered (3 μM ArM, <0.6 mM substrate) to accelerate data collection
whilst keeping the UV/vis absorbance used to follow reaction progress
within a quantifiable range.

Saturation curves were obtained for each ArM/substrate pair (Fig. 2),
confirming that the artificial imine reductases show Michaelis-Menten-
type behaviour and that there are significant interactions between the
protein binding pockets and the chosen substrates. A negative control
experiment with [FeIII(1)Cp*IrIII] was conducted, and as expected
typical Michaelis-Menten-type behaviour was not observed (Fig. S1).

The analysis of the Km values obtained revealed a consistent trend
among the three artificial imine reductases, with the highest affinity
observed for substrate 4, followed by 6 and then 2. This observation
suggests that the additional NH group provided by the dihydro-beta-
carboline derivative 4 (harmaline) donates a hydrogen bond that con-
tributes significantly to the binding of this substrate, which is expected
considering the influence of non-covalent interactions in the specificity
and stereoselectivity of natural and artificial metalloenzymes [19–21].
Substrate 6 contains two additional OMe-based hydrogen-bond accep-
tors that also gave rise to an enhanced binding affinity. It is worth noting
that the kcat values obtained with the CjCeuE- GstCeuE- and PthCeuE-
based ArMs (Table 2) are more similar than the corresponding
concentration-dependent TOFs (Table 1), which suggests that the
CjCeuE-based ArM performs comparatively better in dilute solutions, as
used in the Michaelis Menten kinetic studies. In this context, it is
important to highlight a number of extra challenges in our system: the
potential dissociation of the artificial cofactor [FeIII(1)Cp*IrIII] from the
protein, catalyst decomposition due to iridium dissociation from ligand
1 and the inability to monitor the binding status in real time.

The ArM concentrations used were more than two orders of magni-
tude above the dissociation constants of their respective siderophore-
based anchoring units (23, 9 and 18 nM for the CjCeuE-, GstCeuE- and
PthCeuE-ArMs, respectively [3]), and hence inflated catalytic rates
caused by significant amounts of dissociated catalytic cofactor are un-
likely. Since the free artificial cofactor gives rise to high TOFs, but does
not exhibit Michaelis-Menten-type behaviour (Fig. S1), the saturation
curves obtained with the three ArMs (Fig. 2) support this assertion.

It is conceivable, however, that upon dilution some of the iridium
dissociates from ligand 1, and that the fractional iridium occupancy
remains most favourable in case of the CjCeuE-ArM, potentially due to
the dual iridium anchoring via 1 and His227 coordination, which was
observed in the crystal structure of [FeIII(1)Cp*IrIII] ⊂ CjCeuE. Inter-
estingly, the conversion of the lower-affinity substrates 2 and 6 is more
affected than that of the more strongly bound 4, which may point to-
wards stabilising interactions of 4 with both the Ir-catalyst and the
respective protein binding pockets of the Gst- and Pth-ArMs. Since the
crystal structures of the latter have not yet been determined, future in-
vestigations will be aimed at exploring this dual anchoring hypothesis
further.

The catalytic efficiencies (kcat/Km) for substrates 2 and 6 were also
similar across the three artificial imine reductases, except for [FeIII(1)
Cp*IrIII] ⊂ PthCeuE, which displayed a slightly lower efficiency. [FeIII(1)
Cp*IrIII] ⊂ GstCeuE exhibited the highest affinity for substrate 4 and the
most favourable overall catalytic efficiency for the formation of (R)/(S)-
5. Whilst this catalytic efficiency approaches that of some natural imine
reductases reported in the literature [22], most naturally-evolved

Table 1
Catalytic activity of [FeIII(1)Cp*IrIII], [FeIII(1)Cp*IrIII] ⊂ CjCeuE, [FeIII(1)
Cp*IrIII] ⊂ GstCeuE, [FeIII(1)Cp*IrIII] ⊂ PthCeuE for the reduction of substrates
2, 4 and 6.
Entry Substrate Catalyst Time to

completion
(h)

TON at
completion/
TOF (min−1)

(R)
e.e.
%

Ref.

