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ABSTRACT: Technologies to improve the applicability of
artificial metalloenzymes (ArMs) are gaining considerable interest;
one such approach is the immobilization of these biohybrid
catalysts on support materials to enhance stability and enable their
retention, recovery, and reuse. Here, we describe the immobiliza-
tion of polyhistidine-tagged ArMs that allow the redox-controlled
replacement of catalytic cofactors that have lost activity, e.g., due to
poisoning or decomposition, on immobilized metal affinity
chromatography resins. By using periplasmic siderophore-binding
protein scaffolds that originate from thermophilic bacteria
(GstCeuE and PthCeuE) in combination with a siderophore-
linked imine reduction catalyst, reaction rates were achieved that
are about 3.5 times faster than those previously obtained with
CjCeuE, the analogous protein of Campylobacter jejuni. Upon immobilization, the GstCeuE-derived ArM showed a decrease in
turnover frequency in the reduction of dehydrosalsolidine by 3.4-fold, while retaining enantioselectivity (36%) and showing
improved stability that allowed repeat recovery and recycling cycles. Catalytic activity was preserved over the initial four cycles. In
subsequent cycles, a gradual reduction of activity was evident. Once the initial activity decreased to around 40% of the initial activity
(23rd recycling cycle), the redox-triggered artificial cofactor release permitted the subsequent recharging of the immobilized protein
scaffold with fresh, active cofactor, thereby restoring the initial catalytic activity of the immobilized ArM and allowing its reuse for
several more cycles. Furthermore, the ArM could be assembled directly from protein present in crude cell extracts, avoiding time-
consuming and costly protein purification steps. Overall, this study demonstrates that the immobilization of redox-reversible ArMs
facilitates their “catch-and-release” assembly and disassembly and the recycling of their components, improving their potential
commercial viability and environmental footprint.

KEYWORDS: artificial metalloenzymes, immobilization, recyclability, reversible cofactor anchoring, siderophores

Bl INTRODUCTION taking advantage of immobilization techniques.” Immobiliza-
tion does not only facilitate product isolation and subsequent
enzyme recycling, but it can also improve both the thermal
stability and organic solvent tolerance of enzymes, "
considerations that are key to overcoming the high costs and
barriers associated with the application of enzymes in many
biocatalytic processes.”'*™>’

Recently, the advantages of enzyme immobilization have
motivated similar approaches in the field of ArMs. >**
Tagging strategies, for example, allowed natural protein—
ligand affinities to be exploited for the irreversible® or

Artificial metalloenzymes (ArMs) are hybrid systems that
combine the catalytic properties of synthetic metal complexes
with the structural and functional properties of proteins. These
hybrid systems serve the purpose of facilitating the utilization
of efficient synthetic catalysts under biocompatible conditions,
which frequently encounters challenges, such as catalyst
instability in aqueous biological media. Moreover, ArMs offer
the added advantage of improved (enantio)selectivity.
Leveraging the inherent features of genetically evolvable
protein scaffolds, ArMs strive to enable new-to-nature
biocompatible reactions.' ™

Despite significant advances in the field, the applications of Received:  November 3, 2023
ArMs are mostly limited to laboratory-scale reactions, in part Revised:  January 29, 2024
due to the high costs involved in the scaffold and cofactor Accepted: January 29, 2024
preparation, combined with low stability, low catalytic
efficiency, and challenging scalability.”® Similar challenges in
the applications of natural enzymes are frequently addressed by
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Figure 1. Asymmetric transfer hydrogenation reaction, ArM (PDB: SODS) and immobilization strategy used in this study. (a) Transfer
hydrogenation of pro-chiral imine (1) to (R)/(S)-salsolidine (2). (b) Reaction of siderophore-catalyst conjugate (3) with iron-nitrilotriacetic acid
(Fe'"—NTA) and [Cp*Ir™Cl,], (4) to form the heterodinuclear complex [Fe(solv),(3)Cp*Ir'™'Cl]~, termed [Fe™(3)Cp*Ir'™] in the text. (c)
From left to right: Polyhistidine-tagged ArM immobilized on Ni-NTA-modified Sepharose beads (Ni@S). (A) Cofactor release via reduction of
Fe™ to Fe" with sodium dithionite (Na,S,0,). (B) Cleavage of the polyhistidine-tagged protein from Ni@S$ by the use of an imidazole gradient.

reversible*”*' immobilization on microbeads. The scope of
reactions to which immobilized ArMs have been applied is
broad, ranging from Diels—Alder,”* C—C cross-coupling,”* and
cyclopropanation reactions’' to oxidative®*™***%**? and
reductive transformations.”**>*® Of these, the reduction of
pro-chiral imines via transfer hydrogenation has attracted
substantial interest (Figure la), since it is widely used in the
pharmaceutical industry to produce high-value chiral
amines. *>*

In 2015 Hestericova et al.”® reported the covalent
immobilization of a streptavidin-derived artificial transfer
hydrogenase (ATHase) on silica nanoparticles and achieved
remarkable activity and enantioselectivity in the production of
(R)/(S)-salsolidine (2). The immobilized ATHase showed
good stability in crude cellular extracts and moderate
recyclability. In 2018, a different approach was reported by
Hestericova et al.’® in which a streptavidin-derived ATHase
was entrapped in ferritin cages, leading to improved turnover
numbers associated with the accumulated effects of both
secondary and tertiary coordination spheres from streptavidin
and ferritin, respectively.

While the immobilization of ArMs in these systems led to
improvements in stability and overall applicability, in most
cases in which recyclability was investigated, a gradual
reduction in activity was observed over repeated cycles, mainly
due to cofactor inactivation. A common feature among these
ArMs is the irreversible anchoring of the metal cofactors to
their protein scaffold, which ties the artificial enzyme lifetime
to the stability of its cofactor, even if the protein scaffold
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remains intact after several runs. Ideally, a reversible anchoring
strategy is needed to permit the recharging of the scaffold with
an active cofactor as required, and this is the approach
investigated in this study. We previously developed an artificial
transfer hydrogenase (ATHase) that consists of a Fe''-
siderophore-anchored iridium-based transfer hydrogenation
catalyst, hereafter referred to as [Fe™(3)Cp*Ir'™] (Figure
1b), bound to CeuE, a periplasmic-binding protein (PBP)
from Campylobacter jejuni (CjCeuE).” Our approach exploits
the high affinity that siderophores, Fe''-chelating molecules
that mediate microbial iron uptake, have for their cognate
PBPs. The unique feature of the Fe'siderophore-based
anchor is that it enables the iridium-based catalyst to be
bound strongly, yet reversibly, to the protein scaffold. After
deactivation of the iridium-based catalyst, the ATHase can be
disassembled by reduction of Fe'' to Fe'', which triggers the
dissociation of the components and permits the recovery and
reuse of the protein scaffold.

Herein, we describe the immobilization of our redox-
reversible ATHases via their protein scaffold in a way that
provides two orthogonal points of reversibility (Figure lc),
enabling the “catch-and-release” of either the catalytic cofactor
or the protein, as required, and allowing the recovery and reuse
of the individual components.

