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Abstract

In between traditional homogeneous metal catalysts and enzyme catalysts, a
new class of hybrid catalysts named artificial metalloenzymes resulting from
the controlled embedding of transition metal species (ions, synthetic
inorganic or organometallic complexes) within natural, genetically-
engineered or even denovode novo protein scaffolds currently undergoes a
tremendous development at the academic level. This family of hybrid
assemblies ideally combines the features of their individual components,
allowing a wide range of chemical reactions, including new-to-nature
reactions, to be catalyzed under mild, eco-compatible conditions with high
chemo- and/or stereoselectivity. This chapter intends to summarize the most
remarkable achievements in artificial metalloenzyme design and properties
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1. Introduction

In the present context of worldwide consciousness regarding the necessity to
preserve our habitat, it is now obvious that any human activity has to take into
consideration its impact on the environment. This is particularly true for the
chemical industry, which is at the origin of most manufactured products, and
therefore withstands a huge part of the responsibility for tomorrow’s wellness of
the planet. After about two centuries of prosperity and wild enterprise, the
chemical industry is now facing the daunting challenge to rethink most of its
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well-proven processes and promote the development of environmentally

natural enzymes in biocatalytic processes shows some limitations such as
thermal instability, substrate specificity, or restriction to natural reactions.
Evolving these natural enzymes by replacing the original cofactor with a

of a synthetic metal complex into a protein gives rise to so-called artificial

the metal complex and/or biochemical engineering of the protein scaffold,

goes beyond by describing how ArMs can be involved in cascade reaction

2. Biotechnological Applications of Artificial
Metalloenzymes

reduction reactions as well as polymerization reactions.

2.1. Oxidations
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friendly new ones meeting standards for sustainable growth. While chemists
still struggle to meet these standards, nature has already solved the problem by
evolving natural enzymes, including metalloenzymes, which are capable of
performing efficient catalytic processes using harmless reactants under mild
conditions. Such biocatalysts can indeed perform selective reactions in aqueous
medium at ambient temperature and under atmospheric pressure. Yet, the use of

synthetic catalyst or simply inserting an artificial metal complex into a protein
scaffold by covalent or supramolecular (“Trojan Horse”) anchoring affords a
new class of catalysts that ideally combine the robustness and wide range of
reactions achieved by chemical catalysts with the ability of enzymes to work
under mild conditions, in aqueous medium, and with high selectivity. Insertion

metalloenzymes (ArMs) that eventually catalyze both natural and non-natural
reactions under eco-compatible conditions. The selectivity, the efficiency, and
the stability of these ArMs can then be optimized by chemical engineering of

notably using the powerful technique of directed evolution. The present chapter
gives an overview of the wide range of reactions catalyzed by ArMs but also

processes, as well as in in vivo catalysis for both natural and abiotic reactions.

Biotechnological applications of ArMs are potentially endless since the obvious
long-term objective is to replace all the contemporary polluting and energy-
consuming chemical processes by environmentally friendly new ones. This sub-
chapter surveys the variety of reactions that have successfully been catalyzed by
ArMs so far at the laboratory level, covering both the fields of oxidation and
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Nowadays, most of the industrial stoichiometric oxidations of hydrocarbons
involve harsh conditions using strong polluting oxidants, under high pressure
and temperature conditions, and occur with low selectivity. There is thus a
crucial need to develop new catalysts that would allow oxidations to take place
under mild eco-compatible conditions, in water as a solvent, and with high
selectivity. Nature has elegantly solved this problem by using the very
sophisticated biocatalysts that are metalloenzymes, including heme and non-
heme iron enzymes, that can catalyze the highly selective oxidation of
chemicals at room temperature and under atmospheric pressure [1, 2]. These
enzymes can activate molecular dioxygen ©, at their active site transition metal
center, most frequently an iron(III) ion. Mimicking metalloenzymes thus
appears to be a logical strategy for developing new catalysts that would catalyze
oxidation reactions with excellent selectivity and a high turnover number (TON)
under mild conditions. Researchers have long been preparing synthetic models
in which a metal ion is inserted into a ligand mimicking the first coordination
sphere of this metal ion in the native enzyme [3]. This strategy was particularly
successful, for example, to prepare metalloporphyrins, including Fe, Mn, Cr,
Co, V ... metal ions in their center, that have been used as very efficient
catalysts for the oxidation of organic compounds by various organic and
inorganic oxidants such as PhI = O, H,0,, KHSO4, NalO,... with efficiencies
rivaling those of enzymes themselves [4, 5, 6, 7]. However, several problems
still remained to be solved as most of the metal catalysts were only soluble in
organic solvents and the stereoselectivity of the reactions catalyzed was
generally low. Taking advantage of the chiral environment of proteins and their
solubility in water, researchers have prepared ArMs by incorporating metal ions
or synthetic metal complexes into proteins following the strategies detailed in
the introduction of this chapter [8, 9]. This allowed them to obtain new water-
soluble metal-based hybrid biocatalysts that catalyzed various oxidation
reactions. Among those, ArMs possessing a peroxidase activity have already
been extensively reviewed [10, 11, 12, 13]. The present paragraph will then
focus on ArMs designed to catalyze the selective oxidation of substrates of
synthetic interest, starting from the most easily oxidizable ones including
alcohols, amines, and sulfides to the most difficult to oxidize substrates such as
aromatics, alkenes, and alkanes.

2.1.1. Alcohol Oxidation

https://eproofing.springer.com/books_v3/printpage.php?token=1..TVEYc6XLVmMEc9JJiVT9ew4dEwUfi__QyjZHVEWOPFgrtHwtJ1vgftDAITyOdg Page 5 sur 80



e.Proofing | Springer

https://eproofing.springer.com/books_v3/printpage.php?token=1..TVEYc6XLVmMEc9JJiVT9ew4dEwUfi__QyjZHVEWOPFgrtHwtJ1vgftDAITyOdg

In 2004, Kaplan and De Grado first reported the de-revoede novo design of
diiron protein with four helical bundles displaying phenol oxidase activity [14].
For this, they started from the Due Ferri (DF) family of de novo-designed diiron
proteins in which the combination of two Fe(II) ions within a single site,
allowed to perform two-electron chemistry with O,, thereby avoiding the
formation of oxygen radicals. Indeed, the diiron center reacts quickly with O,,
with the concomitant formation of di-Fe(IIT) species where the two iron(III)
ions are bound by an oxo bridge and the reduction of molecular oxygen. They
focused on DFtet, a four-chain heterotetrameric helical bundle whose structure,
sequence, and catalytic properties were originally designed by a computational
method that not only considered the stabilization of the desired fold, but also
the destabilization of likely alternatives [15]. Combinations of different
monomer units and the introduction of mutations at the active site led to highly
active variants, the best ArM (G4-DFtet) catalyzing the two-electron oxidation
of 4-aminophenol into the corresponding quinone-mono-imine compound with
high efficiency (Fig. 1) (k_,/K;,= 1500 M~! min~1).

Fig. 1

Reactions catalyzed by de-nevoede novo-designed di-iron protein with four helical
bundles from the Due Ferri (DF) family: oxidation of 4-aminophenol into the
corresponding quinone-mono-imine [15], oxidation of a larger catechol derivative,
3,5-di-tert-butyl-catechol (3,5-DTBC) [16], N-hydroxylation of arylamines [17,
18]
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In 2009, Lombardi et al. also designed an artificial oxidase using a scaffold
from the same Due Ferri family (DF1) inspired by highly complex natural di-
metal proteins. DF1 is a dimeric protein in which each monomer consists of a
helix-loop-helix structure [16]. The metal-binding site consists of four
glutamate and two histidine residues as first-shell ligands, which are positioned
in the core of the protein by hydrogen bonding interactions with two aspartate,
tyrosine, and lysine residues. The authors were able to introduce beneficial
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mutations at the metal cofactor and phenol binding sites, which led to

(4-AP) (k_,/K,;= 1380 M~ min™1).

cat

Finally, the group of T. R. Ward developed ArMs that were active for the
oxidation of secondary alcohols (phenethyl alcohol, benzyl alcohol, and

90% [19] in 90 h at room temperature.

2.1.2. Amine Oxidation

DeGrado et-atet al. also used their metalloproteins, that were originally

different levels of the protein and, on the other hand, they introduced an

only structurally characterized NN-oxygenase known to contain a diiron

Due Ferri scaffolds were thus identified and mechanisms explaining their
different reactivities were suggested [18].

2.1.3. Sulfide Oxidation

https://eproofing.springer.com/books_v3/printpage.php?token=1..TVEYc6XLVmMEc9JJiVT9ew4dEwUfi__QyjZHVEWOPFgrtHwtJ1vgftDAITyOdg

destabilization of the protein fold of the analog G4-DFtet. This problem was
solved by optimizing the sequence of a loop far from the active site [16]. The
finally designed ArM catalyzed the O,-dependent oxidation of a larger catechol
derivative, 3,5-di-tert-butyl-catechol (3,5-DTBC), to the corresponding quinone
(3,5-DTBQ) (Fig. 1), with a catalytic efficiency (k,/K,;= 6315 M~ min~")

about 4.6 times higher than that observed for a smaller substrate, 4-aminophenol

cyclohexanol) in water using 'BuOOH as oxidizing agent. They used the above
mentioned “Trojan Horse” strategy based on the non-covalent incorporation of
biotinylated d piano stool ruthenium complexes into (strept)avidin. The best of

them catalyzed the oxidation of dry phenethyl alcohol with a yield greater than

designed for the oxidation of hydroquinones, in order to catalyze the selective
NN-hydroxylation of arylamines [17]. For this purpose, on the one hand, they
reshaped the access to the substrate cavity by incorporating three mutations at

additional iron-binding histidine into the active site in order to mimic the active
site of the natural di-oxoxine pp-aminobenzoate NN-oxygenase which is the

catalytic center [20]. The resulting biohybrid proved to efficiently convert p-
anisidine to the corresponding hydroxylamine (Fig. 1). In 2015, spectroscopic
studies demonstrated that the 4-aminophenol substrate directly binds to the bi-
ferrous site in the active site of the proteins. The actual active species of the

The oxidation of sulfides by various oxidants catalyzed by ArMs, elaborated by
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all of the strategies described in the introduction of this chapter, has been by far
the most widely investigated. One of the first reports was published by Sheldon
etater al. who constructed an ArM for the catalysis of sulfide oxidation using
phytase as a protein scaffold (Fig. 2) [21]. Vanadium chloroperoxidases are non-
heminic metalloenzymes that are more resistant to oxidative degradation than
their heminic analogs [22]. Unfortunately, these enzymes can only
accommodate small substrates in their relatively small active site, which
impedes their potential use in asymmetric synthesis. Since this active site shows
very high similarities with that of metal-free phytases, Sheldon et-at-ef al.
thought about building an ArM by inserting vanadate into phytase. The new
artificial metalloprotein showed a catalytic activity similar to that of natural
vanadium chloroperoxidase and catalyzed the quantitative sulfoxidation of
thioanisole by H,O,, with up to 66% ee [23]. Further experiments were
performed to improve the system, both by varying the nature of the host protein
(acid—phosphatase, phospholipase, sulfatase, apo-ferritin, BSA) and of the metal
moiety (Mo, Re, W, Se, Os). One of the best results was obtained by Ward et al.
with vanadate-loaded streptavidin (SAV), that catalyzed the enantioselective
thioether sulfoxidation by ‘BuOOH with up to 93% ee in favor of the (R)-
product and 96% conversion [24].