1 2 [FeIII(1)
Cp*IrIII]
⊂ CjCeuE

24# 400 / 0.30a 35 [2]

2 [FeIII(1)
Cp*IrIII]
⊂

GstCeuE

7# 400 / 1.71b 29 [3]

3 [FeIII(1)
Cp*IrIII]
⊂

PthCeuE

7# 400 / 1.71b 24

4 [FeIII(1)
Cp*IrIII

1& 200 / 3.33c <3 This
work

5 [FeIII(1)
Cp*IrIII]
⊂

GstCeuE

5& 200 / 1.10c 12

6 4 [FeIII(1)
Cp*IrIII

1& 200 / 3.33c <3

7 [FeIII(1)
Cp*IrIII]
⊂ CjCeuE

24& 200 / 0.55c 29

8 [FeIII(1)
Cp*IrIII]
⊂

GstCeuE

3& 200 / 1.93c 31

9 [FeIII(1)
Cp*IrIII]
⊂

PthCeuE

4& 200 / 1.53c 20

10 6 [FeIII(1)
Cp*IrIII

1& 200 / 3.33c <3

11 [FeIII(1)
Cp*IrIII]
⊂ CjCeuE

24& 200 / 0.56c 35

12 [FeIII(1)
Cp*IrIII]
⊂

GstCeuE

3& 200 / 2.57c 28

13 [FeIII(1)
Cp*IrIII]
⊂

PthCeuE

3& 200 / 2.10c 19

# Reaction conditions: 50mM substrate / 0.125mM catalyst / 40 ◦C / 400 rpm
/ pH 6.
& Reactions conditions:10 mM substrate / 0.05 mM catalyst / 45 ◦C / 400 rpm

/ pH 7.
a TOF calculated at 8 h. b TOF calculated at 3 h. c TOF calculated at 1 h.
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enzymes achieve higher efficiencies. Nevertheless, it is of note that all
three artificial imine reductases, namely [FeIII(1)Cp*IrIII] ⊂ GstCeuE,
[FeIII(1)Cp*IrIII] ⊂ PthCeuE and [FeIII(1)Cp*IrIII] ⊂ CjCeuE, either
equalled or surpassed the catalytic efficiency of a number of artificial
imine reductases that had undergone directed evolution or site-directed
mutagenesis to enhance their enzyme-like characteristics [11,23–25].

2.3. Molecular docking for substrates 2, 4 and 6

Molecular docking constitutes a valuable tool in the design and
optimisation of artificial metalloenzymes [7,26,27]. With the aim of
elucidating the interactions between the three substrates and our ArMs,
we employed this technique using the crystal structure of the [FeIII(1)

Cp*IrIII] ⊂ CjCeuE to investigate favourable docking orientations of
substrates within the cavities encasing the cofactor, herein referred to as
the artificial binding pocket. Interestingly, using blind docking (in which
the binding site is not informed), the highest scored docking confor-
mations for all substrates were situated within the artificial binding
pocket of the ArM (Fig. 3a-c). Notably, the secondary favoured pose for
dihydroisoquinoline closely approximated the spatial arrangement of
the primary pose, whereas the tertiary pose was displaced from the
binding pocket. All docked poses are illustrated in Fig. S2. Pose 4 for
dihydroisoquinoline (Fig. 3d) was preferentially chosen for analysis due
to its proximity to the catalytic site, and occupancy of a distinct cavity
than that of pose 1. The secondary favoured pose for harmaline (Fig. 3e)
and papaverine (Fig. 3f) also resided within the binding pocket, albeit in
distinct cavities compared to the primary poses.

Papaverine exhibited a marginally higher docking score, with har-
maline and dihydroisoquinoline following closely (Table S1), indicating
a greater biding affinity of papaverine to the ArM [28]. While this
observation only partially aligns with the trends observed in the Km
values from the saturation kinetics, it is noteworthy that [FeIII(1)
Cp*IrIII] ⊂ CjCeuE demonstrated the highest catalytic efficiency for
papaverine (4.5 ± 0.5 min−1 mM−1), suggesting a significant role of
weak interactions. Such interactions are pivotal in the design and opti-
misation of ArMs, influencing the binding and unbinding of substrates at
catalytic sites [21,29]. The distance between the iridium atom and the
imine nitrogen and carbon in the substrates were measured (Table S1).
The iridium‑carbon distances range from 6.9 Å (harmaline, pose 2) to
9.11 Å (papaverine, pose 1), which may not be favourable to the hydride
transfer required for imine reduction [30]. Whilst these distances are too
long to enable a direct interaction between an Ir-bound hydride and the
imine bond, similar metal-imine nitrogen distances were obtained by
computational docking of nicotinamide substrates to a Rh-hydride-
containing ArM [7].