B RESULTS AND DISCUSSION

Design Considerations. We were interested in an
immobilization platform that would allow us to expand the
catch-and-release capabilities of our system. Our aim was to

https://doi.org/10.1021/acscatal.3c05294
ACS Catal. 2024, 14, 3218-3227
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Table 1. Dissociation Constants (K,) of CjCeuE, GstCeuE and PthCeuE to [Fe'(3)Cp*Ir'"'] and Conversion of 1 to (R)/(S)-2

Using the Respective ATHases in Homogeneous Catalysis

/O ATHase - 0
o =N 0.125 mM, 40 °C, pH 6, 400 rpm ~o0 NH
0.6 M MES /3 M HCOONa
1 (50 mM) (R)/(S)-2
entry scaffold Ky (nM) ATHase time to completion (h) TON/TOF (min™") (R)-2 e.e. %

1 CjCeuE 234 + 32 [Fe™(3)Cp*Ir'™'] C CjCeuE 24 400/0.30° 35
2 GstCeuE 9.9 + 0.9 [Ee™(3)Cp*Ir'™'] C GstCeuE 7 400/1.71° 29
3 PthCeuE 18 + 1.7 [Fe"(3)Cp*Ir''] C PthCeuE 7 400/1.71° 24

“TOF calculated at 8 h.> *TOF calculated at 3 h.
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Figure 2. Setup for tagged ArM immobilization and batch reactions. (a) Mono Q column customized for immobilizing ArMs. The column can be
connected to either a syringe or a peristaltic pump. The size of the resin bed is adjustable and can be compressed using screwable adaptors at the
top and bottom. The immobilized ArM can be unpacked and utilized in batch reactions. (b) Reaction vial modified from commercially available
His Spin Trap columns. The sealed and capped reactor is compatible with an Eppendorf shaker, allowing control over the temperature and shaking.
Frits are employed to separate ArM beads from the reaction medium through centrifugation. The ArM-Ni@$S complex can be easily recycled.

find a solution that provided an orthogonal point of
reversibility, allowing the modification and manipulation of
the immobilized entities as needed. Additionally, we sought a
platform that incorporated commercially available carrier
materials, ensuring that the approach could be readily
implemented.

An interesting strategy was reported by Kato et al,** who
developed a high-throughput screening platform using a
maltose-binding protein (mbp) tag to immobilize an ArM
consisting of nitrobindin as the protein scaffold and a
Cp*Rh"™-based C—H activation catalyst. The mbp tag (fused
with nitrobindin) exploits the affinity of mbp for maltose,
present in starch-containing agarose-microbeads, and it can be
reversibly detached using an excess of maltose. The mbp-
nitrobindin-Cp*Rh™ ArM was then utilized after elution;
catalytic tests with the ArM while immobilized were not
reported.

Our choice of affinity tag was inspired by immobilized metal
affinity chromatography (IMAC),"* which is routinely used for
protein purification. The affinity of polyhistidine tags for metal
cations, in particular, Nill is exploited. In this case, the binding
interactions can be reverted using high concentrations of
imidazole, which competes with the histidine residues in the
tag for Nil! binding, leading to the elution of the tagged
protein.

IMAC resins have shown promise as supports for natural
enzymes in heterogeneous biocatalytic processes,'¥*"*>***
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on occasions capturing the tagged-enzymes straight from cell
lysates and avoiding time-consuming and expensive purifica-
tion steps,'®>*>*! but often with the disadvantage of erosion
in activity due to enzyme leakage between reaction cycles.
Interestingly, Hao et al.*" utilized Ni'-nitrilotriacetic acid (Ni-
NTA)-based IMAC resin in 96-well plates to create an on-bead
screening platform that benefitted greatly from the immobi-
lization of artificial cyclopropanase scaffolds that had been
generated via random mutagenesis.

Inspired by the applicability of commercially available Ni'"—
NTA-functionalized solid supports (Ni@S) to on-bead
catalysis and the desirable feature of immobilization directly
from cell lysates, an N-terminal polyhistidine tagging strategy
was chosen for the immobilization of our ATHases, Figure 1c.
In the crystal structure of CjCeuE, the N-terminal residues are
positioned well away from the siderophore-binding cleft,
allowing the ArM to be immobilized in the correct “open”
orientation. When desired, the immobilized ArM can be
liberated from the Ni@$ support using an imidazole gradient,
enabling the solid supports to be regenerated. Alternatively, the
Fe''siderophore anchored catalyst can be released by
reduction to Fell, leaving the CjCeuE scaffold attached to
the Ni@S support and ready to be recharged with fresh
catalyst. Since the NTA-bound Ni" on the resin is more
difficult to reduce than the siderophore-bound Fe', the Ni@$
immobilization technique provides a second, orthogonal point
of reversibility.

https://doi.org/10.1021/acscatal.3c05294
ACS Catal. 2024, 14, 3218-3227
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Figure 3. Optimization of batch reaction conditions using immobilized ArMs. Catalytic performance of [Fe"(3)Cp*Ir'™] C 6His-CjCeuE-Ni@$S
(i), [Fe™(3)Cp*Ir'™] C 6His-PthCeuE-Ni@$ (i) and [Fe™(3)Cp*Ir™] C 6His-GstCeuE-Ni@S$ (iii) for the reduction of 1 to (R)/(S)-2 achieved
(a) between pH 6 and 8, S0 °C, 800 rpm, (b) shaking speeds between 600 and 1000 rpm, SO °C, pH 7, (c) temperatures between 30 and 60 °C,
pH 7, 800 rpm. (d) Enantiomeric excess in favor of the (R)-2 enantiomer obtained at temperatures between 30 and 60 °C. (e) Catalytic
performance at 60 °C, pH 7, 800 rpm after ATHase preincubation at 60 °C for 0, 4, 8, and 18 h. (f) Storage stability at <8 °C, pH 7, 50 °C, 800
rpm. (g) Recyclability at 45 °C, pH 7, and 800 rpm. Substrate concentration: 2 mM. Catalyst: 25 M (1.25 mol %). Catalytic buffer: 0.6 M MES/3
M HCOONa/(desired pH adjusted with NaOH). Error bars show the mean absolute deviation.

CeuE Homologs from Thermophilic Organisms as
ATHase Scaffolds. In addition to using CjCeuE as the
protein scaffold in ATHases, we employed two recently cloned
and overexpressed thermostable homologs, GstCeuE and
PthCeuE, from the thermophilic organisms Geobacillus
stearothermophilus and Parageobacillus thermoglucosidasius,
respectively.”” The dissociation constants (Ky) of [Fe(3)
Cp*Ir'™] C GstCeuE and [Fe™(3)Cp*Ir'™] C PthCeuE, as
measured by intrinsic fluorescence quenching (Table 1, Figure
S1), confirmed strong binding; both were lower (by about 2-
fold for Gst) than the dissociation constant obtained for
[Fe"(3)Cp*Ir'™] C CjCeuE. Subsequently, both ATHases
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were tested for the reduction of 1 under conditions analogous
to those previously reported for CjCeuE (Table 1, entry 1).”
Interestingly, both [Fe'(3)Cp*Ir'™] C GstCeuE and [Fe'(3)
Cp*I'™] C PthCeuE catalyzed the transfer hydrogenation
reaction ~3.5-fold faster than [Fe'(3)Cp*Ir']CCjCeuE,
while a moderate reduction in enantiomeric excess (e.e.) was
observed (Table 1, entries 2 and 3). Motivated by their
improved binding affinities and faster reaction rates, [Fe'(3)"
Cp*Ir'"] C GstCeuE and [Fe™(3)Cp*Ir'"] C PthCeuE were
included in our subsequent immobilization studies, in the hope
that these ArMs would exhibit a higher catalytic activity than

https://doi.org/10.1021/acscatal.3c05294
ACS Catal. 2024, 14, 3218-3227
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the CjCeuE-based ATHase and offer enhanced thermostability
and organic solvent tolerance.

Immobilization and Batch Reaction Setup. Aiming at a
versatile experimental setup for the immobilization of 6His-
tagged ATHases, an ion-exchange column (Mono-Q_type) was
adapted and packed with Ni@S resin for the immobilization of
the ArMs, Figure 2a, and detailed in the experimental section.
Upon loading with the respective ArM (400 nmol ArM per 1
mL of resin slurry), the color of the IMAC resin changes from
light green to purple due to the characteristic color of the iron-
siderophore anchor, an integral component of the ArM (Figure
2a). For characterization, the loaded resin was removed from
the column and its iron and iridium content analyzed by ICP-
OES (Table S1, entries 1—3). The Fe/Ir ratio for [Fe™(3)
Cp*Ir'] was found to be close to 1, and this ratio was
maintained after ArM assembly to give [Fe'(3)Cp*Ir'"] C
6His-GstCeuE, as well as after immobilization of the ArM to
produce [Fe"™(3)Cp*Ir'™"] C 6His-GstCeuE-Ni@S.

