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The ability of hydrogenase enzymes to activate H, with excellent selectivity leads to many interesting
possibilities for biotechnology driven by H, as a clean reductant. Here, we review examples where
hydrogenase enzymes have been used to drive native and non-native hydrogenation reactions in
solution or as part of a redox cascade on a conductive support, with a focus on the developments we
have contributed to this field. In all of the examples discussed, hydrogenation reactions are enabled by
coupled redox reactions: the oxidation of H, at a hydrogenase active site, linked electronically (via relay
clusters in the enzyme and/or via conductive support) to the site of a reduction reaction, and we note
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how this parallels developments in site-separated reactivity in heterogeneous catalysis. We discuss the
productivities achieved with biocatalytic hydrogenations, the scope for application of these approaches
in industrial biotechnology, possibilities for scaling the production of hydrogenases, and future
opportunities. Our focus is on NiFe hydrogenases, but we discuss briefly how FeFe hydrogenases might
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Introduction

In the 1930s, Stevenson and Stickland' noted the ability of
hydrogenase-containing microbes to pass electrons from H, to
a variety of acceptors: ‘By means of this enzyme, hydrogen
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reduces molecular oxygen, methylene blue, nitrate and fuma-
rate’. We now know that the biological roles and forms of
hydrogenases are numerous. The basic protein subunits hous-
ing the NiFe or FeFe active site of hydrogenases are found in
simple, soluble proteins through to multi-subunit complexes,
linking oxidation of H, to the biological reduction of nitrate,
0., the nicotinamide cofactors NAD(P)*, the deazaflavin coen-
zyme F,0,” and many other acceptors. Here, we explore how the
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ability of hydrogenase to pass on electrons from H, has
inspired a suite of new biotechnology approaches which couple
the oxidation of H, to various reductions. These extend beyond
native enzyme activities by coupling hydrogenase from one
organism to a reductase from another, linking enzymes via
electronically conductive supports, and demonstrating new-to-
nature activity for hydrogenases. These developments are
timely as the fine chemical industry seeks greener processes
which minimise chemical waste, and hydrogenation is seen as
a clean alternative to stoichiometric reductions.® This has led to
interest in H,-driven biocatalysis.” NiFe hydrogenases have
proved the most amenable to application in biotechnology
because of their greater stability in air - in some cases, they
can sustain H, oxidation in the presence of O, - and longer
lifetimes. We, therefore, focus largely on the NiFe enzymes,
although we briefly discuss opportunities for hydrogenations
using FeFe hydrogenases.

Development of hydrogenation catalysts which couple bio-
logical oxidation of H, to a site-separated reduction process is
mirrored in recent mechanistic advances in heterogeneous
catalysis where certain hydrogenation reactions have been
shown to occur via H, oxidation at Pd with reduction of a
substrate at a separate metal site or at conductive support, and
we note where there are parallels.

Biotechnology for chemical manufacturing has developed
rapidly, and is of particular interest in the pharmaceuticals and
agrochemicals sectors where stereoselective biocatalysis offers
significant advantages for generating chiral products.>® How-
ever, biocatalytic processes are being re-evaluated in light of the
growing drive for more sustainable manufacturing practices.*”
Many of the oxidoreductases employed in asymmetric synthesis
are dependent on nicotinamide cofactors, NADH or NADPH, as
a source of reducing equivalents. Since the delivery of reducing
equivalents from these cofactors occurs via direct hydride
transfer in an enzyme active site pocket, it has proved difficult
to substitute more accessible electron donors or acceptors. The
efficient recycling of NAD(P)H cofactor using glucose dehydro-
genase (GDH) with glucose as a sacrificial hydride donor has
enabled the expansion of biotechnology for chemical manufac-
turing. However, dependence on the (super)-stoichiometric
levels of the Cs sugar molecule, glucose, as a hydride donor is
becoming increasingly troubling due to the waste accumulated,
and more atom-economical reductants are desirable.* The cost
of glucose is also a factor and has contributed to biocatalysis
being confined largely to the manufacture of high-value che-
micals. It has proved difficult to find non-biological methods
for recycling the oxidised or reduced cofactors, NAD(P)" or
NAD(P)H. There have been developments in transfer hydroge-
nation of NAD(P)" from formate or H, using Ir or Rh
complexes,®® or Pt nanoparticles’® and in electrochemical
regeneration,’ but as yet these have been limited in applica-
tion, often forming some incorrect cofactor during each turn-
over cycle, and remaining dependent on precious metals. The
field of chemo-catalysed NAD(P)H recycling remains active and
may contribute to industrial approaches in future. The high
cost of the cofactors means that even 0.1-1% incorrect
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NAD(P)H (with the hydride on the wrong position or in dimeric
form) from each reaction cycle makes it impossible to achieve
the >1000-10 000 cofactor turnovers which are needed to make
a biocatalytic process economically viable. For this reason, H,-
driven biocatalytic NAD(P)H recycling is attracting attention
and we show a number of ways in which hydrogenases may
contribute in this arena. We also show that the scope for
hydrogenases in chemical synthesis goes far beyond NAD(P)H
recycling. We review recent work which opens up possibilities
for biocatalytic hydrogenations via flavin recycling and by direct
reductions at a conductive support.

Biocatalytic hydrogenation could ‘slot in’ readily to existing
chemical manufacturing, where heterogeneous or homoge-
neous hydrogenations are already firmly embedded and
account for around 10-20% of all industrial chemical steps.'?
Obviously, increasing scope for H,-driven chemical
manufacturing demands new ways of scaling the clean produc-
tion of H, via electrolysis of water powered by solar and wind
energy, and such technologies are also immature.'® However,
in a future sustainable energy economy, electrically-driven
production of H, for clean chemical manufacturing could
become an important way to utilise and store electricity during
peak periods of production. New avenues in H,-driven biotech-
nology which we describe here will help to ensure that the
industrial biotechnology sector is ready to exploit an emerging
renewable energy economy in which H, is a significant energy
vector.