Fig. 2
New artificial metalloenzyme constructed by insertion of vanadate into phytase

and—that catalyzesing the quantitative and stereoselective sulfoxidation of
thioanisole by H,O, [21]
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Several artificial metalloenzymes, generated using the “Trojan Horse” strategy,
were also reported to catalyze the chemoselective sulfide oxidations. Not
surprisingly, in 2009, the group of Ward incorporated achiral biotinylated
manganese-salen complexes into WIT-SAV and five mutants to obtain ArMs that
were tested as enantioselective sulfoxidation catalysts. The resulting enzymes
showed moderate conversions (up to 56%) and low enantioselectivities (up to
13%) for the sulfoxidation of thioanisole using hydrogen peroxide as an oxidant
in water (Fig. 3) [25]. Later, following the same strategy, Mahy etaket al. have
exploited the neocarzinostatin (NCS) variant NCS-3.24, which displays an
affinity for testosterone to prepare a novel ArM. A water-soluble anionic iron-
porphyrin—testosterone conjugate was synthesized and subsequently associated
with the NCS-3.24 variant (Fig. 3) [26]. The obtained Fe(III)-porphyrin—
testosterone-NCS-3.24 artificial metalloenzyme was able to catalyze the chemo-
and enantio-selective (ee = 13%) sulfoxidation of thioanisole by H,O,.
Molecular modeling studies revealed synergy between the binding of the steroid
moiety and that of the porphyrin macrocycle into the protein binding site, thus
explaining both the observed better affinity for the conjugate (K = 1.6 pM) and
the selectivity.

Fig. 3

Stereoselective and chemoselective oxidation of thioanisole by H,O, catalyzed by
ArMs constructed following the “Trojan Horse” strategy: insertion of a
manganese-salen-biotin conjugate into SAV [25] and of an iron-porphyrin-
testosterone conjugate into neocarzinostatin [26]

18/09/2020 08:33
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“The Host-Guest” strategy that appears to be the simplest one to incorporate
metal cofactors into the cavity of proteins, has of course been the most often
used to generate ArMs for sulfide oxidation catalysis. First of all, Human serum
albumin (HSA) that is known to bind heme within a narrow cavity with a strong
affinity (K, =1.1 x 108 M~!) was widely used not only for the generation of new
efficient O, binding artificial hemoproteins but also for preparing ArMs [27, 28,
29]. Gross et al. inserted bis-sulfonated Ga- and Mn-corrole into HSA [30] as
well as iron and manganese complexes of the same corrole into human, bovine
(BSA), porcine (PSA), rabbit (RSA), and sheep (SSA) serum albumins to build
new ArMs. These constructs were found to catalyze the sulfoxidation of
thioanisole derivatives by hydrogen peroxide with conversions up to 98% and
up to 74% ee [31]. Generally, better activities, selectivities as well as stabilities
were obtained with albumin-Mn-corrole complexes with respect to their iron
counterparts. More recently, the BSA-Mn-corrole artificial metalloenzyme was
revealed to catalyze light-induced enantioselective oxidation of thioanisole into
sulfoxide with 20% ee using water as the oxygen atom source in the presence of
a ruthenium complex as photosensitizer (Fig. 4) [32].

Fig. 4

Metallocorroles [30, 31, 32] and Mn-salen complexes [33] inserted non-
covalently in serum albumins to afford artificial metalloenzymes that catalyze the
stereoselective and chemoselective oxidation of thioanisole by H,O,
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The non-covalent association of metal-salen or -salophen complexes with serum
albumins to produce ArMs was also reported. First, a series of ArMs were
prepared by incorporation of Mn-salen into HSA. The HSA-Mn-salen artificial
metalloenzymes catalyzed the chemoselective oxidation of thioanisole by
NaOCI with 90-100% conversion and the almost exclusive formation of
methylphenylsulfoxide whereas the Mn-salen complexes alone led to an about
60% conversion with the almost exclusive formation of methylphenylsulfone
(Fig. 4) [33]. Another ArM was obtained by incorporation of a cobalt(Il) Schiff
base complex {CoL, H,L =2,2"-[(1,2-
ethanediyl)bis(nitrilopropylidyne)]bisphenol} in BSA and its catalytic activity
in the enantioselective oxidation of a variety of sulfides by H,O, was studied as
a function of pH, temperature, and concentration of catalyst and oxidant. Under
optimal conditions, the BSA—-CoL hybrid biocatalyst appeared as efficient for
the enantioselective oxidation of a series of sulfides into the corresponding
sulfoxides and reached excellent conversions (up to 100%), chemoselectivity
(up to 100%), and good enantiomeric excesses (up to 87% ee) [34].

More recently, the oxygen-binding hemoprotein, myoglobin (Mb), has also been
used by several teams to build up artificial metalloenzymes. The general
strategy used is based on the replacement of its iron-heme prosthetic group by
other heme or non-heme metal complexes. Indeed, this heme is linked inside the
hydrophobic 10 A diameter cavity of the protein by non-covalent interactions,
including hydrophobic interactions, electrostatic interactions via its two
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carboxylate moieties, and coordination of its iron by the imidazole of H93 [35].
The prosthetic group of Mb can be easily removed without impairing its folding
to yield apo-Mb, which shows a free cavity able to accommodate another metal
cofactor (Fig. 5) [36].

Fig. 5§

Preparation of apo-myoglobin [36] and metal complexes of salen and salophen
ligands [37, 38, 39, 40, 41] inserted non-covalently in apo-Mb to get artificial
metalloenzymes that catalyze the stereoselective and chemoselective oxidation of
thioanisole as well as iron complexes of heme derivatives bearing eight anionic
carboxylate moieties and of porphycens that catalyze the hydroxylation of
ethylbenzene into 1-phenylethanol by H,O, [36, 42]
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Watanabe and coll. used this strategy to prepare new ArMs. In particular, they
first inserted synthetic chromium salophens into apo-Mb and mutants. The
artificial metalloenzyme obtained from the H64D/A71G double mutant
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catalyzed the stereoselective sulfoxidation of thioanisole, with rather low
turnover frequencies (TOF <0.13 min'l) and enantiomeric excesses (ee <30%
in favor of the (§)-product) [37]. The 3D structures of two apo-Mb A71G
mutant-Mn- and Cr-salophen complexes revealed that the accessibility to the
active site was sterically hindered by the bulky phenylenediamine moiety of the
salophen cofactors. They then used metal-salen cofactors instead, which had a
rather low effect on the efficiency of the chromium cofactors (TOF =

0.21 min~") but induced a noticeable increase in the efficiency of the manganese
cofactor (TOF = 2.7 min™"). In addition, insertion of the later cofactor in the
H64D/A71G double mutant led to a slightly increased enantiomeric excess
(30% ee in favor of the (§)-product) whereas its insertion in the A71G single
mutant led to an enantiomeric excess very similar to that obtained with the WT
protein (27% ee in favor of the (R)-product) [38].

Several other teams further inserted various Fe-tetrapyrrolic compounds into
apo-Mb to produce new biohybrids that catalyzed the oxidation of thioanisole
by H,O, and led to up to 38% ee in favor of the (S)-sulfoxide. The enantiomeric
excess could be increased either by covalent anchoring of metal complexes into
apo-Mb and mutants [39, 40, 41] or by changing the metal such as, for example,
replacing iron by manganese [41]. Accordingly, Lu et-atet al. showed that a
dual-point attachment of manganese-salen complex to a double mutant of apo-
Mb (apo-Mb Y103C/L72C) led to an improved selectivity (51% ee) in
thioanisole sulfoxidation relative to the analogous single-point mutant (Y103C,
12% ee) (Fig. 5) [40, 41].

Xylanase A from Streptomyces lividans (XIn10A), a thermostable 3-1,4-
endoxylanase glycoside hydrolase that hydrolyzes -1,4 bonds in the main chain
of xylan [43], was also used to build up new artificial hemoproteins using the
host-guest strategy. This choice was guided by an early report from Nakamura
and Tsushida etat-er al. that showed that xylanase possessed a wide enough
active site to accommodate an Fe(II)-a4-tetra-o-pivalamidophenylporphyrin.
The resulting heat-resistant hemoproteins were found to bind and release O, in
aqueous medium [44]. Metal complexes of synthetic tetraaryl porphyrins
bearing negatively charged substituents, such as Iron(Ill)tetra(4-
carboxyphenyl)porphyrin (Fe(TpCPP)) and iron(IIl)-meso-tetra(4-
sulfonatophenyl)porphyrin (Fe(TpSPP)), were then inserted into XIn10A to lead
to new artificial hemoproteins that showed peroxidase activity [12]. The
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catalytic activity of these Fe(TpCPP)-XIn10A and Fe(TpSPP)-XIn10A
biohybrids for the oxidation of thioanisole by H,O, (Fig. 6) was then
investigated and compared to that of Fe(TpCPP) and Fe(TpSPP) alone. These
two Fe-porphyrin complexes led, respectively to 45 and 33% yields in sulfoxide
and to respective TOFs of 0.56 and 0.41 min~', but no enantiomeric excess
could be detected. Use of the Fe(TpCPP)- and Fe(TpSPP)-XIn10A biohybrids as
catalysts led to a decrease in the yields (about 24%) and turnover frequencies
(about 0.30 min~1), but enantiomeric excesses of up to 36% and 24% in favor of
the (5)-sulfoxide could respectively be observed. It is noteworthy that better
yield and turnover frequencies (85% and 1.09 min~') as well as a better
enantiomeric excess in favor of the (§)-sulfoxide (ee = 40%) could be obtained
in the presence of 100 equivalents of imidazole as a co-catalyst [11, 45].