The ArM-loaded resin can be used to catalyze reactions
either in flow (inside the column) or in batch reactions (after
unpacking). To enable the comparison with nonimmobilized
ArMs, we opted to unpack the ArM-Ni@S and carry out
investigations in batch, since this allows the catalytic reactions
to be performed in parallel using very similar conditions. To
facilitate the separation of ArM-Ni@S from the reaction
medium, His SpinTrap columns were adapted as reaction vials,
Figure 2b. These small columns fit into conventional
Eppendorf shakers in which the temperature and shaking
conditions can be varied. At the end of each reaction cycle, the
reactor (with bottom sealer removed) is placed in an
Eppendorf collection vial and centrifuged at low speed. The
microporous frit separates the ArM-Ni@S$ resin from the
reaction medium, and new reaction cycles can be started
immediately. Additionally, this reaction setup can be used for
the redox-triggered disassembly of the ArM, as described in the
supplementary methods.

Batch Reaction Optimization. A systematic investigation
of the three 6His-tagged ATHases ([Fe'"(3)Cp*Ir'"] C 6His-
CjCeuE-Ni@S, [Fe(3)Cp*Ir'"] C 6His-PthCeuE-Ni@S$ and
[Fe"(3)Cp*Ir'™"] C 6His-GstCeuE-Ni@$S) immobilized on
Ni@$ resin was carried out to establish the influence of pH,
shaking speed, temperature, and preincubation conditions on
the conversion of 1 to (R)/(S)-2 and the enantiomeric excess
(Figure 3a—e). To be able to compare the performance of the
three immobilized ATHases directly, the total catalyst
concentrations were kept constant throughout the experiment.
Therefore, centrifugation and washing steps were not
performed after the preincubation, prior to starting the activity
testing.

A pH range of 6—8 was chosen to investigate the effect of
the protonation state of the histidine residues (pK, ~ 6) that
fulfill key functions in both the immobilization and catalytic
performance of the ATHases.** The protonation of the
histidine residues in the His-tag would result in the cleavage
of the ArM from the resin, while the protonation of the Ir-
coordinating His277 residue in CjCeuE would compromise the
binding of the catalytic cofactor.” In contrast, the nitrogen of
the substrate should remain protonated (pK, ~ 7), thereby
allowing the buffered aqueous solution to act as the proton
source during the transfer hydrogenation reaction.” For the
three ArMs tested, optimum activities were between pH 6.5
and pH 7.0 (Figure 3a) with a shaking speed of 800 rpm at pH
7.0 (Figure 3b).
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As anticipated, the substrate conversion increases with
increasing temperatures (Figure 3c). For both [Fe™(3)
Cp*I'™] C 6His-PthCeuE-Ni@S and [Fe™(3)Cp*Ir'] C
6His-GstCeuE-Ni@$, the e.e. decreased with increasing
temperatures, as expected (Figure 3d), while for the [Fe'(3)
Cp*Ir'"] C 6His-CjCeuE-Ni@S, the e.e. increased up to a
temperature of 45 °C but decreased upon further heatin%
(Figure 3d). Similar behavior was reported by Skander et al.*
in which the e.e. peaked at 30 °C. Variation in heat-induced
entropic effects in CjCeuE-ATHase compared to GstCeuE and
PthCeuE aligns well with structural differences reported
previously,* in particular the fact that the flexibility of the
loop with the Ir-coordinating His227 in CjCeuE is reduced in
the thermophilic scaffolds by H-bonding to a tyrosine residue.
In CjCeuE, the equivalent position is occupied by a
nonhydrogen-bonding phenylalanine residue.

Thermostability assays confirmed that GstCeuE and
PthCeuE provide more stable immobilized ATHases than
CjCeuE. After 18 h of preincubation at 60 °C, both retain over
30% of their catalytic activities and preserve their enantiose-
lectivity, while CjCeuE shows an almost complete loss of
activity (Figures 3e and S2). This behavior correlates with the
thermostability of GstCeuE and PthCeuE: their thermal
unfolding transition midpoints are about 20 °C higher than
that of CjCeuE.” The observed decrease in catalytic activity
therefore points toward heat-induced ATHase degradation.
The leaking of intact catalytically active cofactor from the
protein scaffold can be excluded since it would have increased
the product yield and reduced the enantioselectivity. The
enantiomeric excess, however, was preserved (Figure S2). For
[Fe(3)Cp*Ir'™"] C 6His-GstCeuE-Ni@S$, the enantioselectiv-
ity even increased significantly.

In a control experiment, the free cofactor [Fe™(3)Cp*Ir'"]
was incubated in solution for 18 h in the absence of protein
(Figure S3), and a reduction in catalytic activity by ~20% was
observed. The deactivation of the free catalyst cofactor
(~20%), however, was far less pronounced than that observed
with the immobilized ATHases (70% or more). Taken
together, these observations point toward the presence of
some dissociated or nonspecifically bound catalyst that
degrades upon prolonged incubation at high temperature,
thereby contributing to the decrease in catalytic activity of the
immobilized system. Nevertheless, the deactivation of
assembled ATHases appears to be the major factor. The fact
that the two thermostable analogs withstand high temperatures
for longer than CjCeuE points toward the involvement of the
protein scaffold in the deactivation/denaturation process.
When stored at <8 °C for 15 days, both thermophilic analogs
retain above 90% of their activities (Figure 3f).

Improved thermostability and increased pH tolerance after
immobilization were also observed when comparing the
performance of [Fe™(3)Cp*Ir'™] C 6His-GstCeuE-Ni@$S
with the nonimmobilized ATHase [Fe'(3)Cp*Ir'™'] C
GstCeuE (Figure S4). The activity of the nonimmobilized
ATHase peaks at pH 6.5 and falls to 80% at pH 6 or pH 7
(Figure S42). In contrast, after immobilization, 90 and 100% of
the activity of the immobilized ATHase is retained at pH 6 and
pH 7, respectively (Figure 3a). Furthermore, a complete
erosion in enantioselectivity is observed at 60 °C for
[Fe™(3)Cp*Ir'™] C GstCeuE (Figure S4b) in solution, while
the immobilized ATHase achieves around 20% (R)-2 e.e. at
the same temperature (Figure 3d). Improvements in solvent
tolerance and thermal stability are phenomena commonly
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observed with natural enzymes,'”""***° and the trend has also

been reported for ArMs after immobilization.***
Additionally, [Fe™(3)Cp*Ir'™] C 6His-CjCeuE-Ni@sS,
[Fe(3)Cp*Ir™] C 6His-PthCeuE-Ni@S and [Fe(3)
Cp*Ir'™] C 6His-GstCeuE-Ni@S could be recycled and
retained 71, 76, and 90% of their initial activities, respectively,
after eight consecutive runs (Figure 3g). For the subsequent
reversibility studies, the most stable immobilized ArM overall,
[Fe"™(3)Cp*Ir'™] C 6His-GstCeuE-Ni@$, was chosen.
Recyclability, Catalyst Release, and Immobilized ArM
Reassembly. To assess the prolonged stability of [Fe™(3)
Cp*Ir'"] C 6His-GstCeuE-Ni@$ and obtain proof of concept
for the disassembly and reassembly of the ATHase while the
scaffold is immobilized, the immobilized ArM was subjected to
several sequential catalytic reaction cycles (Figure 4). While for

Relative Yield / %
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o o o o o