Mechanism, inhibition, and selectivity of NiFe hydrogenases

The most well-studied NiFe hydrogenases have a large subunit
housing the [NiFe]-active site and a small subunit housing an
electron-relay chain of iron-sulfur clusters. It is likely that the
main mechanistic features of H, activation (Fig. 1) are common
across the NiFe hydrogenases, although there may be differ-
ences in proton transfer pathways and the extent to which
proton and electron transfers during catalysis are concerted.™
Heterolytic cleavage of H, at the Ni(u)Fe(u) level of the active site
(labelled the Ni,-SI state) gives a hydride-bridged Ni(u)(H ™ )Fe(u)
species (Ni,-R) which is presumably protonated near the active
site. Proton and electron transfer away from the active site
yields a Ni(m)(H )Fe(n) intermediate (Ni,-C), which tauto-
merises to a Ni()Fe(n) active site with nearby protonation
(Niy-L). A further cycle of proton and electron transfer re-
generates the Ni(u)Fe(u) Ni,-SI starting state. Each cycle of
catalysis sends two electrons, one at a time, to the electron
relay chain of iron-sulfur clusters."* Depending on the cellular
role of the hydrogenase, electrons may pass to a membrane-
bound cytochrome, where they are ultimately transferred via
the quinone/quinol pool to a reductase to drive the reduction of
O, or nitrate, for example. More complex NiFe hydrogenases
have built-in reductase modules, such as a flavin catalytic site
for NAD(P)" or F,,, reduction. The NiFe hydrogenase 1 (Hyd-1)
from E. coli (used extensively in the biotechnology examples
discussed in this Feature Article) exists as a dimer, such that
the two electron transfer chains (from two [NiFe]-active sites)

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) Basic catalytic cycle for NiFe hydrogenases. This is viewed in the
direction of H, oxidation, although the steps are likely to be reversible, and
many NiFe hydrogenases are able to evolve H, at appropriate potentials.
(b) Structure of NiFe hydrogenase | (Hyd-1) from E. coli, showing the
[NiFe]-active site, and [FeS] electron relay clusters as spheres. E. coli Hyd-1
exists as a dimer, where each half comprises a small and large subunit with
the active site and [FeS] electron-relay chain (shown as spheres in
elemental colours).

meet at the same surface of the protein (Fig. 1(b)), with
electrons transferred in vivo to a cytochrome subunit.

One of the aspects of hydrogenase catalysis which has
intrigued chemists is the high selectivity of these enzymes for
H, over small molecules that are typical poisons of precious
metal catalysts. For example, the O,-tolerant NiFe enzymes are
almost completely insensitive to poisoning by CO during H,
oxidation, and NiFe hydrogenases have been shown to recover
easily from reaction with H,S."> The most effective metallic
hydrogenation catalysts (usually based on Pt-group metals) are
highly reactive to many unsaturated bonds and hence tend to
give poor selectivity in hydrogenation of molecules with multi-
ple unsaturated bonds.'®>° The ability of hydrogenases to
activate H, selectively, without indiscriminately hydrogenating
unsaturated bonds, opens up new mechanistic possibilities in
hydrogenation catalysis where the enzymes can be used purely
to provide a supply of electrons from H,, and these can be used
at a separate site for a reduction process.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Feature Article

n-octane

5 (7 1-octanol
FD  cyp H20

Fig. 2 (a) Structure of the soluble hydrogenase (SH) from Hydrogenophi-
lus thermoluteolus showing the hydrogenase moiety in green, with the
NiFe(CO)(CN), catalytic site shown as spheres in elemental colours, and
the NAD*/NADH cycling moiety in blue, with the flavin catalytic site shown
in stick form. Iron—sulfur electron relay clusters are shown in spheres in
elemental colours.?! (b) An engineered strain of Pseudomonas putida
expressed SH and cytochrome P450 monooxygenase (CYP) together with
the NADH-ferredoxin reductase (FRN) and ferredoxin (FD) needed for
electron transfer. This enables enhanced activity for octane to octanol in
the presence of Hy, attributed to H,-driven NAD™ reduction by the SH, as
described in the ref. 22.

Applications of hydrogenases

Applications of soluble NAD(P)*-linked hydrogenases for
NAD(P)H recycling

Fig. 2(a) shows the structure of the ‘soluble hydrogenase’ (SH)
from Hydrogenophilus (H.) thermoluteolus which natively links
the redox half reactions of H, oxidation (eqn (1)) and NAD"
reduction (eqn (2)), to give the overall reaction shown in
eqn (3), or the reverse reaction in which NADH oxidation is
coupled to H, evolution.*!

H, - 2H' + 2e” (1)
NAD' +2¢” + H* > NADH (2)
H, + NAD" —» NADH + H' (3)

Physiologically, this enzyme allows organisms such as
Cupriavidus necator (C. necator, formerly known as Ralstonia
eutropha) or H. thermoluteolus to store reducing equivalents
from H, in chemical form, as NADH. The hydrogenase moiety
(green) contains a typical [NiFe]-catalytic site (Fig. 1(a)), linked
via a chain of iron-sulfur clusters to a flavin active site for
NAD'/NADH cycling in the NAD"-reductase moiety (blue). Both
catalytic sites work reversibly, i.e. operating at the thermody-
namic potential for the H'/H, couple (—0.413 V at pH 7.0 and
1 bar H,) and NAD'/NADH couple (—0.320 V at pH 7.0 and a

Chem. Commun., 2024, 60, 13667-13677 | 13669
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1:1 ratio of NAD": NADH), respectively. The close spacing of
these redox couples in potential (voltage) means that both
directions of reaction (H, to NADH or NADH to H,) are
thermodynamically favourable upon a slight variation in con-
ditions. For example, for a solution in equilibrium with a much
lower level of H, (0.1%) the potential of the H'/H, couple at pH
7.0 shifts in a positive direction to —0.325 V. At a 10-fold excess
of NADH to NAD', the NAD'/NADH couple shifts in a negative
direction to —0.350 V. Under these modified conditions, oxida-
tion of NADH by protons is now thermodynamically favoured
(the reverse of eqn (3)).

In one of the earlier attempts to develop H,-driven biotech-
nology with NiFe hydrogenase, the NADP'-reducing SH from
the hyperthermophilic organism, Pyrococcus furiosus,* was
explored as an NADPH recycling system, but challenges in
stability and expression have hindered further applications of
this enzyme.** The NAD"-linked SH from C. necator is O,-stable
and has been demonstrated for H,-driven NADH recycling both
in whole-cell biocatalysis and in vitro.>>>>*® For example, cells
of Pseudomonas putida were modified for heterologous expres-
sion of an SH and were shown to give a higher rate of in vivo
cytochrome P450 monooxygenase (CYP)-catalysed octane oxida-
tion to octanol under H,, which was attributed to SH-catalysed
recycling of NADH (Fig. 2(b)).>* Although the cytochrome P450
reaction on octane is an oxidation, it relies upon NADH supply
for partial reduction of O, and hence is supported by H,-driven
NADH recycling.

Other cytochrome P450 monooxygenases are specific for the
phosphorylated derivative, NADPH. Site-directed mutagenesis
of the SH from C. necator enabled a switch in selectivity for
NADP' compared to NAD", giving a double variant E341A/S342R
with Michaelis Menten constant (Ky;) for NADP" of 0.6 mM, very
close to that of the wild-type enzyme for NAD".>®> This system
was exploited in purified form for NADPH supply to an isolat-
ed NADPH-dependent imine reductase and cytochrome P450
(BM3-type) monooxygenase.>> Although these examples are
conceptually important, productivity was not sufficiently high
to encourage rapid up-scaling and further development.