Fig. 6

Stereoselective and chemoselective oxidation of thioanisole by H,O, [11, 45] and
of 4-methoxystyrene by KHSOB4 [46] catalyzed by Fe-tetrarylporphyrin-xylanase
A ArM

H H
A0
o jon
H,CO H,CO

The host-guest strategy was also applied by Ménage et-ater al. who used NikA
as a guest protein, a periplasmic nickel-binding protein involved in the transport
of nickel in E. coli and other related Gram-negative bacteria. It was shown by
X-ray diffraction studies that NikA required in vivo butane-1,2 4-tricarboxylate
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(BTC) as a specific metal-binding ligand [47]. Structural characterization of a
putative endogenous metal chelator in the Periplasmic Nickel Transporter NikA
showed that it was also able to bind Fe(EDTA)(H,0) [48]. Ménage-et=t- ef al.
then took advantage of this property and inserted into NikA EDTA-like
inorganic metal complexes of the N,Py, type that mimic the metal environment
of iron oxygenases. After the crystal structure of one of the NikA-Fe-N,Py,
complexes have been solved at 1.7 A resolution, they followed an original
approach based on molecular docking calculations to screen sulfide substrates,
of the C;H5s—S—-CH,—X type, for catalytic oxidation by the series of iron
complex NikA hybrids. A set of 374 potential sulfide substrates was identified,
among which six potential substrates had a common R —S-CH,-CONH-R,
motif. Interestingly, the skeleton of the defined substrate is comparable to the
one of omeprazole or modafinil, which are major drugs from the pharmaceutical
industry. The catalytic oxidation of those six substrates was performed in the
presence of each hybrid, and the best catalytic results were obtained for the
oxidation of 4-CH;~Ph-S—-CH,-CONH-Ph by NaOCl, in the presence of one
NikA-Fe-N,Py, catalyst, that led to the chemoselective formation of sulfoxide
in 78% yield, with a TON of 199 but a weak enantiomeric excess (5%). This
study constituted a nice proof-of-concept for the design of a substrate family,
that allowed Ménage et-alet al. to define a new kind of artificial oxygenase for
the catalysis of sulfoxidation reactions of pharmaceutical interest (Fig. 7) [49].

Fig. 7

Design of a new kind of artificial oxygenase for the synthesis of sulfoxides of
pharmaceutical interest: molecular docking of sulfides with a R;-S—CH,~CONH-
R, formula allowed to determine the best 4-CH;~Ph-S—-CH,-CONH-Ph to be
chemo-selectively oxidized by the NikA-Fe-N,Py,/H,0, system [49]
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polyazadentate complex to the accessible cysteine 121 of bovine [3-
lactoglobulin. The biohybrid catalyzed the chemoselective oxidation of
thioanisole by H,O, into phenylmethylsulfoxide with an ee of 20%.

sulfoxidation [50].

2.1.4. Catechol Oxidation

type III copper proteins and showed high catalytic activity with an increase

aerobic conditions [51].

2.1.5. C—H Oxidation

alkane hydroxylation. However, Ricoux et-atet al. produced monoclonal
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Finally, Mahy etaket al. covalently and selectively grafted a non-heme Fe(II)

Mechanistic studies showed that the reaction proceeded via a high spin (§ =
FeHI(nz—OZ) intermediate that was proposed to be responsible for the catalytic

Itoh and collaborators converted a bacterial hydrolytic di-zinc 3-lactamase,
a redox-active di-copper oxidase. For this, they used a mutational method based
on a rational computer-assisted recasting of the metal-binding site. This analysis
suggested generating a triple D88G/S185H/P224G mutant of this protein, which
made it possible to convert its active site into a type III dicopper reactive center.
The new metalloprotein showed spectroscopic characteristics similar to those of

two orders of magnitude in the k_, /K, value in the oxidation of catechols under

Very few artificial metalloenzymes have been reported so far for the catalysis of

antibodies raised against microperoxidase 8 (MP8), that possesses an iron(III)-

5/2)

into

of
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heme c cofactor. The association of these antibodies with MP8 gave an
antibody-MP8 complex that was capable of effectively catalyzing the
regioselective nitration of phenol to 2- and 4-nitrophenol by NO,™ in the
presence of H,O, [52]. Inhibition by cyanide and radical scavengers suggested a
peroxidase-like mechanism mediated by MPS8, involving the formation of high-
valent iron oxo species. The successive one-electron reduction of these
intermediates by NO,™ and phenol, respectively, led to the production of nitro
and phenoxy radicals, which then reacted together to give 2- and 4-nitrophenols.
In this catalytic antibody, the protein thus appeared to have two main roles, it
protected MP8 against oxidative degradation and induced a regioselectivity of
the reaction towards the formation of 2-nitrophenol as a major product [52].

The only report to date on oxygen atom insertion into a C—H bond catalyzed by
ArMs was from the group of Hayashi and Hisaeda. They prepared apo-Mb and
mutants and then inserted heme derivatives bearing up to eight anionic
carboxylate moieties into the heme-binding pocket (Fig. 5). The resulting ArMs
not only showed peroxidase activity but also catalyzed the oxidation of catechol
with rates up to 11-fold higher than native Mb, as well as the regioselective
hydroxylation of ethylbenzene to 1-phenylethanol by H,O,, when Mb was
reconstituted with a manganese-porphycene cofactor (Fig. 5) [36, 42].

2.1.6. Epoxidation

Here also, only a few examples of artificial metalloenzymes catalyzing alkene
epoxidation have been reported so far. In the first papers simultaneously
reported by Soumillion and Kazlauskas et-ak-ef al. the native Zn(II) ion of
isoform II of human carbonic anhydrase (hCAII) was replaced by several metal
cations including Co(II), Cu(II), Ni(II), Mn(II) and Rh(I). The X-ray crystal
structures of hCAII substituted with these metal cations revealed that the
primary coordination sphere of each of these was uniquely perturbed relative to
the native Zn(II), although the overall metal-binding motif constituted by three
histidine residues remained intact [53]. In the particular case when the Zn(II)
ion was replaced by Mn(II), the new hCAII-Mn(II) metalloenzyme was found to
catalyze the enantioselective alkene epoxidation with up to 66.5% ee and 12.5%
conversion [54, 55]. To broaden the range of catalysts capable of catalyzing the
epoxidation reaction, Reetz et-ater al. have decided to covalently modify papain
with a manganese-salen complex, using Michael addition of the thiolate
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function of cysteine 25 from papain to a maleimide substituent carried by the
salen ligand. The artificial enzymes appeared to catalyze epoxidation reaction
with-weak enantiomeric excesses of about 10% [56, 57].

Finally, the catalytic activity of XIn A-based artificial hemoproteins was also
investigated for the selective oxidation of alkenes. Mn(III)(TpCPP) was non-
covalently inserted into XIn10A and the oxidation of various styrene derivatives
by various oxidants such as hydroperoxides (H,0, and ‘BuOOH), sodium
hypochlorite (NaOCl), sodium periodate (NalO,), and oxone® (KHSO4) was
tested in the presence of the Mn(III)(TpCPP)-XIn10A biocatalyst. Positive
results were only observed with KHSOg as oxidant, together with the highest
catalytic activity reported so far for the oxidation of styrene catalyzed by
artificial metalloproteins. However, a rather low chemo- and enantio-
selectivities (3% < ee < 25% in favor of the (5)-product) were observed for the
epoxidation of styrene and poorly activated styrenes derivatives. On the
contrary, high reverse enantioselectivity (80% in favor of the (R)-isomer) was
observed for the epoxidation of para-methoxystyrene by KHSOg (Fig. 6), which
constitutes the highest enantioselectivity ever reported to date for an
epoxidation reaction catalyzed by an ArM [46].

2.1.7. Dihydroxylation

Dihydroxylation of double bonds is another oxidation reaction of synthetic
interest, that is generally carried out in organic solvents using most often a
high-oxidation-state transition metal such as osmium tetroxide as an oxidant
[58]. In a biological medium, this reaction either requires a two-step process
involving the first epoxidation by a monooxygenase followed by hydrolysis of
the epoxide by an epoxide hydrolase or a one-step dihydroxylation, like for
example Rieske dioxygenases that use O, as an oxidant in a complex process
that also involves electron transfer from a biological reductant (generally
NADH) mediated by a reductase, a ferredoxin containing [2Fe—2S] Rieske
cluster [59]. There is thus a double interest to find artificial metalloenzymes that
would perform such a reaction in one step under eco-compatible conditions.

The first team that tackled this challenge in 1983, was that of Okano et-atet al.,
who used serum albumins derived ArMs for this purpose. They inserted osmium
tetroxide into BSA and the formed ArM catalyzed the stereoselective cis-bis-

18/09/2020 08:33

Page 19 sur 80



e.Proofing | Springer

https://eproofing.springer.com/books_v3/printpage.php?token=I..vEYc6XLVmMEc9JJiVT9ewddEwUfi__QyjZHVEWOPFgrtHwtJ1vgftDAITyOdg

hydroxylation of up to 40 equivalents of a-methylstyrene by '‘BuOOH with 68%
ee in favor of the (§)-diol [60]. Later, Ward and coll. also prepared an osmium
tetroxide-loaded SAV that catalyzed enantioselective olefin cis-dihydroxylation
with up to 97% ee in favor of the (R)-product at ~20 TON in the presence of
potassium ferricyanide [61].