Il Il
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Figure 4. Recyclability and redox-triggered ArM disassembly/
reassembly of [Fe™(3)Cp*Ir'] C 6His-GstCeuE-Ni@S. One h at
45 °C, pH 7 and 800 rpm. Disassembly was carried out before cycle
24 using sodium dithionite. Reassembly was carried out before cycle
25. (R)-2 e.e. checked at selected cycles: 38 + 5% (1), 36 + 2% (2),
39 + 5% (23), 29 % 8% (25), 33 = 5% (26), and 44 + 1% (34).
Substrate concentration: 2 mM. Catalyst: 25 uM (1.25 mol %).
Catalytic buffer: 0.6 M MES/3 M HCOONa. Error bars show the
mean absolute deviation. Accumulated TON 215 (first 7 cycles), 520
(first 24 cycles). TOF 0.51 min~" (average of 7 first cycles).

the first four cycles activity was preserved, in subsequent cycles
a gradual reduction of activity was evident, decreasing to
around 40% of the initial activity after cycle 23. To investigate
whether the ArM leaking from the resin may be responsible for
the decrease in relative yield, the separated product mixtures

were analyzed for protein content using Bradford’s assay;
however, no protein was detected.*® To check if the catalytic
cofactor leaked from the immobilized ArM, the concentration
of Ir in the separated product mixtures was analyzed by ICP
MS. The amount of Ir detected in the combined eluents (after
10 recycling cycles) represented only 0.05% of the Ir present in
the immobilized ArM prior to catalysis (Table S2). The
amount of Ir adsorbed on the frits used to filter the resin beads
after each cycle (Figure 2) was also investigated by ICP MS
and remained below the limit of quantification. Taken
together, the ICP-MS measurements suggest that only a very
small proportion of Ir leaked from [Fe'(3)Cp*Ir™] C 6His-
GstCeuE-Ni@$S during catalysis. The Fe concentrations were
less informative since the unmodified Ni@S beads have a
relatively high Fe content, even before the immobilization of
the ArM. It is therefore unclear whether the Fe found in the
eluent originated from the immobilized ArM or the Ni@$
beads themselves.

Since no protein and very little Ir were detectable in the
eluents, it was concluded that the catalyst had lost most of its
activity. Therefore, the now deactivated catalyst was
reductively released from the protein scaffold, via reduction
of the Fe'! to Fe" with sodium dithionite (see supplementary
methods). The reduction of Fe to Fe" was confirmed by
using ferrozine as an indicator. The Fe'' complex formed with
ferrozine shows an intense absorption band at around 560 nm
(Figure S5). The complete reduction of Fe™ proved
challenging even under an inert atmosphere, and some residual
catalytic activity remained after the reduction step, cycle 24.

Nonetheless, the immobilized scaffold was recharged with
fresh [Fe(3)Cp*Ir™], and further catalytic reaction cycles
were performed. The original activity of the ArM was
completely restored in cycle 25, and subsequently, [Fe"(3)"
Cp*Ir'"] C 6His-GstCeuE-Ni@S was used for another nine
cycles. The decrease in activity for the second round (cycles
25—34) was more pronounced than that seen in the first round
(1—10). This may be attributed to traces of unbound cofactor
retained after system recharging (vide infra, Figure S6). In
particular, the recharging process was conducted with the
scaffold immobilized, whereas in the primary set, the ArM
assembly occurred prior to immobilization. We propose that
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Figure 5. ATHase assembly and immobilization from crude cell Iysates. Kinetic profiles were obtained using the immobilized ATHases-Ni@$
prepared with 6His-GstCeuE crude cell lysate via approaches a, b and ¢, for the reduction of S.
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mass transfer limitations may have impeded the complete
assembly of the ATHase during the recharging process, and the
complete removal of unbound and nonspecifically adsorbed
cofactor, which requires extensive resin resuspension and
washing, proved challenging. In contrast, the enantioselectivity
was preserved, as verified by chiral HPLC analysis performed
after cycles 1, 2, 23, 25, 26, and 34.

Immobilization and Catalytic Investigation of
ATHases Prepared Directly from Cell Lysates. To avoid
costly protein purification steps and facilitate genetic
optimization, the 6His-tagged ATHase [Fe(3)Cp*Ir'"] C
GstCeuE was assembled directly from cell lysates (Figure S).
The chromophoric substrate harmaline (5) was chosen to
allow initial reactivity tests to be assessed by monitoring the
color change from yellow to colorless. Due to the lower
solubility of § in the catalytic buffer, the reaction conditions
had to be slightly adjusted. Initial attempts failed due to
cofactor poisoning (Figure Sa), mainly related to the high
concentration of glutathione commonly found in the
lysates.”**™>' Subsequently, glutathione effects were mini-
mized in two different ways: (1) ATHase assembly after
scaffold immobilization (Figure Sb), where glutathione and
impurities were removed by washing before the cofactor was
introduced, and (2) addition of tetramethylazodicarboxamide
(diamide, Figure Sc) as an oxidizing agent. The latter was
inspired by the studies reported by Wilson et al.”' in which
diamide was shown to be effective in preventing iridium
catalyst poisoning in cell lysates. Both approaches proved to be
effective in circumventing cofactor inhibition during ATHase
assembly from the cell lysate. Regardless of the assembly
approach, [Fe(3)Cp*Ir'"] C 6His-GstCeuE-Ni@S com-
pleted the reduction of 5 within 24 h, but cofactor binding
after scaffold immobilization resulted in a slightly lowered e.e.
of 27%. This decrease may be due to the aforementioned
partial unspecific binding of the cofactor to the Ni@S resin. A
degree of unspecific binding of the cofactor was seen in a
control experiment in which Ni@S was mixed with [Fe''(3)
Cp*Ir'™] instead of the His-tagged ATHase (Figure S6). In
contrast, ATHase assembly before immobilization achieved an
e.e. of 36%, which is in line with that achieved with purified
protein. By being able to “catch” the protein scaffold directly
from crude cell extracts and then using the immobilized
scaffold for the assembly of the ATHase on the resin, time-
consuming protein purification steps can be avoided, and
access to an expensive protein purification system is not
required. Hence, our approach facilitates the catalytic screening
and the optimization of ArMs, and with that their tailoring to
specific catalytic applications.

B SUMMARY AND CONCLUSIONS

In summary, two new redox-reversible ATHases were
developed using scaffolds from thermophilic bacteria
(GstCeuE and PthCeuE) in combination with an Fell-
siderophore-iridium catalyst, [Fe(3)Cp*Ir'™"]. Imine reduc-
tion rates around 3.5 times faster than that of our previously
reported ATHase, [Fe™(3)Cp*Ir'™] C CjCeuE, were achieved,
albeit at the cost of a slight erosion in enantioselectivity. Both
[Fe™(3)Cp*Ir'™] C GstCeuE and [Fe™(3)Cp*Ir'™] C
PthCeuE gave rise to TOFs (1.71 min™") and e.e. values (29
and 24%, respectively) that are similar to other ATHases that
have not undergone genetic optimization. The seminal biotin-
anchored Artificial Hydrogenase reported by Collot et al.>?,
e.g., showed an initial e.e. of 37% and required 15 h to achieve
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90% conversion at temperature for the reduction of acetamido
acrylic acid prior to genetic optimization of the avidin protein
scaffold. The subsequent development of a sulfonamide-
anchored ATHase by Heinisch et al.>® started with an e.e. of
58%, a TON of 25, and a reaction time of 18 h at room
temperature for the production of (S)-salsolidine using a wild-
type hCAII protein scaffold. Both ArMs achieved e.e. values of
>95% once optimized. We are therefore optimistic that the
genetic optimization of our ATHase will be possible.