An attractive concept for mild oxidations is to use protons as
a clean oxidant, with the capture of H, as a bonus by-product.
This has been demonstrated by Al-Shameri et al. with reverse
operation of the C. necator soluble hydrogenase for an enzyme
cascade for D-xylose conversion to o-ketoglutarate requiring
two equivalents of the oxidised cofactor, NAD".*” Gaseous H,
could be detected in the stream flushed out of the reaction
vessel. With process improvements to enhance gas removal and
capture, this may become an interesting strategy for NAD(P)"
dependent oxidative catalysis, with bonus production of H,.

Combining hydrogenase with reductase on a carbon support

Recognising the opportunities offered by the direct flow of
electrons between hydrogenase and a carbon surface, in 2007,
Armstrong and coworkers coupled hydrogenase with nitrate or
fumarate reductase on platelets of graphite and showed that
electrons passing through the electronically conductive gra-
phite could drive a reduction.?® This is shown schematically
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(@) Hydrogenase

(b)

Fig. 3 Reduction of nitrate to nitrite by H, using two-site H, oxidation/
nitrate reduction catalysis. (a) Biocatalyst system involving NiFe hydroge-
nase co-immobilised with nitrate reductase on graphite platelets, as
reported in ref. 28 (b) schematic representation of a heterogeneous
supported metal alloy in which H, oxidation is shown to take place on
Pd sites and nitrate reduction to occur on Cu sites, as studied in ref. 29.

in Fig. 3(a) with a single pair of enzymes on the support,
although, of course, many molecules of each enzyme will be
adsorbed, likely in a random distribution. The NiFe hydroge-
nase (here, from the purple sulfur bacterium, Allochromatium
vinosum) oxidises H, (eqn (1)) and provides electrons into the
conduction band of the graphite, where they can be taken up by
nitrate reductase (from E. coli) for reduction of nitrate to nitrite
(eqn (4)), to give the overall reaction shown in eqn (5). This was
confirmed by a colourimetric assay for nitrite.

NO;~ +2H" + 2e~ —» NO,  + H,0O ()

H, + NO;~ —» NO, + H,0 (5)

Interestingly, the same overall reaction has been demon-
strated recently by Surendranath and coworkers at a hetero-
geneous PdCu alloy catalyst (shown schematically in Fig. 3(b))
where Pd sites are responsible for an H, oxidation half-reaction
(eqn (1)) and Cu sites carry out the nitrate reduction half-
reaction (eqn (4)).>°

Heterogeneous biocatalytic NADH recycling

We took up the concept of coupling H, oxidation and a site-
separated reduction to develop a heterogeneous catalyst system
for Hy-driven NADH recycling.’® The oxidised and reduced
nicotinamide cofactors are shown in Fig. 4(a). In this recycling
system for NADH, the hydrogenase oxidises H, and provides
electrons to the NAD' reductase moiety (via the carbon support)
for reduction of NAD" to NADH (Fig. 4(b)). The NADH is then
available to an NADH-dependent reductase (or ‘dehydrogenase’

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Structures of the nicotinamide cofactors, NAD(P)* and
NAD(P)H. (b) An enzyme cascade on carbon particles for biocatalytic
hydrogenations. The hydrogenase catalyses oxidation of H, and relays
electrons into the conductive carbon support. The NAD* reductase takes
up these electrons for NAD" reduction to NADH. An NADH-dependent
enzyme such as alcohol dehydrogenase (keto reductase) then takes up
NADH for stereoselective reduction of an unsaturated bond, such as
reduction of a ketone to an alcohol.

working in reverse), for reduction of an unsaturated bond. As
an example, this is shown in Fig. 4(b) with an alcohol dehy-
drogenase (also known as a keto reductase) for the synthesis of
a chiral alcohol.*>* A very wide range of commercial alcohol
dehydrogenases are available and have been engineered to act
on specific substrates or to exhibit broad substrate scope.**™*
Selectivity for generating (S)- or (R)- alcohols is generally high
within a specific enzyme, but commercial alcohol dehydro-
genases have been engineered for opposing stereochemical
outcomes, and hence it is often possible to generate either
enantiomer of a product with high stereoselectivity.*>
Although the overall cofactor recycling reaction is the same
as that catalysed by the native SH enzyme discussed above, the
modularity of the approach shown in Fig. 4(b) makes it pos-
sible to pick the enzyme components for specific reaction

This journal is © The Royal Society of Chemistry 2024
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requirements. This concept has proved highly successful with
the NiFe hydrogenases from the common bacterium, E. coli,
together with the NAD" reductase moiety of an SH for H,-driven
NADH recycling (blue/brown subunits of Fig. 2(a)) or the
whole SH.*” Synthesis of the pharmaceutical building block
(3R)-quinuclidinol was intensified in continuous flow over a
catalyst comprising hydrogenase and NAD" reductase on acti-
vated charcoal using an alcohol dehydrogenase from Agrobac-
terium tumefaciens for example.*®

In an experiment in which immobilised hydrogenase and
NAD" reductase were physically separated by a carbon paper
layer, the redox state of the hydrogenase active site was con-
firmed to respond to changes in NAD'/NADH ratio (which alter
electron flow from the NAD" reductase), showing that the
two enzymes were electronically ‘wired’ via the conductive
support.®*® Using the bidirectional NiFe hydrogenase, Hyd-2
from E. coli, the system has also been run in reverse for NAD"
recycling (making H, as a bonus by-product).*®

The heterogeneous nature of the biocatalytic system for H,-
driven NADH recycling has enabled translation into continuous
flow by loading catalyst particles into a packed bed reactor.
Reactions run in the H-cube flow reactor with H, produced by
electrolysis of water showcase applicability in an industrial-
standard, scalable flow reactor, as well as scope for running on
H, produced renewably from water.?”

Applications of H,-driven NADH recycling in selective
deuteration reactions

We have also repurposed the heterogeneous catalyst system of
hydrogenase (Hyd-1) and NAD"-reductase for biocatalytic inser-
tion of the hydrogen isotope, deuterium, ?H, into selective
positions on molecules (Fig. 5)."° In catalytic conversion of
NAD" to NADH by the NAD" reductase, the hydride on NADH
derives from a proton in solution, and therefore, running
reactions in heavy water, H,0, results in formation of the
deuterated cofactor, NAD*H (the ?H is highlighted in orange in
Fig. 5). When supplied to a reductase, such as alcohol dehy-
drogenase, NAD’H results in transfer of the deuteride onto the
product, adjacent to the bond which has been reduced. When
used with an alcohol dehydrogenase, this results in alpha-
deuterated alcohols, for example. (Of course, the -OH group
is also deuterated (-O”H) but here the deuteron is exchangeable
in water.) Again, the stereochemical outcome of the reaction is
controlled by the alcohol dehydrogenase. Since the H, oxida-
tion half-reaction is site-separated from the NAD" reduction,
the overall reaction proceeds in ?’H,O under unlabelled H, gas,
with only slight dilution of the deuterium content of the solvent
by protons released by the hydrogenase. We showcased the
synthesis of a range of deuterated molecules using this
approach, including site-selective deuteration of the pharma-
ceutical, solifenacin, a muscarinic M3 receptor antagonist.
Deuterated pharmaceuticals have in some cases been shown
to have better metabolic stability, allowing lower dosage and
minimised side effects, and this simple biocatalytic strategy for
precision introduction of deuterium atoms from *H,O as a
cheap ?H source is likely to be useful in specific cases of
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Fig. 5 (a) The heterogeneous biocatalytic NADH recycling system can be
re-purposed for selective insertion of 2H labels into organic chemicals
adjacent to the bond which is reduced. (b) This was showcased for
selective deuteration of the pharmaceutical solifenacin fumarate, as
described in ref. 40.