Finally, Ménage etater al. also took advantage of their NikAFeN,Py, artificial
metalloenzyme, and, by combining model chemistry and protein X-ray
crystallography, they were able to study the intramolecular dihydroxylation of
one of the N-benzyl substituents of the [N-benzyl-N'-(2-hydroxybenzyl)-N,N'-
ethylenediaminediacetic acid] ligand. Indeed, the bound complex was able to
activate dioxygen in the presence of a reductant (Dithiothreitol, DTT), leading
to the formation of catechol as the sole product. The X-ray diffraction structure
determination of four of the catalytic cycle intermediates and the end product
showed that the hydroxylation reaction implicated an iron peroxo, which was
also observed in natural iron monooxygenases (Fig. 8) [62].

Fig. 8

Intramolecular dihydroxylation of one of the NN-benzyl substituents of the [INN-
benzyl-N-N-(2-hydroxybenzyl)-MNsNN,N ~ethylenediaminediacetic acid] ligand in
the reaction of the NikAFeN,Py, complex with O, in the presence of DTT as a

reductant
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2.2. Reductions

2.2.1. Hydrogen Production

With the inevitable future shortage of fossil fuels, it becomes crucial to develop
alternative energy sources and hydrogen appears to possess almost ideal
features to fulfill this challenge. Moreover, hydrogen is a clean and renewable
energy source. Hydrogen is still essentially produced by steam reforming of
methane but other fossil fuel independent processes are actively investigated
such as water splitting.

In nature hydrogen metabolism is ensured by enzymes called hydrogenases that
catalyze the interconversion between protons and dihydrogen. Hydrogenases are
metalloenzymes containing iron and/or nickel in their active site. One of the
best-studied hydrogenases is the [FeFe]-hydrogenase. Its active site (the H-
cluster) contains a diiron cluster connected to a [4Fe4S] cluster via a cysteine
bridge (Fig. 9). The latter cluster serves as an electron reservoir during the
catalytic cycle while the former cluster is responsible for proton activation and
reduction.

18/09/2020 08:33

Page 21 sur 80



e.Proofing | Springer 18/09/2020 08:33

Fig. 9

Structure of the active site of [FeFe]-hydrogenase; structures of iron cluster
precursors used to build up iron-based artificial hydrogenases
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[FeFe]-hydrogenase active site FeFe1

Atot-etMany efforts have been devoted to the design of low molecular weight
mimics of hydrogenases active site (see Chap. 3 ). However, these molecules
hardly mimic the second coordination sphere of the metal center, and even less
the outer sphere provided by the protein environment. Embedding active site
models of hydrogenase in protein scaffolds may lead to more efficient catalysts,
shielding the metal center against degradation and enabling electron/proton
tunneling to the active site [63].

The first strategy to design a functional artificial hydrogenase consisted of
incorporating a simplified diiron carbonyl dithiolate cluster into an appropriate
protein scaffold to mimic [FeFe}]-hydrogenase. In the seminal work published
by Hayashi and coworkers, apo-cytochrome ¢ (Cyt ¢) was chosen as a protein
scaffold [64]. When devoid of its natural prosthetic group, heme c, Cyt c
displays a CXXC motif that can mimic the bridging dithiolate ligand of the
diiron subcluster (Fig. 10).

Fig. 10

Apo-proteins displaying a CXXC motif for bridging a diiron hexacarbonyl cluster.
Left: apo-cytochrome c; right: C-terminal peptide fragment of cytochrome c556
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Indeed, the reaction of Fe,(CO), with apo-Cyt ¢ afforded a metalloprotein
where the diiron hexacarbonyl cluster is bridged by two sulfur atoms provided
by the cysteine side chains. The hydrogenase activity of the biohybrid was
tested under photochemical conditions using ascorbate as a sacrificial electron
donor and [Ru(bpy)3]2+ as photosensitizer (Fig. 11). A TON of 80 was measured
after 2 h at pH 4.7.

Fig. 11

Photocatalytic reduction of H* or CO, using [Ru(bpy)3]2+ as photosensitizer and

ascorbate as sacrificial electron donor

hv hv

CO +H,0 [Ru(bpy)s]?* Ascorbate [Ru(bpy)3)**
M X X )}*

CO, + 2H* [Ru(bpy)s]* dehydroascorbate [Ru(bpy)s]*

Along the same line, the same team reported the use of a hexadecapeptide
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located at the C-terminus of cytochrome c45, presenting a CXXC motif assorted
by a neighboring histidine that was used to coordinate a ruthenium-based
photosensitizer (Fig. 10) [65]. Photocatalytic reduction of H" was effective at
pH 8.5 with a TON of 9 after 2 h.

The Q96C mutant of heme-free nitrobindin (NB) was also employed as protein
scaffold to covalently anchor the model FeFel of the [Fe,]-subsite of [FeFe]-
hydrogenase via reaction between its maleimide group and the thiol of C96 [66].
Photocatalytic reduction of H* was effective at pH 4.0 with a TON of 130 after
6 h.

Apo-ferritin (Fr) was also used to host diiron hexacarbonyl dithiolate clusters
inside its cavity that naturally presents numerous metal-binding sites [67].
Loading of FeFe2 within the cavity of apo-Fr was readily achieved at neutral
pH without alteration of its structure. Light-driven reduction of H" afforded H,
with a TON of 31 after 3 h at pH 5 to be compared with free FeFe2 that gave a
TON of 3.6 in the same conditions. It was shown that, since the photosensitizer
remained outside the cavity, electron tunneling through the Fr shell necessarily
followed a multistep pathway.

The N-hydroxysuccinimidyte ester derivative of FeFe3 was conjugated to calf
thymus histone H1 whose C-terminal domain contains numerous lysine residues
and is intrinsically disordered [68]. Conjugation induced a significant
conformational change with formation of a-helices. A change in the size and
density of the nanoparticles was also observed. This biohybrid was able to
catalyze the light-driven production of H, with a TON of 359 after 6 h at pH 5.0
to be compared with a TON of 54 for the precursor.

Nevertheless, all the artificial hydrogenases containing a diiron hexacarbonyl
dithiolate active site suffer from progressive degradation upon illumination even
if the protein scaffold provides some kind of protection resulting in increased
catalyst lifetime. This is why Ghirlanda’s team proposed to exploit the hydrogen
reduction ability of cobalt protoporphyrin IX (CoPPIX, Fig. 12) to build up
artificial hydrogenases. Considering the high similitude between heme b (=Fe-
protoporphyrin IX) and CoPPIX, Ghirlanda and coworkers selected two
hemoproteins, namely Mb [69] and cytochrome by, (Cyt bse,) [70] to build up
Co-based artificial hydrogenases.
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Fig. 12

Left: Structure of Co-PPIX; Bown;teftmiddle: X-ray structure of Cyt C-CoPPIXj5;
right: X-ray structure of Cyt by,

axial positions being occupied by H102 and M7 (Fig. 12). Mb-CoPPIX

conditions, which opens attractive avenues in the future development of
environmentally benign artificial hydrogenases.

2.2.2. Carbon Dioxide Hydrogenation and Reduction

Carbon dioxide emissions owing to fossil fuel consumption are a real

may contribute to counteract this threat [71].
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In Mb, the iron of heme b is pentacoordinated, with H93 occupying one of the
axial positions (Fig. 12). In Cyt by,, the iron ion is hexacoordinated, the two

catalyzed the light-driven production of H, with a TON of 243 after 12 h at pH
6.5 and 518 at pH 7.0, which is 3 times higher than that CoPPIX alone. The
double mutant H64A/H97A was even more active with a TON of 512 at pH 6.5.
Embedding of CoPPIX into WT apo-Cyt by, did not increase the catalytic
performance of the metal complex in light-driven H, production (TON =120
after 8 h at pH 7). However, mutation of the coordinating M7 by alanine or
aspartate led to more efficient hybrid catalysts with TONs of 310 and 270,
respectively. Photocatalytic production of H, was also effective under aerobic

environmental threat because of the associated greenhouse effect. On the other
hand, conversion of CO, into added-value chemicals such as CO or HCOOH
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CO, Reduction

In nature, the interconversion between CO, and CO is catalyzed by [NiFe]
carbon monoxide dehydrogenase (CODH) via a two-electron, proton-coupled
process [72]. An ArM catalyzing the selective two-electron CO, reduction to
CO in water was assembled by dative anchoring of [Ni(cyclam)]?* to the single
histidine residue at position 83 of WT azurin (WT-CuAz) or to the double
mutant H83Q/Q107H (Fig. 13) [73].

Fig. 13

Structure of [Ni(cyclam)]2+; X-ray structures of WT-CuAz and H83Q/Q107H
mutant

Electrocatalytic reduction of CO, was observed at a slightly more positive
potential for H83Q/Q107H CuAz-[Ni(cyclam)] compared to free
[Ni(cyclam)]2+. Moreover, the redox-active copper ion in the ArM appeared to
serve as electron relay/storage during catalysis. Photocatalytic reduction of CO,
catalyzed by CuAz-[Ni(cyclam)] was also achieved in solution in the presence
of [Ru(bpy)3]2+ as photoinitiator and ascorbate as sacrificial electron donor

(Fig. 11). Most interestingly, ArMs were much more selective for CO, reduction
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vs. H* reduction as the produced CO/H, molar ratios were significantly larger
than those obtained with the free nickel complex. Also, the ArM built up from
WT Az was more selective than the double mutant, likely owing to the partially
buried position of H83.

A light-driven ArM to catalyze CO, reduction was further built up by
simultaneous anchoring of [Ru(bpy);]** and [Ni(cyclam)]** to Az [74].

The delete empty line above former one was covalently attached by reaction

of the epoxide derivative (Fig. 14) to Az variants carrying a surface-exposed
cysteine at three different positions to study the dependence of the distance
between Ru and Ni on the photocatalytic activity. The most active ArM was
built up from the S78C Az mutant (Fig. 14) that exclusively reduced CO, and
not H* under photoirradiation. The mechanism of reduction was elucidated
thanks to photophysical studies.

Fig. 14

Photosensitizer precursor and X-ray structure of S78C CuAz
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CO, Hydrogenation

Formate dehydrogenases (FDHs) catalyze the reduction of CO, to formate and
the reverse oxidation of formic acid to CO,. The mechanism of NADH-
dependent FDHSs involves hydride transfer from NADH to CO, [75]. An ArtM
catalyzing the hydrogenation of CO, to formic acid was built up by covalent
anchoring of the bis(diphosphine)Rh(I) complex to lactococcal multidrug-
resistant regulator (LmrR, Fig. 15) [76].