To capitalize on our “catch-and-release” approach to ArM
design and facilitate the genetic optimization of ATHases by
enabling on-resin assembly and activity screening of variants,
[Fe™(3)Cp*Ir'™] C 6His-GstCeuE was immobilized on
commercially available Ni-NTA Sepharose beads (Ni@$).
Upon immobilization, enantioselectivity was retained while the
stability of the ATHases was improved, which allowed several
recycling cycles. Most importantly, once a significant drop in
catalytic activity was observed after 23 consecutive reaction
cycles, the inactivated [Fe™(3)Cp*Ir'™"] cofactor could be
removed via reduction of Fe'! to Fel, and the immobilized
scaffold recharged with active [Fe™(3)Cp*Ir'"]. Recharging
restored the ATHase’s initial catalytic activity and permitted
reuse in further reaction cycles. Importantly, [Fe(3)Cp*Ir'"']
C 6His-GstCeuE-Ni@S could be prepared directly from crude
cell extracts and applied to the conversion of § to (R)/(S)-6,
thereby avoiding time-consuming and expensive protein-
purification steps. Capturing generated protein scaffolds on
IMAC resins represents a key step in our quest for a high-
throughput screening method that will enable us to assess
protein variants obtained via either targeted mutagenesis, in
particular of amino acid residues near the catalytically active
iridium center or within the flexible His-containing loop, or
iterative random mutagenesis at more distant positions.

Overall, this investigation demonstrates that the combina-
tion of reversible artificial cofactor anchoring with ArM
immobilization can significantly increase the reusability of
ArMs and their components, thereby improving their
applicability, cost-efficiency, and environmental footprint. We
envisage the translation of the catch-and-release approach into
flow-chemistry applications, e.g., to facilitate catalyst discovery
and substrate screening. Furthermore, the demonstrated
assembly of ATHase directly from cell lysate can be explored
to generate a high-throughput screening platform to directly
test mutants and improve the enantioselectivity of ATHases
using the unique “catch-and-release” features.

B METHODS

General Artificial Transfer Hydrogenases Prepara-
tion. 6His-tagged [Fe''(3)Cp*Ir''] C 6His-CjCeuE, [Fe'(3)
Cp*Ir'™] C 6His-GstCeuE, and [Fe™(3)Cp*Ir'™"] C 6His-
PthCeuE and untagged [Fe(3)Cp*Ir'™] C CjCeuE, [Fe'(3)
Cp*I'™] C GstCeuE, and [Fe™(3)Cp*I''™] C PthCeuE
ATHases were prepared by adapting our previously published
procedure.2 First, protein stocks were prepared in 0.05 M
Tris—HC1/0.15 M NaCl buffer (pH 7.5) (binding buffer), and
the concentration determined using the absorbance at 280 nm
and the following corrected theoretical molar extinction
coefficients: €cjces = 18590 em™ MY eppcer = 29196
em™ M7 and eggces = 34239 em™! MTL* [Fe!'(3) Cp*Ir™]
was produced by adding 75 uL of a 10 mM Fe'-NTA
solution (as previously described’®) to 120 uL of 02 M
MOPS/0.15 M NaCl buffer (pH 7.5) and incubation in a
sonication bath for 1 min. Subsequently, 75 yL of 3 (10 mM in
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DMF) was added, and the mixture was sonicated for 1 min.
Then, 75 uL of 4 (S mM in DMF) was added, and the mixture
was sonicated for 1 min. The respective artificial transfer
hydrogenases were formed by mixing 400 nmol of protein
stock with an equivalent amount of [Fe(3)Cp*Ir'"], and the
volume of the resulting solution was made up to 15 mL with
binding buffer. The resulting solutions were stored at <8 °C
overnight followed by spin concentration using a Vivaspin 20
centrifugation filter (10 kDa molecular weight cut off) at 4500
rpm, 15 min. Concentrated samples were resuspended in
binding buffer and centrifuged for another three cycles to wash
out any unbound ligand. See the Supporting Information for
information on [Fe'(3)Cp*Ir'"] C 6His-GstCeuE preparation
from crude cell extracts.

General Immobilization Protocol. One milliliter of Ni
Sepharose 6 Fast Flow 50% resin slurry (Ni@$S) was packed
into a Mono Q_5/50 column (Cytiva, USA) and mounted as
illustrated in Figure 2a. The top adaptor was then connected to
a reservoir, and the bottom adaptor was connected to an empty
syringe. After equilibration with S mL binding buffer, 400 nmol
of [Fe"™(3)Cp*Ir'™"] C 6His-GstCeuE—or alternative tagged
ATHases—were added to the reservoir and slowly passed
through the resin (~0.5 mL/min) with the help of the syringe
at the bottom. The resin was washed with 10 mL of binding
buffer to remove any unbound ArM. Next, S mL of storage
buffer (0.05 M MES/0.25 M HCOONa/pH 7.0) was passed
through to equilibrate the immobilized ArM for storage and
future catalytic applications. The immobilization yield was
monitored via UV—vis spectroscopy and confirmed using
Bradford’s method.”® Finally, the immobilized ATHases
([Fe"™(3)Cp*Ir'™] C 6His-GstCeuE-Ni@S, [Fe™(3)Cp*Ir™]
C 6His-PthCeuE, and [Fe™(3)Cp*Ir'™"] C 6His-CjCeuE) were
unpacked into glass vials and the concentration adjusted to 250
UM with storage buffer for future use in batch reactions. See
the Supporting Information for information with regard to
[Fe™(3)Cp*Ir'"] C 6His-GstCeuE-Ni@S preparation from
crude cell extracts.

General Batch Reaction Procedure. His SpinTrap (GE
Healthcare, USA) purification columns were adapted for batch
reactions in a thermoshaker for microtubes (Grant-bio). Prior
to first use, the original content was removed, and the
cartridges were washed thoroughly with distilled water. Then,
S0 pL of 250 uM immobilized ArM suspension was poured
into a precleaned His SpinTrap cartridge, and storage solvent
was removed by centrifugation (500Xg, 1 min). The bottom
outlet was sealed, 450 uL of catalytic buffer was added, and the
vial was transferred to a shaker for preconditioning at the
desired temperature for S min. In sequence, 50 uL of 20 mM
6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline (1) in cata-
lytic buffer was added, the vial was capped and shaking
immediately started. The pH, shaking, and temperature effects
were investigated. Recyclability and redox-reversible assembly
studies were also carried out in these adapted reactors. Figure
2b summarizes the adapted setup, which provided a
straightforward way of separating the immobilized ATHases
from the reaction medium and facilitated recycling by
centrifugation (500Xg, 1 min). Further details can be found
in the supplementary methods, including the homogeneous
catalytic reactions, the sample preparation for analytical
measurements, and the redox release and recharging of the
scaffold for recyclability tests.

3225

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acscatal.3¢05294.

General information, additional experimental methods,
supplementary figures and tables, as well as character-
ization and analytical data (UV—vis, HPLC, 'H and "*C
NMR and ESI) (PDF)

B AUTHOR INFORMATION

Corresponding Author
Anne-K. Duhme-Klair — Department of Chemistry, University
of York, York YO10 SDD, UK,; © orcid.org/0000-0001-
6214-2459; Email: anne.duhme-klair@york.ac.uk

Authors

Alex H. Miller — Department of Chemistry, University of York,
York YO10 SDD, U.K; © orcid.org/0000-0001-8269-
850X

Elena V. Blagova — Structural Biology Laboratory,
Department of Chemistry, University of York, York YO10
SDD, UK.

Benjamin Large — Department of Chemistry, University of
York, York YO10 SDD, UK,; ® orcid.org/0000-0001-
9246-6243

Rosalind L. Booth — Department of Chemistry, University of
York, York YO10 SDD, UK,; ® orcid.org/0000-0002-
5344-1323

Keith S. Wilson — Structural Biology Laboratory, Department
of Chemistry, University of York, York YO10 SDD, UK

orcid.org/0000-0002-3581-2194

Complete contact information is available at:
https://pubs.acs.org/10.1021/acscatal.3¢05294

Author Contributions

The experiments were performed by A.H.M. (artificial enzyme
assembly and immobilization, catalytic screening, binding
constant determination), E.V.B. (protein production), B.L.
and RL.B. (chemical synthesis). K.S.W. (structural biology)
and A.-K.D.-K. (chemistry, catalysis) supervised and directed
the project. The manuscript was produced by A H.M. and A.-
K.D.-K. based on contributions by all authors. All authors have
given approval to the final version of the manuscript.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank the UKRI Engineering and Physical Sciences
Research Council (EPSRC grant reference EP/T007338/1
and EPSRC studentship EP/N509802/1 for RL.B.) and the
UKRI Biotechnology and Biological Sciences Research Council
(BBSRC grant reference BB/WO011131/1) for financial
support. We also acknowledge Elizabeth Meaburn for her
contributions to data collection during her summer placement.