pharmaceutical synthesis, particularly where there are already
biocatalytic steps in the synthesis. We have also made use of
the intact soluble hydrogenase from C. necator, in vitro, for
recycling the deuterated cofactor NAD*H during the synthesis
of isotopically-labelled amino acids to use in the expression of
labelled proteins for NMR structural study.*

Application of hydrogenases in flavin recycling to support
catalysis by ene reductases and nitro reductases

Flavin-containing NAD'-linked SHs have long been known to
have activity for reducing external flavin cofactors in solution,*>
and this has been used to drive reactions for biotechnology
where flavins can substitute for NAD(P)H,** for example, the
flavin-containing ene-reductases of the ‘old-yellow enzyme’
(OYE) type. More surprising was our finding that E. coli hydro-
genase Hyd-1 also has a non-native activity for the reduction of
the flavins FMN and FAD under H, (Fig. 6(a)).** The thermo-
dynamic potential of the H'/H, couple (—0.472 V, pH 8.0, 1 bar
H,) compared to the flavin potential (around —0.230 V, pH 8.0,
Fig. 6(a)) indicates that the reduction of flavins by H, is
thermodynamically favourable. The reaction likely occurs at
the enzyme’s surface where electrons from H, oxidation are
released via the outer iron-sulfur cluster of the electron relay
chain (see Fig. 1(b)). The robustness of Hyd-1 allowed
flavin reduction to be performed over a wide range of tempera-
tures, 25-70 °C. To showcase the applicability of Hyd-1 in
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Fig. 6 (a) Reduction of flavin cofactors. (b) Stereoselective biocatalytic
H,-driven alkene reduction of different substrates using TsOYE and
commercial ene-reductases ENE-103 and ENE-107.

biotechnologically relevant flavin recycling, the Hyd-1-catal
ysed flavin reduction was coupled with the OYE-type ene-
reductase from Thermus scotoductus, TSOYE, to achieve the
enantioselective reduction of ketoisophorone to (R)-levodione
(Fig. 6(b)). The Hyd-1 turnover frequency (TOF) reached only
20.4 min~*, well below the H, oxidation rate measured electro-
chemically for this enzyme, likely due to the relatively low
driving force for H, oxidation provided by the flavin reduction
half-reaction, as well as the non-native interaction of flavins
with the FeS clusters at the enzyme surface. Engineering of a
more targeted site for flavin reduction might offer improve-
ments. Nevertheless, complete conversion of 2 mM of an alkene
substrate of TSOYE was achieved after 15 hours at 0.5 mM FMN
under mild conditions (room temperature and 1 bar H,)
suggesting the promise of the H,-driven flavin recycling. Lower
FMN concentration (0.1 mM) and higher substrate concen-
tration (20-24.2 mM) made it possible to achieve a total turn-
over number (TTN) of up to 10200 for Hyd-1 and 97 FMN

This journal is © The Royal Society of Chemistry 2024
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turnovers after 24 hours of reaction. This is similar to the FMN
turnover number reported for formate-driven Rh-catalysed
FMNH, recycling.*> However, the background, non-enantio-
selective reduction of the substrate by [Cp*Rh(bpy)H]" required
careful catalyst balancing in that system. A fed-batch reaction
confirmed that the system is stable for at least 134 h of reaction
time, giving Hyd-1 TTN over 20 000 and FMN TN 240 - showing
the advantage of the sturdy Hyd-1 biocatalyst over the C. necator
SH for which TTN of 8400 was reported.

The Hyd-1 biocatalytic system was further demonstrated
with two commercial ene-reductases, ENE-103 and ENE-107
from Johnson Matthey, which usually are run with GDH for
NAD(P)H recycling. With the same protocols as previously
optimised for TsOYE, two alkenes, dimethylitaconate (with
ENE-103) and 4-phenyl-3-buten-2-one (with ENE-107), were
reduced to dimethyl (R)-methyl succinate (>99% ee) and
4-phenyl-2-butanone, respectively (Fig. 6(b)). Control experi-
ments confirmed the importance of each component of the
system for the reduction of the corresponding alkene. These
results emphasise the easy application of various ene-
reductases with Hyd-1-catalysed flavin recycling, indicating that
this simplified H,-driven system could be advantageous for
applications requiring low waste, high catalyst stability, and
good temperature tolerance.

This proof-of-concept study with Hyd-1 catalysed flavin
recycling establishes the H,-driven reduction of FAD and
FMN by hydrogenase as a viable alternative to recycling nico-
tinamide cofactors for enzymes that will tolerate alternative
electron donors. The system’s stability and temperature toler-
ance are promising for industrial biotechnology applications.
The fact that FMN is significantly cheaper than NAD(P)H
should make this system worth developing further for applica-
tion with ene reductase catalysis.

In a follow-up study, we exploited the Hyd-1/H, system to
recycle FMN as a source of reducing equivalents for nitrore-
ductases during the reduction of aromatic nitro compounds.*®
Like ene reductases, the nitroreductases are flavoenzymes and
are typically run with the standard glucose-driven NADH recy-
cling system. The 6-electron reduction of a nitro group to the
corresponding amine requires three equivalents of glucose, so
the need for a cheaper, more atom-economical reductant is
even more pertinent with these enzymes. Additional complica-
tions at this level of super-stoichiometric glucose are the
formation of N-glucoside as a side product, and gluconolactone
build-up, which requires constant pH monitoring and adjust-
ment. We hypothesised that the nitro-reductases might also
accept reducing equivalents from flavin in its reduced hydro-
quinone form, and that the drawbacks of glucose could be
eliminated by using the hydrogenase/H, flavin recycling sys-
tem, which avoids pH changes, by-products, and side reactivity.
The nitro reduction reaction proceeds via several partially
reduced intermediates, and typically, nitroreductases reach
hydroxylamines and often fail to fully convert substrate to the
corresponding amine. This issue has been addressed by Dom-
inguez and coworkers using V,0s as a co-catalyst, which
helps disproportionate the hydroxylamine intermediate and
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NH,

Fig. 7 Hy-driven biocatalytic reduction of the nitro compound to
the corresponding amine using commercial nitroreductase NR-17, as
described in ref. 46.