Fig. 15

Left: structure of bis(diphosphine)Rh(I) complex; Right: X-ray crystal structure of
LmrR-[Rh] showing covalent linkage between C89 of one of the monomers and
one of the maleimide groups of the complex (disorder is observed for the other

linkage)
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This protein scaffold has a homodimeric structure creating a cavity to host the
metal center. A cysteine residue was engineered at position 89 of LmrR. This
position was chosen so that, in the dimer, the cysteines were located at a
distance compatible with the double anchoring of the rhodium complex by
reaction of its two maleimides. Indeed, under appropriate reactional conditions,
a protein conjugate with a 2:1 monomer:rhodium ratio was formed with the
complex almost fully occupying the cavity of LmrR (Fig. 15). While the
bis(diphosphine)Rh(I) complex was unable to catalyze the hydrogenation of
CO, on its own, LmrR-[Rh] catalyzed the formation of formic acid upon
exposure to stoichiometric mixtures of CO, and H, in bicarbonate solution. A
catalytic cycle involving the successive formation of Rh(III)-dihydride and
Rh(I)-monohydride intermediates was proposed. The difference of catalytic
activity between the free complex and LmrR-[Rh] was tentatively explained by
the assumption that only LmrR-[Rh] was able to transfer a hydride to CO,

likely due to favorable second and outer-sphere interactions with the substrate.

2.2.3. Enantioselective Cyclic Imine Reduction

Enantiopure amines are key compounds, found in numerous pharmaceuticals
and agrochemicals to name a few applications. A strategy to access these
compounds relies on enantioselective reduction of imines catalyzed by imine
reductases [77]. However, natural imine reductases are still scarce, leaving room
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for the development of artificial imine reductases.

Nearly all the examples reported in the literature so far deal with the production
of salsolidine by asymmetric transfer hydrogenation (ATH) of its imine
precursor (Scheme 1). Salsolidine is a tetrahydroisoquinoline alkaloid produced
by plants of the genus Salsola. The (R)-enantiomer of salsolidine has been
found as a potent inhibitor of monoamine oxidase A [78]. Plant extracts were
also shown to display significant choline esterase inhibition [79].

Scheme 1

Transfer hydrogenation of salsolidine precursor

MeO [Red] MeO

'

MeO MeO

(F

Streptavidin as Protein Scaffold

The first ArM catalyzing the ATH of the salsolidine precursor was designed
from the biotin — SAV system [80]. The biotin derivative BTN-[Ir] (Fig. 16)
carrying half-sandwich iridium(III) complex comprising a chelating beta-amino
sulfonamide ligand was synthesized and assembled by supramolecular
anchoring to WT-SAV. WT-SAV C BTN-[Ir] catalyzed the quantitative
conversion to salsolidine with an enantiomeric excess fee}-of 57% for the (RR)-
isomer using formate as hydrogen donor. Subsequently, an array of mutants was
prepared by saturation mutagenesis at position S112. The crystal structure of the
S112A-SAV C BTN-[Ir] biohybrid showed that the biotin derivative occupied
the biotin-binding site and that A112 was located at a short distance from the
metal center (Fig. 16). Moreover, the absolute configuration of iridium in the
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biohybrid was shown to be S. The ee reached 96% for the (RR)-isomer with the
S112A mutant while the enantioselectivity was nearly fully reversed with the
S112K-SAV mutant (ee = 78% for the (§5)-isomer). Furthermore, it was found
that K121 from an adjacent monomer might act as an external proton donor
during the catalytic cycle.

Fig. 16
Left: structure of BTN-[Ir]; right: X-ray structure of SI12A-SAV C BTN-[Ir]
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Computational and saturation kinetics studies were further performed to
understand the opposite enantioselectivities afforded by both mutants [81]. It
appeared that the final absolute configuration of the salsolidine product was
dictated by the configuration of the metal center which was initially imposed by
the protein environment.

Still, the ArM resulting from supramolecular anchoring of BTN-[Ir] to WT-
SAV catalyzed the ATH at a much slower rate than the free complex [82]. To
circumvent this issue, aminoacids K121, R84, and D67 located at the vicinity of
the metal center were systematically mutated. The best mutant in terms of &,
and K, measured on 1-methyl-3,4-dihydroisoquinoline was
R84A/S112A/K121A where the positively charged K and R aminoacids were
replaced by the small and neutral alanine.

Other artificial imine reductases were built up by combining supramolecular and
dative anchoring of half-sandwich rhodium(III) or iridium(III) to SAV [83].
This time, the biotin entity was linked to the ancillary cyclopentadienyl ligand
rather than to the NAN chelating ligand (Fig. 17). A histidine was introduced at
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positions S112 or K121 of SAV to provide a coordination site for rhodium or
iridium once in the binding pocket of the protein host and to activate it. The X-
ray structure of the resulting ArMs showed that the rhodium ion was indeed
coordinated to the imidazole of H112 of the same monomer while it was
coordinated to the imidazole side chain of a neighboring monomer in K121H-
SAV (Fig. 17).

Fig. 17

Up: iridium precursor for double anchoring to SAV. Down: left: X-ray structure of
K121H-SAV C [Rh] (Two symmetry-related monomers); right: X-ray structure of
S112H-SAV C [Rh]
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Embedding the rhodium and iridium complexes into WT-SAV, S112H-SAV and
K121H-SAV afforded artificial imine reductases whose efficacy in the ATH of
the salsolidine precursor differed markedly from the complexes alone. The most
enantioselective ArM resulted from the embedding of the rhodium cofactor into
K121H-SAV yielding mainly (RR)-salsolidine with 79% ee. Interestingly,
inversion of selectivity was again observed with S112H-SAV since (SS)-
salsolidine was preferentially produced with an ee of 55%.

Directed evolution was applied to the ArM resulting tafrom the supramolecular
anchoring of the iridium complex BTN-[Ir] to SAV [84]. Aminoacids located at
close range to the metal cofactor were subjected to iterative saturation
mutagenesis. Catalysis tests were directly run on cell-free extracts
supplemented with a diamide to prevent catalyst poisoning by glutathione [85].
This strategy allowed @5 to identify a mutant affording an ee of 50% for (SS5)-
salsolidine with 75% conversion. Another mutant displayed an 8-fold increase
in k. compared to the cofactor alone.

Recently, to overcome the previously noticed dependence of SAV-to-Ir ratio on
the enantioselectivity owing to the tetrameric nature of SAV, a single chain
dimeric streptavidin (scdSAV) was engineered followed by genetic optimization
of positions 112 and 121 [86]. Two monovalent scdSAVs (scdSAVmv1 and
scdSAVmv?2) were also produced to study the influence of the second cofactor
on the catalytic properties of the ArM. X-ray structural analysis showed that the
iridium cofactor adopts two different conformations in scdSAV, one being more
solvent-exposed than the other. Conversely, the Ir cofactor adopts only one
conformation once bound to its binding pocket. Under optimized conditions, an
ArM affording a high TON and high eeee were identified. Most importantly,
ATH experiment could be extended to the preparative scale without detrimental
effects on the conversion and ee. This breakthrough lets us anticipate
biotechnological developments of artificial imine hydrogenases in the near
future.

Carbonic Anhydrase as Protein Scaffold

The half-sandwich iridium complex CA-[Ir] bearing an arylsulfonamide entity
(Fig. 18) was synthesized and assembled to hCAII [87]. Binding of the metal
cofactor by coordination to the catalytic zinc ion was assessed by X-ray
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structural analysis (Fig. 18) that also highlighted the low occupation of the
metal cofactor in the binding site. WT-hCAII C CA-[Ir] catalyzed the transfer
hydrogenation of the salsolidine precursor with 82% conversion (TON =9) and
70% ee in (55)-salsolidine. The catalytic performances of the ArM were further
improved by mutating positions 91 and 170 to alanines.

Fig. 18

Left: structure of the iridium catalyst to be anchored to hCA II; right: X-ray
structure of WT-hCAII C CA-[Ir]
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Rosetta protein design software was further applied to increase the affinity of
the iridium cofactor for CA II and in turn to increase the catalytic performances
of the ArM [88]. Up to eight combinations of mutations were produced and
assembled to CA-[Ir]. The best mutant afforded (S55)-salsolidine with 94% ee
and a TON of 98. Slight improvement of the selectivity was observed by
replacing one of the methyl substituents of the cyclopentadienyl ligand by a
bulkier propyl group.
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2.3. Artificial Metalloenzymes for Polymerization Catalysis

2.3.1. Polymerization of Phenylacetylene

Polyacetylenes are a group of conjugated polymers with unique electrical,
(nonlinear) optical, optoelectronic, magnetic, chiroptical,
(enantio)permselective, and photolithographic properties. Prior to the design of
ArMs catalyzing the polymerization of phenylacetylene (PA), it had been shown
that PA could be polymerized in water in the presence of various rhodium
complexes, for instance [Rh(L)Cl], (with L =nbd; cod) and that the resulting
polymers displayed up to 100% cis configuration depending on the rhodium
catalyst [89].

The first ArM to catalyze a polymerization reaction was built up by dative
anchoring of Rh(nbd) entities to horse apo-Fr as protein scaffold [90]. Apo-
ferritin is a multimeric protein made of 24 identical subunits forming spherical
nanoparticles of 8 nm inner diameter. Metallation of apo-Fr by [Rh(nbd)CI],
(Fig. 19) afforded the metalloprotein Fr-[Rh] containing 57.5 £ 3.5 Rh per Fr in
average. The 3D structure of Fr-[Rh] was solved by X-ray crystallography.
Each subunit was shown to contain three Rh ions, two of them being
coordinated by the imidazole of His residues while the last one was coordinated
by C48 and E45 residues. Furthermore, a change of hapticity from n* to n? was
observed for the nbd ligand since the other double bond underwent nucleophilic
addition of the thiol function of Cys (Fig. 20). All the rhodium ions arewere
located inside the cavity of Fr.