B REFERENCES

(1) Schwizer, F.; Okamoto, Y.; Heinisch, T.; Gu, Y.; Pellizzoni, M.
M.,; Lebrun, V.; Reuter, R.;; Kohler, V.; Lewis, J. C;; Ward, T. R.
Artificial metalloenzymes: reaction scope and optimization strategies.
Chem. Rev. 2018, 118 (1), 142—231.

(2) Raines, D. J.; Clarke, J. E.; Blagova, E. V.; Dodson, E. J.; Wilson,
K. S.; Duhme-Klair, A.-K. Redox-switchable siderophore anchor

https://doi.org/10.1021/acscatal.3c05294
ACS Catal. 2024, 14, 3218-3227


https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c05294/suppl_file/cs3c05294_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c05294/suppl_file/cs3c05294_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c05294?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c05294/suppl_file/cs3c05294_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anne-K.+Duhme-Klair"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6214-2459
https://orcid.org/0000-0001-6214-2459
mailto:anne.duhme-klair@york.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alex+H.+Miller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8269-850X
https://orcid.org/0000-0001-8269-850X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elena+V.+Blagova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benjamin+Large"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9246-6243
https://orcid.org/0000-0001-9246-6243
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rosalind+L.+Booth"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5344-1323
https://orcid.org/0000-0002-5344-1323
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Keith+S.+Wilson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3581-2194
https://orcid.org/0000-0002-3581-2194
https://pubs.acs.org/doi/10.1021/acscatal.3c05294?ref=pdf
https://doi.org/10.1021/acs.chemrev.7b00014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41929-018-0124-3
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c05294?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

enables reversible artificial metalloenzyme assembly. Nature Catalysis
2018, 1 (9), 680—688.

(3) Oohora, K; Onoda, A.; Hayashi, T. Hemoproteins reconstituted
with artificial metal complexes as biohybrid catalysts. Acc. Chem. Res.
2019, 52 (4), 945—954.

(4) Booth, R. L,; Grogan, G.; Wilson, K. S.; Duhme-Klair, A.-K.
Artificial imine reductases: Developments and future directions. RSC
Chemical Biology 2020, 1 (5), 369—378.

(5) Large, B; Baranska, N. G.; Booth, R. L.; Wilson, K. S.; Duhme-
Klair, A.-K. Artificial metalloenzymes: The powerful alliance between
protein scaffolds and organometallic catalysts. Current Opinion in
Green and Sustainable Chemistry 2021, 28, No. 100420.

(6) Koebke, K. J.; Pinter, T. B.; Pitts, W. C.; Pecoraro, V. L. Catalysis
and electron transfer in de novo designed metalloproteins. Chem. Rev.
2022, 122 (14), 12046—12109.

(7) Wittwer, M.; Markel, U.; Schiffels, J.; Okuda, J.; Sauer, D. F.;
Schwaneberg, U. Engineering and emerging applications of artificial
metalloenzymes with whole cells. Nature Catalysis 2021, 4 (10), 814—
827.

(8) Davis, H. J.; Ward, T. R. Artificial metalloenzymes: challenges
and opportunities. ACS central science 2019, S (7), 1120—1136.

(9) Sheldon, R. A. Enzyme immobilization: the quest for optimum
performance. Advanced Synthesis & Catalysis 2007, 349 (8—9), 1289—
1307.

(10) Hermanova, S.; Zarevicka, M.; Bousa, D.; Pumera, M.; Sofer,
Z. Graphene oxide immobilized enzymes show high thermal and
solvent stability. Nanoscale 2015, 7 (13), 5852—5858.

(11) Dhanjai; Lu, X.; Wu, L.; Chen, J.; Lu, Y. Robust single-molecule
enzyme nanocapsules for biosensing with significantly improved
biosensor stability. Analytical chemistry 2020, 92 (8), 5830—5837.

(12) Sheldon, R. A.; Basso, A.; Brady, D. New frontiers in enzyme
immobilisation: robust biocatalysts for a circular bio-based economy.
Chem. Soc. Rev. 2021, 50 (10), 5850—5862.

(13) Gao, Y.; Shah, K.; Kwok, I; Wang, M.; Rome, L. H.; Mahendra,
S. Immobilized fungal enzymes: Innovations and potential applica-
tions in biodegradation and biosynthesis. Biotechnology Advances
2022, 57, No. 107936.

(14) Somu, P.; Narayanasamy, S.; Gomez, L. A.; Rajendran, S.; Lee,
Y. R; Balakrishnan, D. Immobilization of enzymes for bioremedia-
tion: a future remedial and mitigating strategy. Environmental Research
2022, 212, No. 113411.

(15) Thompson, M. P.; Derrington, S. R;; Heath, R. S.; Porter, J. L.;
Mangas-Sanchez, J.; Devine, P. N,; Truppo, M. D.; Turner, N. J. A
generic platform for the immobilisation of engineered biocatalysts.
Tetrahedron 2019, 75 (3), 327—334.

(16) Vahidi, A. K; Yang, Y,; Ngo, T. P. N; Li, Z. Simple and
efficient immobilization of extracellular his-tagged enzyme directly
from cell culture supernatant as active and recyclable nanobiocatalyst:
high-performance production of biodiesel from waste grease. ACS
Catal. 2015, 5 (6), 3157—3161.

(17) de Vasconcellos, A.; Miller, A. H.; Aranda, D. A. G.; Nery, J. G.
Biocatalysts based on nanozeolite-enzyme complexes: Effects of
alkoxysilane surface functionalization and biofuel production using
microalgae lipids feedstock. Colloids Surf, B 2018, 165, 150—157.

(18) Xue, S.; Li, J; Zhou, L;; Gao, J.; Liu, G.; Ma, L.; He, Y.; Jiang,
Y. Simple purification and immobilization of his-tagged organo-
phosphohydrolase from cell culture supernatant by metal organic
frameworks for degradation of organophosphorus pesticides. Journal
of agricultural and food chemistry 2019, 67 (49), 13518—13525.

(19) Xu, W.; Jiao, L.; Yan, H.; Wy, Y.; Chen, L.; Gu, W.; Dy, D.;
Lin, Y.; Zhu, C. Glucose oxidase-integrated metal—organic framework
hybrids as biomimetic cascade nanozymes for ultrasensitive glucose
biosensing. ACS Appl. Mater. Interfaces 2019, 11 (25), 22096—22101.

(20) Miller, A. H.; de Vasconcellos, A.; Fielding, A. J.; Nery, J. G.
Nanozeolites as support for laccase immobilization: Application to
mediated glycerol oxidation. Applied Catalysis A: General 2021, 626,
No. 118361.

(21) Franklin, R. D.; Whitley, J. A.; Caparco, A. A.; Bommarius, B.
R.; Champion, J. A.; Bommarius, A. S. Continuous production of a

3226

chiral amine in a packed bed reactor with co-immobilized amine
dehydrogenase and formate dehydrogenase. Chemical Engineering
Journal 2021, 407, No. 127065.

(22) Mattey, A. P.; Ford, G. J.; Citoler, J.; Baldwin, C.; Marshall, J.
R.; Palmer, R. B,; Thompson, M.; Turner, N. J.; Cosgrove, S. C,;
Flitsch, S. L. Development of continuous flow systems to access
secondary amines through previously incompatible biocatalytic
cascades. Angew. Chem., Int. Ed. 2021, 60 (34), 18660—18665.

(23) Bitterwolf, P.; Ott, F.; Rabe, K. S.; Niemeyer, C. M. Imine
reductase based all-enzyme hydrogel with intrinsic cofactor
regeneration for flow biocatalysis. Micromachines 2019, 10 (11), 783.