ultimately favours the formation of the amine product.”” When
used with the V,05 additive and the H,-driven flavin recycling
system, the nitro reductase reactions achieve high conversion
rates to the pure amine product.*®

We tested the H,/Hyd-1/FMN system with a set of commer-
cially available nitroreductases (from Johnson Matthey) to see if
these enzymes could accept electrons from externally supplied
FMNH, instead of NAD(P)H. The model nitro aromatic sub-
strate was used, 2-methyl-5-nitropyridine, which is known to
reduce to the corresponding amine using nitroreductases with
the glucose/GDH/NADP' cofactor recycling system in the
presence of the V,05 cocatalyst (Fig. 7). Reactions were run at
10 mM substrate at pH 7.0, with 5% v/v DMSO as a co-solvent at
35 °C under a H, atmosphere (1 bar). Analysis of reaction
mixtures by gas chromatography showed that all tested nitror-
eductases converted the nitro substrate to the aniline product
with the flavin hydroquinone as a reductant. One nitroreduc-
tase (NR-17) was chosen for further assessment of the catalyst
system.*®

Control experiments confirmed the importance of each
component of the reaction mixture for selective conversion of
substrate to corresponding amine. With an increased concen-
tration of substrate (20 mM), a conversion of 96% was reached
after 20 hours of reaction, and TTN for Hyd-1, in that case, was
26100 (taking into account the six-electron reduction of the
substrate).*®

To evaluate the waste reduction provided by the H,/Hyd-1/
FMN system, we calculated an E-factor, which we compared to
the published glucose/GDH/NADP' system using a 20 mM
concentration of nitroarene substrate. This indicated a more
than 4-fold improvement by eliminating glucose from the
process, and this could likely be improved further by reaction
optimisation.*®

This study also demonstrated that Hyd-1 effectively reduces
the flavins FAD and FMN even in the presence of up to 50% co-
solvent (DMSO or acetonitrile, MeCN), with higher specific
activity observed for FMN compared with FAD. In DMSO,
specific activity decreased somewhat up to 5% DMSO but
remained stable as the co-solvent concentration was increased
to 50%. Hyd-1 also showed stable FMN reduction activity
between 5% and 50% MeCN. This tolerance to solvents
could be crucial for enhancing system performance and
expanding the substrate range to less water-soluble nitroaro-
matic compounds. In this study, we also reported a modest
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over-expression system for Hyd-1 in its native host E. coli.*®
Together, these advances suggest that flavin recycling with Hyd-
1/H, is a promising system for the cleaner operation of
flavoenzymes such as ene reductase and nitroreductases.

Nitro reductions catalysed by hydrogenase on carbon

A strong demand for sustainable amine synthesis in pharma-
ceuticals and agrochemicals along with inspiration from the
approach of ‘electrochemical hydrogenation’ in heterogeneous
catalysis, underpinned a further application of Hyd-1 immobi-
lised on carbon. Traditional nitro-group reductions to produce
amines typically involve stoichiometric reductants or precious-
metal hydrogenations, which lack functional group selectivity,
although recent developments in organocatalysts and first-
row transition metals have improved selectivity. Biocatalytic
approaches using nitroreductase are still emerging, and sub-
strate scope remains limited. Although Pd/C catalysts are
widely used in nitro-group hydrogenations, they may cause
unwanted side reactions. ‘Electrochemical hydrogenation’
involves coupling H, oxidation to reduction at a different
catalytic site, as seen with the PdCu alloy for nitrate reduction
in Fig. 3(b). Indeed, An et al. have recently proposed a site-
separated mechanism for nitro-reductions at Pd/C, whereby Pd
is responsible for H, oxidation, and the nitro-compound is
reduced at the carbon support.*® The reduction of nitroben-
zene, a model aromatic nitro compound, on a graphite elec-
trode in aqueous medium at pH 6.0 begins at —0.113 V

(eqn (6))-

NO, NH,
©/ + BH* + 66" —~ ©/ + 2H,0 (6)

At pH 6.0 and under 1 bar H,, the proton/dihydrogen couple
potential, E'(2H'/H,), is —0.355 V. Since the onset potential for
nitrobenzene reduction is more positive than E/(2H'/H,), redu-
cing nitrobenzene with H, is thermodynamically feasible. We,
therefore, hypothesised that hydrogenase on a carbon support
should be able to reduce nitroarene compounds, with
reduction of the nitro group occurring at the carbon surface,
similar to an electrochemical half-reaction, using electrons
from H, oxidation by hydrogenase (Fig. 8(a)).*’ E. coli Hyd-1
exhibits a small over-potential relative to E'(2H'/H,), with its H,
oxidation onset potential at about —0.296 V, but should still
provide sufficient driving force for nitrobenzene reduction.

We therefore tested the feasibility of nitrobenzene hydro-
genation using a Hyd-1/C catalyst, where the support is a
carbon black material known as Black Pearls 2000 (Cabot).
After 12 hours under H, flow, a complete conversion of 10 mM
nitrobenzene to aniline was observed with no side products.
Control experiments confirmed that this reactivity is not exhib-
ited by either Hyd-1 or carbon particles alone. It is likely that
interfacing Hyd-1 with the carbon support aids the 6-electron
reduction of the nitro compound by pooling electrons in
the conductive support. Encouraged by these results, a
broader range of aromatic nitro compounds was explored to
assess the substrate scope, functional group tolerance, and
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Fig. 8 (a) H,-driven chemo-enzymatic reduction of nitro compound by
Hyd-1/C catalyst. (b) Examples of amine-containing pharmaceuticals that
can be produced by hydrogenation of corresponding nitro precursors
using the Hyd-1/C catalyst.

chemoselectivity of the Hyd-1/C catalyst. Full hydrogenation
of all 30 selected nitrobenzene derivatives to their corres-
ponding amines was achieved by Hyd-1/C at 1 bar H,. In some
cases, 10% v/v MeCN was required as a co-solvent to address
solubility issues, and for others, reaction times or catalyst
loading were increased to facilitate a complete conversion.
These findings demonstrated the high tolerance of this bioca-
talyst system to various substituents on the aromatic ring. Of
particular note, the Hyd-1/C catalyst hydrogenated nitro groups
in several halogenated substrates without causing dehalogena-
tion which often occurs at Pd/C,*® maintaining the halogen
substituents (Cl, Br, I). The biocatalyst system also avoided side
reductions in challenging substrates, such as benzylic alcohols
and thiolate-containing compounds, and was selective for nitro
hydrogenation over other unsaturated groups, such as ketones,
aldehydes, or alkenes. Sterically hindered and bulky substrates
were also effectively converted, although some required higher
catalyst loadings or extended reaction times. Nitro compounds
with two nitro groups were completely reduced to diamines.
Additionally, we used the biocatalyst system to produce phar-
maceutical precursors, including 4-aminophenol (for paraceta-
mol), benzocaine, and mesalazine, an essential drug for
treating inflammatory bowel disease (Fig. 8(b)).