This limitation could potentially be addressed by constraining dis-
tances favouring hydride transfer, as discussed by Robles et al. (2014)
[24]. However, in the present study, we opted to allow all degrees of
freedom to provide adequate information, as strict constraints could
limit insight. Nevertheless, the absence of dynamic information
regarding the cofactor hinders precise modelling of the reaction mech-
anism, exceeding the scope of this study's objectives.

The 2D interaction diagrams in Fig. 3 (below each respective docking
pose) highlight hydrogen bonding as a crucial interaction enabling
substrate accommodation within the binding pocket, thereby reinforc-
ing the assumptions drawn from the preceding kinetic data. A prevalent
occurrence involves a hydrogen bond formation between Leu137 main
chain amide and OMe-based hydrogen-bond acceptors present in the
substrates, observed across all three substrates. In contrast, hydrogen
bonding involving Arg205 is exclusively noted for harmaline and

Fig. 2. Michaelis-Menten Plots: Rate vs. substrate concentration curves for the ArMs for three different substrates (harmaline, dihydroisoquinoline, papaverine).
Fitted curves are shown as dotted, dashed or dashed-dotted lines. R2 > 0.99 in all cases. Technical triplicates. Data obtained with the free unbound catalyst did not
follow Michaelis-Menten kinetics and the data could not be fitted (Fig. S1).

Table 2
Michaelis-Menten parameters for the reduction of substrates 2, 4 and 6 by the
artificial imine reductases.
Substrate ATHase1 Km

(mM)
Vmax (10−3
mMmin−1)

kcat
(min−1)

kcat/Km
(min−1
mM−1)

2 [FeIII(1)
Cp*IrIII] ⊂

GstCeuE

0.42 ±

0.03
1.61 ±

0.07
0.54 ±

0.02
1.3 ± 0.1

[FeIII(1)
Cp*IrIII] ⊂

PthCeuE
0.48 ±

0.05
1.26 ±

0.08
0.42 ±

0.03 0.9 ± 0.1

[FeIII(1)
Cp*IrIII] ⊂

CjCeuE
0.6 ±

0.2 2.2 ± 0.5 0.7 ± 0.2 1.1 ± 0.5

4

[FeIII(1)
Cp*IrIII] ⊂

GstCeuE
0.062 ±

0.005
1.06 ±

0.05
0.35 ±

0.02 5.7 ± 0.5

[FeIII(1)
Cp*IrIII] ⊂

PthCeuE
0.19 ±

0.03
0.91 ±

0.08
0.3 ±

0.03 1.6 ± 0.3

[FeIII(1)
Cp*IrIII] ⊂

CjCeuE
0.095 ±

0.007
0.44 ±

0.02
0.146 ±

0.005 1.5 ± 0.1

6

[FeIII(1)
Cp*IrIII] ⊂

GstCeuE
0.19 ±

0.01
2.75 ±

0.07
0.92 ±

0.02 4.7 ± 0.3

[FeIII(1)
Cp*IrIII] ⊂

PthCeuE
0.230 ±

0.008
2.40 ±

0.04
0.80 ±

0.01 3.5 ± 0.1

[FeIII(1)
Cp*IrIII] ⊂

CjCeuE
0.27 ±

0.03 3.7 ± 0.2 1.23 ±

0.06 4.5 ± 0.5

1 Reaction conditions: Fixed: 3 μM ATHase concentration, 220 μl total reac-
tion volume, 0.6 M MES / 3 M HCOONa / catalytic buffer at pH 7, 40 ◦C incu-
bation, 600 r.p.m. shaking. Varied: substrate concentration in the range 0 to 0.6
mM.

A.H. Miller et al.
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papaverine, while Thr226 demonstrates hydrogen bonding solely with
papaverine. These extra hydrogen bonds could play a role in substrate
binding and product release and affect the transition-state lifetimes,
concomitantly enhancing or reducing enzymatic activity for different
substrates. Further dynamic studies, such as molecular dynamics simu-
lations, could be employed to explore the temporal aspects of substrate
binding and unbinding, providing a more comprehensive understanding
of the ArM-substrate interactions.

In addition to hydrogen bonding, a pi-stacking interaction was
indicated between residue His227 and harmaline (pose 1), while a pi-

cation interaction between Arg249 and papaverine (pose 1) is noted.
The interaction profile suggests a higher degree of stabilising in-
teractions for both harmaline and papaverine, which corroborates the
lower Km values (higher affinity) determined for both substrates in
comparison with dihydroisoquinoline. Furthermore, the observation
that all substrates can occupy multiple favourable positions within the
binding pocket is to be expected, given the moderate enantioselectivity
of these ArMs (below 30% e.e.).