Fig. 19

Rhodium precursors used to build up artificial enzymes catalyzing the
polymerization of PA
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Fig. 20

Left: X-ray structure of a Fr-[Rh]_ subunit showing the three coordination sites of
rhodium; right: Hypothetical active site of Fr-[Rh]n
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Polymerization of PA occurred in the cavity of Fr-[Rh] . Subsequent extraction
from the cage afforded a polymer with a etscis-transoidal configuration
(Scheme 2) as determined by NMR, an M of (13.1 £1.5) x 103 (i.e. 130
monomers per polymer chain in average) and dispersity of 2.6 £0.3. The
average size of the polymer as well as the dispersity appear to be governed by
the size of the Fr cavity while its etscis configuration is identical to that
obtained with the rhodium precursor.
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Scheme 2

Polymerization of phenylacetylene
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Insight into the actual active site of Fr-[Rh] and the mechanism of
polymerization was provided by computational studies using QM/MM approach
[91]. The rhodium ion coordinated to H49 was suggested to extrude from its
binding site upon insertion of PA to move to site D comprising an ensemble of
three hydrophobic residues where propagation occurred (Fig. 20).

Later on, a new biohybrid construct was designed to catalyze the polymerization
of PA. This time, heme-free NB was selected as a protein scaffold owing to its
-barrel structure made of 10 twisted P-strands creating a well-defined rigid
cavity for hosting the metal-binding site and the substrate [92]. The half-
sandwich Rh(cod) complex carrying a maleimide group (Fig. 19) was
synthesized and conjugated to the Q96C mutant of NB. The anchoring point was
chosen so as to be located at the entrance of the cavity. Polymerization of PA
proceeded under mild conditions to afford a polymer with an M of 42.6 x 103
and dispersity of 2.6. The most interesting finding was the stereochemistry of
the generated polymer since the trans:cis ratio equaled 53:47, to be compared to
the precursor complex that gave almost exclusively the cis configuration as
previously reported for other Rh(I) catalysts [89]. The trans:cis ratio even
increased to 30:70 when the reaction was performed at 2 °C. NB was further
engineered to enlarge the cavity by mutating positions distant by 6 A from the
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Rh center. Mutant NB4 (H76L/Q96C/H158L) afforded the highest trans:cis
ratio (82:12). X-ray crystallography of NB4-[Rh] assorted by molecular
dynamics simulation suggested that the metal center in NB4-[Rh] displays a

defined orientation probably explaining the high stereoselectivity of the reaction
(Fig. 21).

Fig. 21
X-ray structure of NB4-[Rh]

Another ArM was built up by covalent anchoring of the same rhodium(cod)
complex to an engineered form of Fhu A [93]. [Note: Description of FhuA and
its engineered form ACVFTEY will be given below]. The amphipathic solvent
MPD was shown to efficiently stabilize the resulting biohybrid in its fully
folded form. FhuA-[Rh] was able to catalyze the polymerization of PA in 52%
yield to afford a polymer with an M_ of 5,500 and dispersity of 2.9. Most
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interestingly, the trans:cis ratio equaled 75:25, meaning that embedding of the
rhodium complex within the protein environment provided by FhuA reversed
the stereoselectivity of the reaction.

2.3.2. Ring-Opening Metathesis Polymerization (ROMP) of Olefins

The first biohybrid to catalyze a ROMP reaction was introduced by
Schwaneberg and Okuda in 2013 [94]. The synthesis of this ArM is based on
the covalent anchoring of a Hoveyda-Grubbs metathesis catalyst [95, 96] to a
variant of the E. coli transmembrane protein FhuA (ferric hydroxamate uptake
protein component A). This protein conveniently displays a [-barrel folding
made of 22 anti-parallel PB-sheets creating a wide cavity suitable for hosting the
metal catalyst and the substrate. Prior to ArM assembling, FhuA was engineered
to create an anchoring point for the metal complex via a cysteine at position 545
and optimize its accessibility; TEV cleavage sites were also introduced in two
loops to facilitate mass analysis of the ArM. The ruthenium benzylidene
complex HG3 (Fig. 22) designed from a previously published water-soluble
Grubbs catalyst [96] was conjugated to FhuA in its unfolded form by Michael
addition of the single cysteine to the maleimide group of HG3. Refolding of
FhuA-HG3 was then achieved by dialysis in the presence of polyethylene —
polyethyleneglycol (PE-PEG).

Fig. 22
ROMP catalyst precursors
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The catalytic activity of the ArM was tested in the ROMP reaction of a water-
soluble 7-oxanorbornene derivative (Scheme 3). The partially folded ArM
FhuA-HG3 afforded a polymer with 77% yield and a cis:trans ratio of 60:40
while the fully folded FhuA-HG3 gave rise to a lower conversion (37%).

Scheme 3

Ring-opening metathesis polymerization (ROMP) of 7-oxanorbornene derivative
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The same team next investigated the influence of the linker arm length on the
activity of ArMs derived from FhuA [97]. They synthesized complexes HG1
and HG2 and assembled them to FhuA. Under conditions where the biohybrid is
folded, the highest conversion was obtained with FhuA-HG1. Conjugation of
the same series of ruthenium benzylidene complexes HG1-3 to NB variants
carrying a single cysteine was further investigated [98]. Only HG3 was
successfully conjugated to NB4 most probably owing to steric constraints. This
prompted the research team to engineer a new NB variant
(L75A/H76L/Q96C/M184L/H158L; NB11) displaying a larger cavity. Indeed,
all three complexes afforded the expected conjugates with high yield this time.
The best combination in terms of catalytic activity in ROMP was provided by
NB11-HG3 at pH 6 with a conversion of 78% and of TON of 9900. The
resulting polymer had an M of 1800x10% and a narrow dispersity of 1.05.

A new NB variant called NB4exp was recently engineered in an attempt to
increase the size of the protein cavity [99]. Two additional [3-strands were
incorporated to form an extended 3-barrel structure with a calculated cavity size
of 1389 A3. Complexes HG1-3 were successfully coupled to NB4exp and their
activity tested in the ROMP of the 7-oxanorbornene derivative. The best
catalyst appeared to be NB4exp-HG?2 that afforded a polymer with an M_ of
750 x 103, a dispersity of 1.21, and a conversion of 81%. Interestingly NB4exp-
HG2 outperformed the water-soluble metathesis catalyst Aquamet in terms of
initial rate of reaction and conversion.

3. Advanced Developments of Artificial
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Metalloenzymes

3.1. Cascade Reactions

Enzymes function ta—vivein vivo in the presence of other biomacromolecules
including other enzymes and small molecules other than their substrates.
wvitrln vitro, combinations of enzymes are routinely employed, to catalyze
cascades of reactions, including at the industrial scale [100, 101]. The
combination of transition metal catalysts with enzymes has however often led to
mutual inhibition [102, 103, 104, 105]. To overcome this issue, scientists rely
mainly on compartmentalization strategies [106, 107] but ArMs offer another
strategy as they may operate in harmony with other enzymes to achieve a
synthetic goal. After all, the protein shell constitutes a protective environment
for the metal of the active site of an ArM.

3.1.1. Cascade Reactions Employing Artificial Transfer Hydrogenase

By incorporating a d6—pian0 stool iridium complex bound to biotin within SAV,
Hollmannet ef atzal. [108] generated an artificial transfer hydrogenase (ATHase)
that catalyzed the racemic reduction of imines by formate. They subsequently
combined this ATHase with the natural monoaminooxidase-N-9 (MAO-N-9)
that uses dioxygen to selectively oxidize the (S)-stereoisomer of a variety of
amine substrates and provide the corresponding imines along with hydrogen
peroxide. While the ATHase reduced imines into racemic (RS)-amine, only the
(S)-1somer was reoxidized by MAO-N-9 into imine leading to the accumulation
of the (R)-amine isomer. The reaction did not proceed unless either catalase or
peroxidase was also added to the combination as hydrogen peroxide produced
by MAO-N-9 was found to be detrimental to the ATHase activity. The
combination of the three enzymes was efficient in the dynamic kinetic
resolution of various chiral amines. It is noteworthy that inactivation was
observed when the free iridium complex was used instead of the ATHase
emphasizing the protective role of the protein shell and thus of artificial
enzymes. HRP was also used as a catalase alternative that consumed hydrogen
peroxide to bleach scopoletin and thus allowed to follow the ATHase activity
(Scheme 4, left). In a similar approach, Ward et-at-et al. prepared another
ATHase that was able to reduce imines using NADPH instead of formate as it
relied on 4,7-dihydroxy-1,10-phenanthroline d6-pian0 stool iridium complex.
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Glucose dehydrogenase (GDH) uses glucose to reduce NADP* to NADPH and
the combination of the ATHase/MAQO/catalase and GDH proved to be efficient
in the dynamic kinetic resolution of various amines using simply glucose and
dioxygen in the presence of catalytic amount of NADPH (Scheme 4, left) [109].
Finally, MAO could also be replaced by ; -amino acid oxidase (LAAO) and -
amino acid oxidase (DAAO) that resulted in the accumulation of | -pipecolic
acid starting from | -lysine (Scheme 4, right).

Scheme 4

Left, the artificial metalloenzyme ATHase and the natural MAO catalyzing a
cascade of two reactions leading to the production of (RR)-amines, starting from
either racemic amines or imines and using oxygen and formate. Either catalase or
HRP could be used to catalyze H,O, to H,O dismutation thus protecting the
ATHase but the later could additionally bleach scopoletin enabling kinetic
monitoring of ATHase activity. Right, ATHase in a cascade of reaction with
LAAO and DAAO to form L-pipecolic acid
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Additionally, the ATHase was used in combination with ene reductase-catalyzed
asymmetric reduction of a,f3-unsaturated compounds. NADH mimics
(mNADHSs) have been shown to accelerate the ene reductase-catalyzed reaction
but existing regeneration methods of NADPH fail for mNADHs. Nonetheless,
the ATHase regenerated mNADH by using formate therefore only catalytic
amount of mMNADH was needed for ene reductase to catalyze the reduction with
TON reaching 2000 (Scheme 5).
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Scheme 5

Artificial ATHase for recycling NADH from formate, which was used in cascade
with ene reductase to reduce various alkenes
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3.1.2. Cascade Reactions Employing Other Artificial Reductases

An artificial reductase using formate to regenerate NADPH from NADP* was
prepared by covalently grafting a Cp*Rh(III) 1,10-phenathroline or 1,1°-
bipyridine complex (Cp* = pentamethylcyclopentadienyl) in the active site of
alcohol dehydrogenase (ADH) [110]. The natural ADH uses NADPH to reduce
ketones into alcohol. The combination of ADH with the artificial reductase
enabled the recycling of NADPH by formate thus requiring only a catalytic
amount of NADPH (Scheme 6).