After demonstrating Hyd-1/C as an effective catalyst for nitroar-
ene reductions, the focus shifted to scaling up the reaction and
isolating products. For most substrates, the corresponding amines
were isolated by simple organic solvent extraction, yielding 78-96%
product without further purification. Synthesis of the highest-
yielding product, 1-naphthylamine, achieved 2.22 x 10> turnovers
of Hyd-1 during the 24-hour reaction.

This journal is © The Royal Society of Chemistry 2024
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To demonstrate the scalability of this biocatalytic system for
producing a pharmaceutically relevant product, we selected the
reduction of N-(2-(diethylamino)ethyl)-4-nitrobenzamide to
procainamide, which is used to treat cardiac arrhythmia. The
precursor was hydrogenated using Hyd-1/C, yielding 1.10 g of
procainamide with 96% purity and 90% yield. This result
demonstrated the system’s scalability and potential for applica-
tion in the production of fine chemicals and their precursors.

To explore the mechanism of nitro-group hydrogenation
with Hyd-1/C and H,, we examined the reduction of nitroben-
zene as a model substrate, taking time points during the
reaction. After 30 minutes, N-phenylhydroxylamine was
detected as an intermediate, with complete conversion to ani-
line occurring by 12 hours. Cyclic voltammetry confirmed the
formation of N-phenylhydroxylamine, indicating a four-electron
reduction pathway from nitrobenzene to N-phenylhydroxylamine,
followed by further two-electron reduction to aniline. Catalyst
recycling experiments showed complete conversion over five
cycles of the catalyst re-use, with a total turnover number (TTN)
of 1.16 x 10°. Despite some increase in the N-phenylhydroxylamine
intermediate over thirteen cycles, the starting material was fully
consumed in each cycle.

We used cyclic voltammetry to examine all of the nitroarene
substrates tested in the hydrogenation reactions and found that
all had reduction onset potentials positive relative to both
E'(2H'/H,) and the H, oxidation onset for Hyd-1. However,
the aliphatic nitro compound, 1-nitrohexane, with a more
negative onset potential of —0.313 V, failed to reduce using
the Hyd-1/C catalyst, suggesting a potential limit for hydroge-
nation of substrates by Hyd-1/C.

To address this, we substituted in E. coli hydrogenase 2,
Hyd-2, which operates reversibly at E'(2H"/H,) (i.e. without the
kinetic limitation that gives an overpotential requirement
to Hyd-1). As expected, over 48 hours, Hyd-2/C converted
1-nitrohexane to 1-aminohexane, indicating that the ‘hydroge-
nase on carbon’ catalyst concept can be extended to more
challenging aliphatic nitro compounds.

The fact that a total turnover number of over 1 million is
achieved for Hyd-1/C without significant optimisation, suggests
that this system should be adaptable for industrial application.
The enzyme immobilised on a carbon support can be handled
similarly to Pd/C and hence should ‘slot in’ to existing reactors.
The ability of hydrogenase on carbon to catalyse the selective
hydrogenation of nitro compounds allows for Pd-free ‘electro-
chemical hydrogenation’ of nitro compounds - a new paradigm
for industrial biotechnology. It will be interesting to see what
further opportunities emerge for reactions of this type using
Hyd-1, which is sufficiently solvent-tolerant, temperature-stable
and robust.

Scalability and future scope

Scale-up of NiFe hydrogenase production remains a significant
challenge for the application of these enzymes in biotechnol-
ogy, although new approaches are emerging (vide infra).
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Heterologous expression of NiFe hydrogenases is hindered by
the number of accessory genes required for successful assembly
of the active site and maturation of the protein, and these may
be specific to a particular hydrogenase. For example, E. coli
expression of the regulatory hydrogenase from Cupriavidus
necator (formerly known as Ralstonia eutropha) was achieved
with co-expression of six maturation proteins, HypABFCDE,
alongside the subunits of the hydrogenase dimer, HoxBC.>"
The number of accessory proteins also hinders over-expression
within the native organism, although we did achieve ca 10-fold
over-expression of Hyd-1 in its native host, E. coli.*® Substantial
efforts in synthetic biology and bioprocess engineering are
likely to be necessary to achieve high-level bioreactor expres-
sion of active NiFe hydrogenases.>”

For the FeFe hydrogenases, an interesting opportunity exists
because it has been possible to express apo hydrogenase (with
no diiron active site) at higher levels in E. coli, and then
incorporate a chemically-synthesised, small molecule diiron
cluster to generate active FeFe hydrogenase. For the FeFe
hydrogenases, maturases have more cross-compatibility, and
it has also been possible to establish a strain of E. coli with the
maturase from Clostridium acetobutylicum to allow expression
of intact, holo FeFe hydrogenase from other organisms.> It
remains to be seen whether the inorganic synthesis of the
diiron active site precursor is itself sufficiently scalable to
enable the former approach to be used in large-scale biotech-
nology, or whether enabling E. coli to biosynthesise the cofactor
via the introduction of the maturases is preferable. The extreme
air-sensitivity of FeFe hydrogenases also hinders their prepara-
tion, although inhibition by sulfide coordination at the
active site has been shown to offer temporary protection during
aerobic handling prior to reactivation by removal of sulfide.>*>*

The FeFe hydrogenase, HydA5 from Clostridium (C.) beijer-
inckii, shows substantially more stability towards O, than other
known FeFe hydrogenases, attributed to a cysteine residue
which swings in to confer additional sulfur coordination at
the active site to block O, reaction, facilitating aerobic purifica-
tion of the enzyme.>® Although this process also limits the
enzyme activity to a minimal potential window close to the
onset of H, oxidation, C. bejjerinckii HydA5 has been shown by
Morra, Cleary and coworkers to be viable for H,-driven flavin
reduction to support ene-reductase catalysis by an old yellow
enzyme type ene-reductase,”” similar to the activity which was
discussed earlier for NiFe hydrogenase. In combination with an
NAD" reductase moiety on a carbon support, C. bejjerinckii
HydA5 has also been used for H,-driven NADH recycling to
support an NADH-dependent alcohol dehydrogenase for the
production of the pharmaceutical precursor quinuclidinol with
a total turnover number of 135300 over an 18-hour reaction,
and near-complete conversion of almost 50 mM substrate.””
Small-scale heterologous production of this enzyme in E. coli in
a bioreactor looks promising for applications in biotechnology,
in this case via heterologous expression in a strain of E. coli that
has been engineered to incorporate a set of maturases.”” It
therefore remains to be seen whether FeFe hydrogenases will
catch up with the NiFe enzymes in terms of applicability for
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biotechnology. The high activities of hydrogenases (often at
least >1000 s~ for H, oxidation) slightly mitigate the chal-
lenges in enzyme expression because a little of the enzyme goes
a long way.