(24) Gand, M.; Thole, C.; Miiller, H.; Brundiek, H.; Bashiri, G.;
Hoéhne, M. A NADH-accepting imine reductase variant: immobiliza-
tion and cofactor regeneration by oxidative deamination. Journal of
biotechnology 2016, 230, 11-18.

(25) Kulsharova, G.; Dimov, N.; Marques, M. P. C.; Szita, N,;
Baganz, F. Simplified immobilisation method for histidine-tagged
enzymes in poly (methyl methacrylate) microfluidic devices. New
biotechnology 2018, 47, 31—38.

(26) Liu, J.; Pang, B. Q,; Adams, J. P.; Snajdrova, R; Li, Z. Coupled
immobilized amine dehydrogenase and glucose dehydrogenase for
asymmetric synthesis of amines by reductive amination with cofactor
recycling. ChemCatChem. 2017, 9 (3), 425—431.

(27) Huffman, M. A.; Fryszkowska, A.; Alvizo, O.; Borra-Garske, M.;
Campos, K. R,; Canada, K. A.; Devine, P. N.; Duan, D.; Forstater, J.
H.; Grosser, S. T.; Halsey, H. M.; Hughes, G. J; Jo, J; Joyce, L. A,;
Kolev, J. N.; Liang, J.; Maloney, K. M.; Mann, B. F.; Marshall, N. M.;
McLaughlin, M.; Moore, J. C.; Murphy, G. S.; Nawrat, C. C.; Nazor,
J; Novick, S.; Patel, N. R;; Rodriguez-Granillo, A.; Robaire, S. A,;
Sherer, E. C.; Truppo, M. D.; Whittaker, A. M.; Verma, D.; Xiao, L.;
Xu, Y,; Yang, H. Design of an in vitro biocatalytic cascade for the
manufacture of islatravir. Science 2019, 366 (6470), 1255—1259.

(28) Hestericova, M.; Correro, M. R; Lenz, M.; Corvini, P. F. X,;
Shahgaldian, P.; Ward, T. R. Immobilization of an artificial imine
reductase within silica nanoparticles improves its performance. Chem.
Commun. 2016, 52 (60), 9462—9465.

(29) Trevifio, R. E.; Slater, J. W.; Shafaat, H. S. Robust Carbon-
Based Electrodes for Hydrogen Evolution through Site-Selective
Covalent Attachment of an Artificial Metalloenzyme. ACS Applied
Energy Materials 2020, 3 (11), 11099—11112.

(30) Renzi, E.; Piper, A,; Nastri, F.; Merkogi, A.; Lombardi, A. An
Artificial Miniaturized Peroxidase for Signal Amplification in Lateral
Flow Immunoassays. Small 2023, 19, No. 2207949.

(31) Zambrano, G.; Ruggiero, E.; Malafronte, A.; Chino, M.; Maglio,
O.; Pavone, V.; Nastri, F.; Lombardi, A. Artificial heme enzymes for
the construction of gold-based biomaterials. International journal of
molecular sciences 2018, 19 (10), 2896.

(32) Zambrano, G.; Chino, M.; Renzi, E.; Di Girolamo, R.; Maglio,
O.; Pavone, V.; Lombardi, A.; Nastri, F. Clickable artificial heme-
peroxidases for the development of functional nanomaterials.
Biotechnology and Applied Biochemistry 2020, 67 (4), 549—562.

(33) Filice, M.; Romero, O.; Aires, A.; Guisan, J. M.; Rumbero, A.;
Palomo, J. M. Preparation of an immobilized lipase-palladium artificial
metalloenzyme as catalyst in the heck reaction: role of the solid phase.
Advanced Synthesis & Catalysis 2018, 357 (12), 2687—2696.

(34) Filice, M.; Romero, O.; Gutiérrez-Fernandez, J.; de las Rivas,
B.; Hermoso, J. A,; Palomo, J. M. Synthesis of a heterogeneous
artificial metallolipase with chimeric catalytic activity. Chem. Commun.
2015, S1 (45), 9324—9327.

(35) Tabe, H.; Abe, S.; Hikage, T.; Kitagawa, S.; Ueno, T. Porous
protein crystals as catalytic vessels for organometallic complexes.
Chem. Asian ]. 2014, 9 (5), 1373—1378.

(36) Lopez, S.; Rondot, L.; Leprétre, C.; Marchi-Delapierre, C.;
Menage, S.; Cavazza, C. Cross-linked artificial enzyme crystals as
heterogeneous catalysts for oxidation reactions. J. Am. Chem. Soc.
2017, 139 (49), 17994—18002.

(37) Lopez, S.; Marchi-Delapierre, C.; Cavazza, C.; Ménage, S. A
Selective Sulfide Oxidation Catalyzed by Heterogeneous Artificial

https://doi.org/10.1021/acscatal.3c05294
ACS Catal. 2024, 14, 3218-3227


https://doi.org/10.1038/s41929-018-0124-3
https://doi.org/10.1021/acs.accounts.8b00676?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.8b00676?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0CB00113A
https://doi.org/10.1016/j.cogsc.2020.100420
https://doi.org/10.1016/j.cogsc.2020.100420
https://doi.org/10.1021/acs.chemrev.1c01025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c01025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41929-021-00673-3
https://doi.org/10.1038/s41929-021-00673-3
https://doi.org/10.1021/acscentsci.9b00397?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.9b00397?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adsc.200700082
https://doi.org/10.1002/adsc.200700082
https://doi.org/10.1039/C5NR00438A
https://doi.org/10.1039/C5NR00438A
https://doi.org/10.1021/acs.analchem.9b05466?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.9b05466?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.9b05466?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1CS00015B
https://doi.org/10.1039/D1CS00015B
https://doi.org/10.1016/j.biotechadv.2022.107936
https://doi.org/10.1016/j.biotechadv.2022.107936
https://doi.org/10.1016/j.envres.2022.113411
https://doi.org/10.1016/j.envres.2022.113411
https://doi.org/10.1016/j.tet.2018.12.004
https://doi.org/10.1016/j.tet.2018.12.004
https://doi.org/10.1021/acscatal.5b00550?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b00550?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b00550?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b00550?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.colsurfb.2018.02.029
https://doi.org/10.1016/j.colsurfb.2018.02.029
https://doi.org/10.1016/j.colsurfb.2018.02.029
https://doi.org/10.1021/acs.jafc.9b05206?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.9b05206?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.9b05206?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b03004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b03004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b03004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apcata.2021.118361
https://doi.org/10.1016/j.apcata.2021.118361
https://doi.org/10.1016/j.cej.2020.127065
https://doi.org/10.1016/j.cej.2020.127065
https://doi.org/10.1016/j.cej.2020.127065
https://doi.org/10.1002/anie.202103805
https://doi.org/10.1002/anie.202103805
https://doi.org/10.1002/anie.202103805
https://doi.org/10.3390/mi10110783
https://doi.org/10.3390/mi10110783
https://doi.org/10.3390/mi10110783
https://doi.org/10.1016/j.jbiotec.2016.05.006
https://doi.org/10.1016/j.jbiotec.2016.05.006
https://doi.org/10.1016/j.nbt.2017.12.004
https://doi.org/10.1016/j.nbt.2017.12.004
https://doi.org/10.1002/cctc.201601446
https://doi.org/10.1002/cctc.201601446
https://doi.org/10.1002/cctc.201601446
https://doi.org/10.1002/cctc.201601446
https://doi.org/10.1126/science.aay8484
https://doi.org/10.1126/science.aay8484
https://doi.org/10.1039/C6CC04604E
https://doi.org/10.1039/C6CC04604E
https://doi.org/10.1021/acsaem.0c02069?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.0c02069?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.0c02069?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/smll.202207949
https://doi.org/10.1002/smll.202207949
https://doi.org/10.1002/smll.202207949
https://doi.org/10.3390/ijms19102896
https://doi.org/10.3390/ijms19102896
https://doi.org/10.1002/bab.1969
https://doi.org/10.1002/bab.1969
https://doi.org/10.1002/adsc.201500014
https://doi.org/10.1002/adsc.201500014
https://doi.org/10.1039/C5CC02450A
https://doi.org/10.1039/C5CC02450A
https://doi.org/10.1002/asia.201301347
https://doi.org/10.1002/asia.201301347
https://doi.org/10.1021/jacs.7b09343?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b09343?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.202003746
https://doi.org/10.1002/chem.202003746
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c05294?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

Metalloenzymes Iron@ NikA. Chem. Eur. ]. 2020, 26 (70), 16633—
16638.