Scheme 6

Artificial reductase (in red) and natural alcohol dehydrogenase (in green)
catalyzing a cascade of two reactions leading to the production of alcohol from
ketone and formate using catalytic amounts of NADPH
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3.2. In Vivo Catalysis

The main problem faced by ta—vi+vein vivo catalysis by transition metal

are indeed complex entities containing very large amounts of potential

[85]. One way to protect catalysts for #—tvein vivo applications is their

media.

3.2.1. Olefin Metathesis

With this issue in mind, Ward and coworkers developed the in cellulo

fusion with the OmpA signal peptide. The choice of the periplasm as a
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complexes is the potential deactivation of the catalyst in the living cell medium,
which is quite different from simple ta—vitroin vitro aqueous media. Living cells

inhibitors for unprotected catalysts such as glutathione that has clearly been
identified as a major inhibitor for precious metal catalysts in aqueous media

incorporation into a protein scaffold. This does not only protect the catalysts
from the living cell environment but also helps their solubilization in aqueous

production of SAV and its exportation to the periplasm of bacteria thanks to its

compartment was mainly to take advantage of its low content in glutathione
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compared to that of the cytoplasm. Once in this compartment, SAV was also
easily accessible to exogeneous molecules such as a synthetic biotinylated
Hoveyda-Grubbs ruthenium complex to form the artificial metathase directly in
the bacterial periplasm. The artificial metathase was shown to catalyze ring-
closing metathesis. This was demonstrated ta—vivoin vivo by the transformation
of a non-fluorescent substrate into the fluorescent umbelliferone 2 (Fig. 23). The
scope of the reaction was then extended to the water-soluble benchmark
substrate 3 which provided a poor yield. Interestingly, the authors took
advantage of this low activity to perform directed evolution of the artificial
metalloenzyme in cellulo and managed to get a 5-fold yield improvement from a
quintuple mutant (Fig. 23) [111].

Fig. 23

Expression of SAV in the periplasm of E—eehkE. coli by relying on the OmpA
signal peptide and formation an artificial metathase upon the incorporation of a
biotinylated ruthenium complex. Metathase activity detected via the formation of
fluorescent umbelliferone 2 and directed evolution facilitated the reaction with
benchmark substrate 33 [111]

cytoplasm

h—vtveln vivo artificial metathases can also find potential agronomic and
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therapeutic applications. A fluorescent 7-diethylaminocoumarin (DEAC) and a
N-[4-(4-dimethylamino)phenylazo]benzoate (DABCYL) based quencher were
grafted to an Hoveyda-Grubbs ruthenium complex and incorporated in the
hydrophobic pocket of HSA to afford an ArM-based ethylene biosensor [112].
Ethylene competitively displaced the DABCYL entity from coordination to
ruthenium thus restoring the fluorescence of DEAC (Fig. 24, left). The reaction
occurred in fruit flesh as demonstrated by the imaging of a thin slice of kiwifruit
incubated with the artificial enzyme. In this case, although the macroscopic
analysis does not demonstrate the activity within living cells, it clearly shows
that the artificial metalloenzyme is active within the tissue of a living organism
and could be used to quantify ethylene which is directly linked to ripening of
fruits (Fig. 24, right).

Fig. 24

Left, reaction of ethylene, and the artificial methatase. Right, fluorescence
imaging of a kiwifruit slice incubated with the metalloenzyme reflecting ethylene
distribution within the slice [112]
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In a similar strategy, a fluorescent Hoveyda-Grubbs ruthenium complex was
incorporated in the hydrophobic pocket of HSA functionalized with N-glycan
targeting moieties for selective accumulation in cancer cells. The resulting
artificial methatase was then used to catalyze the tn—vtvoin vivo activation of
cytotoxic umbelliprenin by ring-closing metathesis. Results indicated that the
enzyme accumulated in different cancer cell lines (SW620, HeLa, A549)
leading to cell death [113].
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3.2.2. Polymerization of Phenylacetylene

As described earlier, rhodium-based ArMs were developed for the catalysis of
the polymerization of PA. Grimm et al. have transposed this reaction into
whole-cell catalytic systems [114]. The authors constructed a variant of NB
fused with an autotransporter of esterase (EstA). Expression in E. Coli resulted
in displaying NB on the outer membrane of the bacterial cells. The covalent
anchoring of the half-sandwich Rh(cod) (Fig. 19) to NB4 at the surface of the
cells formed an artificial enzyme. The generated biohybrid bugs were evaluated
for the catalysis of the polymerization of PA. This cellular system provided
poly(phenylacetylene) with 80% of frans content and with 39 x 10° TON per
cell.

3.2.3. Deallylation

Bioorthogonal uncaging of amines by cleavage of allyl carbamate protecting
group catalyzed by organometallic ruthenium complexes has been shown to
function under biologically relevant conditions and even inside living cells.
Several organometallic ruthenium complexes were assayed and [(Cp)(Me,NQ)
(ally)Ru]PF, (Cp = 21°-cyclopentadienyl, Me,NQ = 4-(N:NN,N-
dimethylamino)-2-quinolinecarboxyl) showed the highest TON in the
deprotection of NN-(allyloxycarbonyl)aminocoumarin of bis[IN/N-
(allyloxycarbonyl)]rhodamine 110 and of NN-(allyloxycarbonyl)doxorubicin
(Scheme 7) [115].

Scheme 7

Catalysis of the uncaging of a coumarin derivative, a rhodamine derivative and of
doxorubicin by the ruthenium complex employed as a cofactor at the active site of
allylic deallylase
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The ruthenium complex was thereafter covalently bound to biotin and

assembled to SAV to form an artificial allylic deallylase. Cell-penetrating
benzopentasulfides (BSS) were bound to biotin and the four streptavidin binding
pockets of the artificial enzyme were shared between biotin bound ruthenium
complex and biotin bound B5S. Such artificial enzymes could accumulate in the
cytoplasm of HeLa Kyoto cells, wherein they catalyzed the uncaging of
rhodamine 110 from bis[N-(allyloxycarbonyl)]rhodamine 110. In another
approach that allowed the artificial enzyme to cross the cellular membrane, BSS
were covalently bound to streptavidin leaving its four binding pockets available
for biotin bound ruthenium complex. The artificial enzyme also accumulated in
the cytoplasm and it could be fully exploited as its four binding pockets were
available for catalysis [116].

Bacterial cells were also used as a platform for allylic deallylase activity. SAV
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was expressed at the surface of cells as described earlier relying on OmpA then
incubated with the biotin bound ruthenium complex to form the artificial allylic
deallylase. Directed evolution was used to further improve the activity in the
uncaging of aminocoumarin, which was measured in 96-well plates and the
most efficient mutants were identified as double mutants S112Y-K121S and
S112M-K121A [117]. In addition to bacterial cells and human cells, algae cells,
1.e.5: Chlamydomonas reinhardtii cells, were also exploited. The N-
hydroxysuccinimideyt ester derivative of biotin was reacted with available
amines and thiols at the cell membrane resulting in algae cells displaying biotin
entities at their surface. These cells were incubated with SAV, which could then
bind one of the displayed biotins at one of its four binding pockets. The
remaining three binding pockets were then used to bind the biotin bound
ruthenium complex. The formed artificial allylic deallylase displayed at the
surface of algae cells wasere used for tn—vtvein vivo catalysis (Fig. 25) [118].

Fig. 25
Artificial allylic deallylase displayed at the surface of €—+etnhardtitC. reinhardtii
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3.2.4. Enantioselective Cyclic Imine Reduction

The same SAV construction described in 2.1 together with BTN-[Ir] (Fig. 16)
was employed to assemble an ATHase catalyzing the reduction of cyclic imines
in E. coli. Although the addition of the FPD motif increased the TON by 5-fold
for WT-SAV, it was at the expense of the enantioselectivity. Further genetic
optimization of the protein scaffold allowed to reach an ee of 59% with a TON
of 289 [119].

3.2.5. C-N and C-C Bond Formation

C-N and C-C bond formations are among the most important processes in
organic synthesis. These reactions are considered abiological despite a specific
cytochrome P450 enzyme (Bez E) that was reported to catalyze the
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intramolecular transfer of natural nitrene to a C=C bond leading to an aziridine
intermediate in the biosynthesis of benzastatin [120]. Inspired by Bez E, efforts
were dedicated to the development of artificial enzymes capable of catalyzing
nitrene and carbene transfer reactions in water and particularly in vivo.

Nitrene transfer reactions were initiated with iron porphyrins and then Cyt P450
by Breslow and Gellman [121, 122, 123] and Mansuy [124] in the early 1980s.
25 years later, Fasan and coworkers showed that cytochrome P450y,,5; and some
of its variants were able to catalyze intramolecular C—H amination [125, 126].
Hartwig and coworkers replaced the iron of the heme of a Cyt P450 from a
thermophilic organism, CYP119, by iridium and obtained the most active and
the most chemoselective artificial enzyme for intramolecular C—H aminations,
which they further improved the yield and selectivity by mutation [127]. 2018
Nobel Prize laureate F. Arnold [128] and coworkers showed that Cyt P450
engineered into a cytochrome P411 that contained a serine axial ligand to the
heme iron in place of the WT cysteine ligand was able to catalyze, in the
presence of NADPH as reductant, the intermolecular transfer of nitrene moieties
into benzylic C—H bonds under anaerobic conditions (Scheme 8) [129].
Application of directed evolution to the protein afforded mutant P411 -, that
catalyzed the benzylic tosylamidation of 4-ethylanisole by tosyl azide (TsN;) to
form the benzylic N-tosylamide with up to 1,300 turnovers, 66% yield, and
excellent enantioselectivity (99% ee) even at the preparative scale and ta—vivoin
vivo in whole E. coli cells. Further investigations in whole E. coli cells led to
other variants that catalyzed the to sylamidation of indoles, such as 1-
methylindole [130]. The most efficient variant, namely P411-IA, provided the
desired indole amidation products with up to 8400 turnovers and 90% yield,
with a chemoselectivity of 110:12:1 in favor of nitrene transfer over reduction
or triazole formation. Finally, the variant of P411BM3-CIS-T438S having a
single active site mutation, [263F, was the most active in the aziridination of a

series of styrene derivatives, including less electron-rich substrates with up to
600 TTN, 70% yield, and 99% ee (Scheme 8) [131].