Conclusions

Challenges of enzyme supply aside, the catalytic systems invol-
ving hydrogenase in solution or on a carbon support are
inherently scalable because they can slot directly into reactors
designed for homogeneous or heterogeneous hydrogenations
which are widely used in chemical manufacturing. The high
affinity of hydrogenases for H, means that reactions can be
performed at atmospheric or mild pressures of H,, avoiding
complex high-pressure reactor infrastructure which is required
for many metal-catalysed hydrogenations, hence offering addi-
tional safety benefits. The ability of hydrogenases to tolerate
contaminants in the H, stream, such as CO or H,S offers
possibilities of running reactions on lower-grade H, or waste
streams from other industrial processes. Future applications
are likely to exploit further native electron transfer pathways of
hydrogenases, for example, the soluble hydrogenases for
NADPH or deazaflavin (F4,) cofactor recycling, as well as
non-native activities beyond the flavin and nitro reductions.
Further reactivities are likely to emerge, paralleling the con-
ceptual developments in ‘electrochemical hydrogenations’ in
the field of heterogeneous catalysis. We can expect hydroge-
nases to play an increasing role in cleaner, more sustainable
biotechnology.

Data availability

No primary research results, software or code have been
included and no new data were generated or analysed as part
of this article.

Conflicts of interest

K. A. V. is a co-founder and director of the company HydRegen
which holds licences for several of the biocatalyst systems
described in this Feature Article. Patents have been filed on
several of the technologies described in this Feature and the
authors may benefit from future royalties. The authors declare
no further conflicts of interest and there are no unpublished
results disclosed in this Article.

Acknowledgements

K. A. V. is grateful for financial support from ERC CoG-819580
(BiocatSusChem) and BBSRC grant BB/X002624/1. D. S. thanks
the Swiss National Science Foundation for the Postdoc.Mobility
Fellowship (P500PN_214322).

13676 | Chem. Commun., 2024, 60, 13667-13677

View Article Online

ChemComm

Notes and references

M. Stephenson and L. H. Stickland, Biochem. J., 1931, 25, 205-214.
S. Vitt, K. Ma, E. Warkentin, J. Moll, A. J. Pierik, S. Shima and
U. Ermler, J. Mol. Biol., 2014, 426, 2813-2826.

3 W. Bonrath, J. Medlock, J. Schiitz, B. Wiistenberg and T. Netscher,
Hydrogenation in the vitamins and fine chemicals industry — an over-
view, Hydrogenation, Rijeka: InTech., 2012, pp. 69-90.

4 F. Hollmann, D. J. Opperman and C. E. Paul, Angew. Chem., Int. Ed.,
2021, 60, 5644-5665.

5 S. P. France, R. D. Lewis and C. A. Martinez, JACS Au, 2023, 3,
715-735.

6 M. D. Patil, G. Grogan, A. Bommarius and H. Yun, ACS Catal., 2018,
8, 10985-11015.

7 Y. Wu, C. E. Paul and F. Hollmann, Green Carbon, 2023, 1, 227-241.

8 S. Fukuzumi, Y. M. Lee and W. Nam, J. Inorg. Biochem., 2019,
199, 110777.

9 A. Bucci, S. Dunn, G. Bellachioma, G. Menendez Rodriguez,
C. Zuccaccia, C. Nervi and A. Macchioni, ACS Catal., 2017, 7,
7788-7796.

10 T. Saba, J. W. H. Burnett, J. Li, X. Wang, J. A. Anderson,
P. N. Kechagiopoulos and X. Wang, Catal. Today, 2020, 339, 281-288.

11 Y. Li, G. Liu, W. Kong, S. Zhang, Y. Bao, H. Zhao, L. Wang, L. Zhou
and Y. Jiang, Green Chem. Eng., 2024, 5, 1-15.

12 F. Nerozzi, Platinum Met. Rev., 2012, 56, 236-241.

13 G. Segev, J. Kibsgaard, C. Hahn, Z. J. Xu, W. H. Cheng, T. G. Deutsch,
C. Xiang, J. Z. Zhang, L. Hammarstrom, D. G. Nocera, A. Z. Weber,
P. Agbo, T. Hisatomi, F. E. Osterloh, K. Domen, F. F. Abdi,
S. Haussener, D. J. Miller, S. Ardo, P. C. McIntyre, T. Hannappel,
S. Hu, H. Atwater, J. M. Gregoire, M. Z. Ertem, I. D. Sharp, K. S. Choi,
J. S. Lee, O. Ishitani, J. W. Ager, R. R. Prabhakar, A. T. Bell,
S. W. Boettcher, K. Vincent, K. Takanabe, V. Artero, R. Napier,
B. R. Cuenya, M. T. M. Koper, R. Van De Krol and F. Houle,
J. Phys. D: Appl. Phys., 2022, 55, 323003.

14 P. A. Ash, R. Hidalgo and K. A. Vincent, ACS Catal., 2017, 7,
2471-2485.

15 K. A. Vincent, N. A. Belsey, W. Lubitz and F. A. Armstrong, J. Am.
Chem. Soc., 2006, 128, 7448-7449.

16 G.Vil¢, D. Albani, N. Almora-Barrios, N. Lopez and J. Pérez-Ramirez,
ChemCatChem, 2016, 8, 21-33.

17 X.Zhao, Y. Chang, W. ]J. Chen, Q. Wy, X. Pan, K. Chen and B. Weng,
ACS Omega, 2022, 7, 17-31.

18 L. Zhang, M. Zhou, A. Wang and T. Zhang, Chem. Rev., 2020, 120,
683-733.

19 L.]. Durndell, C. M. A. Parlett, N. S. Hondow, M. A. Isaacs, K. Wilson
and A. F. Lee, Sci. Rep., 2015, 5, 9425.

20 J. Zhang, W. Hu, B. Qian, H. Li, B. Sudduth, M. Engelhard, L. Zhang,
J. Hu, J. Sun, C. Zhang, H. He and Y. Wang, Nat. Commun., 2023, 14, 1-10.

21 Y. Shomura, M. Taketa, H. Nakashima, H. Tai, H. Nakagawa,
Y. Ikeda, M. Ishii, Y. Igarashi, H. Nishihara, K. S. Yoon, S. Ogo,
S. Hirota and Y. Higuchi, Science, 2017, 357, 928-932.

22 T.H. Lonsdale, L. Lauterbach, S. Honda Malca, B. M. Nestl, B. Hauer
and O. Lenz, Chem. Commun., 2015, 51, 16173-16175.

23 R. Mertens, L. Greiner, E. C. D. Van Den Ban, H. B. C. M. Haaker and
A. Liese, J. Mol. Catal. B: Enzym., 2003, 24-25, 39-52.

24 S. W. M. Kengen, Microb. Biotechnol., 2017, 10, 1441-1444.

25 J. Preissler, H. A. Reeve, T. Zhu, ]. Nicholson, K. Urata,
L. Lauterbach, L. L. Wong, K. A. Vincent and O. Lenz,
ChemCatChem, 2020, 12, 4853-4861.