Fig. 3. Molecular docking and interaction diagrams of selected imines with the crystal structure of [FeIII(1)Cp*IrIII] ⊂ CjCeuE. Dihydroisoquinoline (magenta),
harmaline (orange) and papaverine (cyan) top ranking docking poses are illustrated in a, b and c, respectively, as sticks. The 4th ranked pose of dihydroisoquinoline
is illustrated in d. The 2nd ranked poses for harmaline and papaverine are illustrated in e and f, respectively. The cofactor is represented as sticks coloured in wheat,
green and purple and spheres for the iron (orange) and iridium (magenta) atoms. Nitrogen atoms are coloured blue in both cofactor and substrates. 2D Interaction
diagrams are provided below each docking structure (see the diagram legend at the bottom of the figure). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

A.H. Miller et al.
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3. Summary and conclusions

The three artificial imine reductases [FeIII(1)Cp*IrIII] ⊂ CjCeuE,
[FeIII(1)Cp*IrIII] ⊂ GstCeuE and [FeIII(1)Cp*IrIII] ⊂ PthCeuE exhibit
Michaelis-Menten kinetics with three different imine substrates (2, 4
and 6), with the highest catalytic efficiency (kcat/Km) found for the
reduction of model substrate 4 (harmaline) catalysed by [FeIII(1)
Cp*IrIII] ⊂ GstCeuE. The kinetic data confirmed enzyme-like behaviour
and provided evidence for a binding pocket that engages in hydrogen-
bonding. The molecular docking results suggest that the PBP scaffolds
are promiscuous in their current form and accommodate all three model
substrates in more than one favourable position within close proximity
to the cofactor. There is clear evidence for a degree of size and shape
selectivity, as well as hydrogen-bonding interactions, in addition to pi-
stacking and pi-cation interactions. These interactions in particular
could form the basis for (stereo)selectivity improvements by site-
directed or site saturation mutagenesis of hydrogen-bonding amino
acid side chains in the vicinity of the binding pocket. The genetic opti-
misation of the PBP scaffolds will be the aim of future studies with our
siderophore-anchored catalyst cofactors.

4. Materials and methods

4.1. General information

Unless otherwise noted, reagents were used as received from com-
mercial suppliers and used as supplied. Compound 1 (Fig. S3), was
prepared and characterised as reported [3]. The protein scaffolds were
expressed and purified following our protocols [10]. The cofactor
[FeIII(1)Cp*IrIII] as well as the artificial imine reductases, [FeIII(1)
Cp*IrIII] ⊂ CjCeuE, [FeIII(1)Cp*IrIII] ⊂ GstCeuE and [FeIII(1)Cp*IrIII] ⊂

PthCeuE, were prepared as previously described [3]. 1-[(3,4-dimethox-
yphenyl)methyl]-3,4-dihydro-6,7-dimethoxyisoquinoline was prepared
following a literature procedure [31].

UV–vis spectra were recorded on a Shimadzu UV-1800 in a quartz
cuvette (Starna scientific). HPLC measurements were performed on an
Agilent 1200 infinity II quaternary system equipped with a 1260 Qua-
ternary Pump G7111B, G7116A multicolumn thermostat, G7165A
multiwavelength detector and G7129A Vialsampler using the specified
eluent gradients. Kinetic measurements were taken at a Victor Nivo
plate reader (Perkin Elmer) equipped with a 405/10 nm filter or a
SpectraMax Abs+ (Molecular Devices, LLC).

4.2. Catalytic activity testing

4.2.1. Stock solutions
MES/formate buffer was prepared by dissolving 12.8 g of 2-morpho-

lin-4-ylethanesulfonic acid monohydrate (MES monohydrate) and
20.40 g of sodium formate (HCOONa) in 80 ml water. The pH was then
adjusted to 7 by addition of 5 M NaOH before the solution volume was
brought up to 100 ml (final concentration 0.6 M MES, 3 M HCOONa).
Stocks of dihydroisoquinoline (2), harmaline (4) and papaverine (6),
were prepared at concentrations of 20, 12 and 20 mM, respectively, by
dissolving required amounts in MES/formate buffer pH 7. Quenching
solutions were prepared at concentration of 12.5 mM solution of L-
glutathione in Water:MeOH (1:2) mixture, volumes as required. L-
glutathione was firstly dissolved in water before addition of MeOH.
Quenching solutions were stored at 4 ◦C and used on the day of
preparation.