Scheme 8

Intermolecular nitrene transfer reactions catalyzed by cytochrome P411 variants
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Roelfes and coworkers prepared an ArM by incorporation of heme into LmrR
and showed that this enzyme as well as its mutants were able to catalyze
carbene transfer reactions by ethyl diazoacetate 2 (EDA) into the double bond
of styrene derivatives [132, 133, 134]. Ward and coworkers brought this activity
to whole cells by incorporation of a biotinylated dirhodium complex within
engineered streptavidin variants and using EDA as a transfer agent, the resulting
biohybrids were found to catalyze the carbene insertion into styrene, leading to
the corresponding cyclopropane as well as to the insertion of the carbene moiety
of trifluoroethylphenyl diazoacetate into allylic C—H bonds of cyclohexadiene.
Chemical and genetic optimizations allowed to modulate the catalytic activity of
the ArMs which could be expressed in the periplasm of E. Coli cells. The most
efficient artificial enzyme tn—vivein vivo was obtained by assembling the
dirhodium complex with the SAV K121C mutant expressed in the periplasm of
E. coli and catalyzed the cyclopropanation of styrene with up to 20 turnovers
(Fig. 26) [135].
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The directed evolution of Cyt P450y,,; was also employed by several groups
including Arnold’s who was the first to enhance the activity and the selectivity
of cytochrome P450p,,5 for the catalysis of cyclopropanation reactions [136].
Directed evolution was also applied to Mb by Fasan et-aket al. to produce
artificial hemoproteins that could catalyze cyclopropanation reactions. The
H64V-V68A double mutant catalyzed the benchmark reaction with 99% yield
and 99.9% ee. Additionally, this mutant was found to catalyze the
functionalization of the C—H of indoles by EDA, with 85% conversion and a

SAV-dirhodium comple;
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TON of 106 [137]. It is noteworthy that this reaction could even be performed
in whole cells, with 99% conversion and a TON of 82 [138, 139]. Brustad and
coworkers used orthogonal expression techniques of hemoproteins to introduce
mutations in the heme-binding pocket to allow the direct “in cellulo”
incorporation of metal complexes of Deuteroporphyrin IX as cofactors into the
apoprotein. Incorporation of Fe(Me)-Deuteroporphyrin IX and Ir(Me)-
Deuteroporphyrin IX in the WIVS-FM*T268A variant, derived Cyt P450g, 5
led to artificial hemoproteins that catalyzed the cyclopropanation of styrene by
EDA [140, 141]. Hayashi and coworkers found out that Mb reconstituted (rMb)
with iron(II)-porphycene was able to catalyze the cyclopropanation of styrene
by EDA, and was 26-fold more efficient than native Mb [142, 143]. Substituting
the native Fe ion of Mb by either Co, Cu, Mn, Ru, Rh, Pd, Ag, or Ir allowed
Hartwig and coworkers to generate new hemoproteins that catalyzed the
intramolecular carbene insertion of a diazoester into a C—H bond to form a
dihydrobenzofuran product as well as the enantio- and diastereoselective
cyclopropanation of unactivated olefins [144]. CYP119 mutants containing
iridium methyl unit were found able to catalyze intramolecular carbene insertion
[145, 146] and directed evolution, focusing on amino acids close to the active
site, allowed to select four mutants, C317G, T213G, L69V, V254L, that were
able to catalyze the reaction with 94% ee and a TOF of 43 min~! at best. Arnold
and coworkers showed that engineered cytochrome P450s, catalyzed the
insertion of fluoroalkyl carbene intermediates into a-amino C(sp3)—H bonds
[147] and the reaction be performed on a preparative scale, but in vivo catalysis
was not documented.

3.2.6. Diels—Alder Reaction

Because natural Diels—Alderases are rare and the Diels—Alder cycloaddition
reaction is of major importance for chemical syntheses, many research teams
have been tackling the elaboration of new artificial metalloenzymes that would
catalyze the Diels—Alder reaction under ecofriendly conditions. Cull was shown
to be the most efficient water-compatible transition metal for the Lewis acid
catalysis of this cycloaddition [148, 149, 150] and therefore most artificial
metallo-Diels-Alderases have been prepared by incorporating Cull complexes
into biomacromolecules covalently or non-covalently.

Reetz and coworkers inserted Cull~phtalocyanine into serum albumins including
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BSA and HSA [151, 152]. Palomo et al. generated an heterogeneous artificial
Diels—Alderase by assembling Cu'l-phenanthroline-lipase at the surface of
Sepabeads™ [153, 154]. Cu'l-1,10-phenanthroline was also coupled to a
testosterone anchor and inserted into the neo-carzinostatin variant NCS-3.24,
thanks to its affinity for the testosterone moiety [155]. (”r]6—alrene)—RuII
complexes were covalently anchored into papain [156] whereas Cu'l-
phenanthroline and terpyridine complexes were covalently anchored into F119C
and Y26C mutants of dimeric double chain (A5) [157] and dimeric single chain
(A3_A3") [158] synthetic alpha-repeat proteins. Cull-pyrenyl and -terpyridine
complexes were also anchored, respectively, into Nb and FhuA [159]. Deuss et
aket al. also covalently bound CuH—phenanthroline (Phen) and -dipicolylamine
complexes in two sterol carrier protein type 2 like domain (SCP-2L) mutants
[160]. Finally, the Cu'-1,10-phenanthroline complex was also bound to the
LmrR M89C mutant [161]. All of the prepared ArMs catalyzed the Diels—Alder
cycloaddition using benchmark substrates 2-azachalcone and cyclopentadiene,
providing up to four isomer products. Yields ranging between 11 and 98% could
be obtained, whereas the erdeendo isomer was always the major isomer with
endofexoendo/exo ratios ranging from 66/34 to 96/4. The enantiomeric excesses
varied greatly with values between 0 and 97%. The most efficient of these
enzymes were the CuH—Phen—SB—Lys—GTL*/ 196 catalyst [154] and the Cu'l-
Phen-LmrR-M89C [161] that provided 98 and 93% yield and 97% ee with an
endoefexoendo/exo ratio of about 95:5, respectively. Directed evolution was used
by Reetz etaket al. to design a Cu(1l)-specific binding site in the thermostable
protein tHisF. The introduction of a His-His-Asp coordinating triad for the Cull
ion into this F affording a copper enzyme catalyzing the Diels—Alder reaction of
the benchmark substrates with 73% yield, 93/7 erdetexoendo/exo ratio and 46%
ee [152], [162]. The substitution of the native Fe(Il) of the His-His-Asp
coordinating triad of 1-aminocyclopropane carboxylic acid oxidase by Cu!
afforded the most efficient artificial Diels—Alderase ever reported with a
quantitative yield and >99 % ee [163].

Finally, Ghattas et-aker al. used the A, , adenosine receptor embedded in the
cytoplasmic membrane of living human cells as a platform to build artificial
metallo-Diels Alderases. The metalloenzymes were assembled by inserting in
the WT receptor conjugates of a strong antagonist covalently bound to Cu(II)
catalysts. The resulting cells enantio selectively catalyzed the abiotic Diels—
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Alder cycloaddition reaction with up to 42% yield, an 82/18 endoendo/exo ratio,
and a-14% ee (Fig. 27) [164]. The prospects of this strategy lie in the t—vivoein
vivo preparation of organ-confined receptor-based artificial metalloenzymes for
the catalysis of reactions exogenous to the human metabolism. This strategy
could be used for the targeted synthesis of either drugs or deficient metabolites
and for the activation of prodrugs, leading to therapeutic tools with unforeseen
applications.

Fig. 27

Diels-Alder cycloaddition catalyzed by an artificial metalloenzyme assembled at
the surface of a living HEK cell via the insertion of a CuH—phenanthroline—A2 A

agonist conjugate in the A,, adenosine receptor

Yield = 42 j
Endo/exo
ee=14%

4. Conclusions

To sum up, ArMs are powerful biohybrids capable of catalyzing a wide range of
reactions under eco-compatible conditions. The construction of such catalysts is
typically designed through different strategies including the host/guest
interaction, the “Trojan horse” strategy, the covalent binding of the metallic
complex into the protein scaffold, or de-nevede novo design of metal-binding
peptides. In terms of oxidation reactions, sulfide oxidation has been the most
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studied reaction and one of the best results was obtained by Ward et al. with
vanadate-loaded streptavidin, which catalyzed the enantioselective thioether
sulfoxidation with up to 93% ee and 96% conversion [24]. Other oxidation
reactions were successfully catalyzed by ArMs, including alcohol oxidation,
amine oxidation, catechol oxidation, epoxidation, and dihydroxylation.
However, C—H activation remains one of the biggest challenges to tackle, with
only one example of oxygen insertion into a C—H bond described so far [36,
42]. Concerning reduction reactions, a lot of efforts have been devoted to mimic
the activity of [FeFe]-hydrogenases by taking advantage of the second
coordination sphere surrounding handmade metallic complexes in ArMs. Yet,
the stability of the systems still needs to be improved to reach the high activity
required for future hydrogen production applications. Another active field for
ArMs is the CO, reduction catalysis, but the most successful reduction reaction
catalyzed by ArMs is the enantioselective reduction of cyclic imines catalyzed
by Ir or Ru complexes incorporated in various protein scaffolds with up to 94%
eeee and a TON of 98. ArMs have also been designed for the catalysis of
polymerization reactions such as phenylacetylene polymerization, as well as
ring-opening Metathesis Polymerization which have both been performed with
good conversion rates and high TON. Apart from the simple applications
described above, ArMs have also been used for the development of cascade
reactions by association with natural enzymes for dynamic kinetic resolution of
amines or for the stereoselective synthesis of L-pipecolic acid. Finally, the
capacity of ArMs to catalyze abiotic reactions in biological medium opens new
opportunities to improve the toolbox of bioorthogonal chemistry applications.
This prompted the scientific community to develop catalytic hybrid systems
operating in vivo and some exciting constructs have been obtained for olefin
metathesis, polymerization of phenylacetylene, uncaging by deallylation, C-N
and C—C bond formation, as well as Diels—Alder reactions. There is no doubt
that artificial metalloenzymes have a bright future ahead as sustainable and
environmentally friendly catalysts.
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