26 A. Al-Shameri, N. Borlinghaus, L. Weinmann, P. N. Scheller,
B. M. Nestl and L. Lauterbach, Green Chem., 2019, 21, 1396-1400.

27 A. Al-Shameri, D. L. Siebert, S. Sutiono, L. Lauterbach and V. Sieber,
Nat. Commun., 2023, 14, 1-8.

28 K. A. Vincent, X. Li, C. F. Blanford, N. A. Belsey, J. H. Weiner and
F. A. Armstrong, Nat. Chem. Biol., 2007, 3, 761-762.

29 K. M. Lodaya, B. Y. Tang, R. P. Bisbey, S. Weng, K. S. Westendorff,
W. L. Toh, J. Ryu, Y. Roman-Leshkov and Y. Surendranath, Nat. Catal.,
2024, 1-11.

30 H. A. Reeve, L. Lauterbach, P. A. Ash, O. Lenz and K. A. Vincent,
Chem. Commun., 2012, 48, 1589-1591.

31 H. A. Reeve, L. Lauterbach, O. Lenz and K. A. Vincent, ChemCatChem,
2015, 7, 3480-3487.

32 A. Chadha, S. K. Padhi, S. Stella, S. Venkataraman and T. Saravanan,

Org. Biomol. Chem., 2024, 22, 228-251.

(S

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cc04525d

Open Access Article. Published on 29 oktober 2024. Downloaded on 06-02-2026 12:20:21.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

ChemComm

33

34

35

36

37

38

39

40

41

42

43

44

K. Kedziora, F. R. Bisogno, I. Lavandera, V. Gotor-Fernandez,
J. Montejo-Bernardo, S. Garcia-Granda, W. Kroutil and V. Gotor,
ChemCatChem, 2014, 6, 1066-1072.

L. Qiao, Z. Luo, H. Chen, P. Zhang, A. Wang and R. A. Sheldon,
Chem. Commun., 2023, 59, 7518-7533.

A. S. de Miranda, C. D. F. Milagre and F. Hollmann, Front. Catal.,
2022, 2, 900554.

J. Gu, B.R. Sim, J. Li, Y. Yu, L. Qin, L. Wu, Y. Shen, Y. Nie, Y. L. Zhao
and Y. Xu, Comput. Struct. Biotechnol. J., 2021, 19, 5864.

B. Poznansky, S. E. Cleary, L. A. Thompson, H. A. Reeve and
K. A. Vincent, Front. Chem. Eng., 2021, 3, 718257.

S. E. Cleary, S. Kazantzi, J. A. Trenchard, M. Monedero, J. W. Allman,
T. C. Lurshay, X. Zhao, M. B. C. Kenny, H. A. Reeve, L. Rocha Barros
Goncalves, J. von Langermann, D. Tessaro and K. Mbc, Front. Catal.,
2023, 3, 1114536.

H. A. Reeve, P. A. Ash, H. S. Park, A. Huang, M. Posidias,
C. Tomlinson, O. Lenz and K. A. Vincent, Biochem. J., 2017, 474,
215-230.

J. S. Rowbotham, M. A. Ramirez, O. Lenz, H. A. Reeve and
K. A. Vincent, Nat. Commun., 2020, 11, 1-7.

J. S. Rowbotham, ]J. H. Nicholson, M. A. Ramirez, K. Urata,
P. M. T. Todd, G. Karunanithy, L. Lauterbach, H. A. Reeve,
A. J. Baldwin and K. A. Vincent, Chem. Sci., 2023, 14, 12160-12165.
K. Schneider and H. G. Schlegel, Biochim. Biophys. Acta, Enzymol.,
1976, 452, 66-80.

A. Al-Shameri, S. ]J. P. Willot, C. E. Paul, F. Hollmann and
L. Lauterbach, Chem. Commun., 2020, 56, 9667-9670.

S. Joseph Srinivasan, S. E. Cleary, M. A. Ramirez, H. A. Reeve,
C. E. Paul and K. A. Vincent, Angew. Chem., Int. Ed., 2021, 60,
13824-13828.

This journal is © The Royal Society of Chemistry 2024

45

46

47

48

49

50

51

52

53

54

55

56

57

View Article Online

Feature Article

F. Hollmann, B. Witholt and A. Schmid, J. Mol. Catal. B: Enzym.,
2002, 19-20, 167-176.

M. A. Ramirez, S. Joseph Srinivasan, S. E. Cleary, P. M. T. Todd,
H. A. Reeve and K. A. Vincent, Front. Catal., 2022, 2, 906694.

A. Bornadel, S. Bisagni, A. Pushpanath, I. Slabu, J. Lepaih,
A. H. Cherney, S. M. Mennen, S. J. Hedley, J. Tedrow and
B. Dominguez, Org. Process Res. Dev., 2021, 25, 648-653.

H. An, G. Sun, M. ]. Hiilsey, P. Sautet and N. Yan, ACS Catal., 2022,
12, 15021-15027.

D. Sokolova, T. C. Lurshay, ]J. S. Rowbotham, G. Stonadge,
H. A. Reeve, S. E. Cleary, T. Sudmeier and K. A. Vincent,
Nat. Commun., 2024, 15, 1-9.

H. U. Blaser, H. Steiner and M. Studer, ChemCatChem, 2009, 1,
210-221.

Q. Fan, G. Caserta, C. Lorent, I. Zebger, P. Neubauer, O. Lenz and
M. Gimpel, Front. Microbiol., 2022, 13, 894375.

Q. Fan, P. Neubauer, O. Lenz and M. Gimpel, Int. J. Mol. Sci., 2020,
21, 5890.

P. W. King, M. C. Posewitz, M. L. Ghirardi and M. Seibert,
J. Bacteriol., 2006, 188, 2163-2172.

P. Rodriguez-Macia, E. J. Reijerse, M. Van Gastel, S. Debeer,
W. Lubitz, O. Ridiger and J. A. Birrell, J. Am. Chem. Soc., 2018,
140, 9346-9350.

A. A. Oughli, S. Hardt, O. Rudiger, J. A. Birrell and N. Plumeré, Chem.
Commun., 2020, 56, 9958-9961.

M. Winkler, J. Duan, A. Rutz, C. Felbek, L. Scholtysek, O. Lampret,
J. Jaenecke, U. P. Apfel, G. Gilardi, F. Valetti, V. Fourmond,
E. Hofmann, C. Léger and T. Happe, Nat. Commun., 2021, 12, 1-10.
S. E. Cleary, S. J. Hall, R. Galan-Bataller, T. C. Lurshay, C. Hancox,
J.J. Williamson, J. T. Heap, H. A. Reeve and S. Morra, ChemCatChem,
2024, 16, €202400193.

Chem. Commun., 2024, 60, 13667-13677 | 13677


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cc04525d