4.2.2. General reaction procedure for substrate screening
Reactions were carried out as previously reported, using a ther-

moshaker for microtubes (Grant-bio) [3]. The reactions were run in
MES/formate buffer at pH 7 (0.6 MMES / 3MHCOONa), using a 10 mM
substrate concentration and 0.05 mM catalyst/ArM ([FeIII(1)Cp*IrIII],
[FeIII(1)Cp*IrIII] ⊂ CjCeuE, [FeIII(1)Cp*IrIII] ⊂ GstCeuE and [FeIII(1)

Cp*IrIII] ⊂ PthCeuE concentration at 45 ◦C and shaking speed of 400
rpm. Total volume 0.5 ml. At defined time points, 25 μl aliquots were
withdrawn from the reaction mixtures and mixed with 1975 μl of the
quenching solution. Total volume 0.5 ml. Quenched samples were
submitted for UV–vis and chiral HPLC analysis. Chiral HPLC analysis for
dihydroisoquinoline and harmaline products were carried out according
to the reported methods [3]. For papaverine products, chiral separation
was achieved using the same method as for harmaline products, Fig. S4,
retention times: (S)-(−)-tetrahydropapaverine 14.1 min and (R)-
(+)-tetrahydropapaverine 14.8 min.

4.3. Michaelis-Menten kinetics

The initial reaction rates of the imine reduction of 2, 4 and 6 were
evaluated in 96-well plates using a Victor Nivo plate reader (Perkin
Elmer) equipped with a 405/10 nm filter (4) or SpectraMax Abs+
(Molecular Devices, LLC), at 380 nm (2 and 6). The plate was kept under
40 ◦C throughout the course of the reactions, and 600 rpm shaking
performed in between measurements. The absorbance was collected for
100 ms. Measurements were carried out with the three ArMs ([FeIII(1)
Cp*IrIII] ⊂ CjCeuE, [FeIII(1)Cp*IrIII] ⊂ GstCeuE and [FeIII(1)Cp*IrIII] ⊂

PthCeuE) and the free catalyst ([FeIII(1)Cp*IrIII]).
Detailed reaction protocol: 0.3 and 0.1 mM stock solutions of 4 and 0.3

and 0.6 mM stocks of 2 and 6 were prepared in catalytic buffer (0.6 M
MES, 3 M HCOONa, pH 7). Triplicates of 200 μl were prepared in the
concentration range from 0 to 0.3 mM (0, 0.01, 0.02, 0.03, 0.045, 0.07,
0.12, 0.21 and 0.3) or 0 to 0.6 mM (0, 0.03, 0.06, 0.09, 0.15, 0.30, 0.42,
0.54 and 0.6), diluting respective higher concentration stocks with
catalytic buffer. For each set of reaction, one row of the 96-well plate
was filled with 100 μl (each well) of 33 μM ArM or free catalyst (all
prepared in 0.05 M Tris-HCl, 0.15 M NaCl, pH 7.5). The plate was then
inserted into the plate reader and incubated for 5 min to equilibrate the
temperature before starting the reaction. Measurements were under-
taken of substrate-containing cells to prepare calibration curves. After 5
min, the plate was ejected and with the help of a multichannel pipetted,
20 μl of ArM or free catalyst were transferred from the respective wells
to the substrate wells. The plate was reinserted into the instrument and
kinetic measurements started immediately. All reactions were moni-
tored for 2 h and measurements taken every 5 min. The formation or
(R)/(S)-amines were determined using the calibration curves and the
initial reaction rates (mM min−1) determined by linear regression in the
linear range. The kinetic parameters of the artificial enzymes were ob-
tained by fitting the data to the standard Michaelis-Menten kinetic
model, Origin Pro 2022b (Academic). Free catalyst data could not be
successfully fitted using the model in the concentration range tested
(Fig. S1).

4.4. Molecular docking

Molecular Docking was performed with [FeIII(1)Cp*IrIII] ⊂ CjCeuE
structure from PDB (id = 5OD5, assembly 3) and the three substrates:
dihydroisoquinoline, harmaline and papaverine. The protein, cofactor
and substrates were prepared with the Structure PrOtonation and
REcognition System (SPORES) [32] with Protein-Ligand ANTSystem
(PLANTS) [33] based on ant colony optimisation (where each compo-
nent of the vector of variables that corresponds to one of the degrees of
freedom of the protein or the ligand is in a function f, the optimisation
algorithm then is to find a global minimum of this function). The in-
teractions were visualised in ChimeraX (UCSF ChimeraX: Structure
visualisation for researchers, educators, and developers) [34] and ana-
lysed by Maestro 2023 by Schrodinger.
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