(38) Hestericovi, M.; Heinisch, T.; Lenz, M.; Ward, T. R. Ferritin
encapsulation of artificial metalloenzymes: engineering a tertiary
coordination sphere for an artificial transfer hydrogenase. Dalton
Transactions 2018, 47 (32), 10837—10841.

(39) Markel, U,; Sauer, D. F.; Wittwer, M.; Schiffels, J.; Cui, H.;
Davari, M. D.; Krockert, K. W.; Herres-Pawlis, S.; Okuda, J;
Schwaneberg, U. Chemogenetic evolution of a peroxidase-like
artificial metalloenzyme. ACS Catal. 2021, 11 (9), 5079—5087.

(40) Kato, S.; Onoda, A.; Taniguchi, N.; Schwaneberg, U.; Hayashi,
T. Directed Evolution of a Cp* RhIIl-Linked Biohybrid Catalyst
Based on a Screening Platform with Affinity Purification.
ChemBioChem. 2021, 22 (4), 679—685.

(41) Yang, H.; Swartz, A. M,; Park, H. J; Srivastava, P.; Ellis-
Guardiola, K;; Upp, D. M,; Lee, G.; Belsare, K;; Gu, Y.; Zhang, C,;
Moellering, R. E.; Lewis, J. C. Evolving artificial metalloenzymes via
random mutagenesis. Nature Chem. 2018, 10 (3), 318—324.

(42) Thorpe, T. W.; Marshall, J. R; Harawa, V.; Ruscoe, R. E;
Cuetos, A.; Finnigan, J. D.; Angelastro, A.; Heath, R. S.; Parmeggiani,
F.; Charnock, S. J,; Howard, R. M,; Kumar, R.; Daniels, D. S. B;
Grogan, G.; Turner, N. J. Multifunctional biocatalyst for conjugate
reduction and reductive amination. Nature 2022, 604 (7904), 86—91.

(43) Schrittwieser, J. H.; Velikogne, S.; Kroutil, W. Biocatalytic
imine reduction and reductive amination of ketones. Advanced
Synthesis & Catalysis 2015, 357 (8), 1655—168S.

(44) Block, H; Maertens, B.; Spriestersbach, A.; Brinker, N,;
Kubicek, J.; Fabis, R,; Labahn, J; Schifer, F. Immobilized-metal
affinity chromatography (IMAC): a review. Methods Enzymol. 2009,
463, 439—473.

(45) Blagova, E. V,; Miller, A. H; Bennett, M,; Booth, R. L,
Dodson, E. J; Duhme-Klair, A.-K,; Wilson, K. S. Thermostable
homologues of the periplasmic siderophore-binding protein CeuE
from Geobacillus stearothermophilus and Parageobacillus thermoglu-
cosidasius. Acta Crystallographica Section D 2023, 79 (8), 694—705.

(46) Bornhorst, J. A.; Falke, J. J. Purification of proteins using
polyhistidine affinity tags. Applications of Chimeric Genes and Hybrid
Proteins, Pt A 2000, 326, 245—254.

(47) Skander, M.; Humbert, N.; Collot, J.; Gradinaru, J.; Klein, G.;
Loosli, A.; Sauser, J.; Zocchi, A.; Gilardoni, F.; Ward, T. R. Artificial
metalloenzymes:(strept) avidin as host for enantioselective hydro-
genation by achiral biotinylated rhodium— diphosphine complexes. J.
Am. Chem. Soc. 2004, 126 (44), 14411—14418.

(48) Bradford, M. M. A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the principle
of protein-dye binding. Analytical biochemistry 1976, 72 (1-2), 248—
254.

(49) Jeschek, M.; Reuter, R,; Heinisch, T.; Trindler, C.; Klehr, J.;
Panke, S.; Ward, T. R. Directed evolution of artificial metalloenzymes
for in vivo metathesis. Nature 2016, 537 (7622), 661—665.

(50) Zhao, J.; Rebelein, J. G.; Mallin, H.; Trindler, C.; Pellizzoni, M.
M.; Ward, T. R. Genetic engineering of an artificial metalloenzyme for
transfer hydrogenation of a self-immolative substrate in Escherichia
coli’s periplasm. J. Am. Chem. Soc. 2018, 140 (41), 13171—13175.

(51) Wilson, Y. M.; Diirrenberger, M.; Nogueira, E. S.; Ward, T. R.
Neutralizing the detrimental effect of glutathione on precious metal
catalysts. . Am. Chem. Soc. 2014, 136 (25), 8928—8932.

(52) Collot, J.; Gradinaru, J.; Humbert, N.; Skander, M.; Zocchi, A.;
Ward, T. R. Artificial metalloenzymes for enantioselective catalysis
based on biotin— avidin. J. Am. Chem. Soc. 2003, 125 (30), 9030—
9031.

(53) Heinisch, T.; Pellizzoni, M.; Diirrenberger, M.; Tinberg, C. E.;
Kohler, V.; Klehr, J.; Hiussinger, D.; Baker, D; Ward, T. R
Improving the catalytic performance of an artificial metalloenzyme by
computational design. J. Am. Chem. Soc. 2015, 137 (32), 10414—
10419.

(54) Raines, D. J.; Moroz, O. V.; Blagova, E. V.; Turkenburg, J. P.;
Wilson, K. S.; Duhme-Klair, A.-K. Bacteria in an intense competition
for iron: Key component of the Campylobacter jejuni iron uptake

3227

system scavenges enterobactin hydrolysis product. Proc. Natl. Acad.
Sci. U. S. A. 2016, 113 (21), 5850—585S.

https://doi.org/10.1021/acscatal.3c05294
ACS Catal. 2024, 14, 3218-3227


https://doi.org/10.1002/chem.202003746
https://doi.org/10.1039/C8DT02224K
https://doi.org/10.1039/C8DT02224K
https://doi.org/10.1039/C8DT02224K
https://doi.org/10.1021/acscatal.1c00134?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c00134?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cbic.202000681
https://doi.org/10.1002/cbic.202000681
https://doi.org/10.1038/nchem.2927
https://doi.org/10.1038/nchem.2927
https://doi.org/10.1038/s41586-022-04458-x
https://doi.org/10.1038/s41586-022-04458-x
https://doi.org/10.1002/adsc.201500213
https://doi.org/10.1002/adsc.201500213
https://doi.org/10.1016/S0076-6879(09)63027-5
https://doi.org/10.1016/S0076-6879(09)63027-5
https://doi.org/10.1107/S2059798323004473
https://doi.org/10.1107/S2059798323004473
https://doi.org/10.1107/S2059798323004473
https://doi.org/10.1107/S2059798323004473
https://doi.org/10.1016/S0076-6879(00)26058-8
https://doi.org/10.1016/S0076-6879(00)26058-8
https://doi.org/10.1021/ja0476718?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0476718?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0476718?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1038/nature19114
https://doi.org/10.1038/nature19114
https://doi.org/10.1021/jacs.8b07189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b07189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b07189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja500613n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja500613n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja035545i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja035545i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b06622?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b06622?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1520829113
https://doi.org/10.1073/pnas.1520829113
https://doi.org/10.1073/pnas.1520829113
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c05294?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

