u

) <

The University of Osaka
Institutional Knowledge Archive

Tale Engineered hemoproteins containing non-canonical
cofactors toward artificial metalloenzymes

Author(s) |Oohora, Koji

Journal of Inorganic Biochemistry. 2025, 273, p.

Citation 113026

Version Type|VoR

URL https://hdl. handle.net/11094/102862

This article is licensed under a Creative
rights Commons Attribution-NonCommercial 4.0
International License.

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



Journal of Inorganic Biochemistry 273 (2025) 113026

i JOURNAL OF
Inorganic
Biochemistry

Contents lists available at ScienceDirect

Journal of Inorganic Biochemistry

journal homepage: www.elsevier.com/locate/jinorgbio ) —

FI. SEVIER

Check for

Engineered hemoproteins containing non-canonical cofactors toward
artificial metalloenzymes

a,b,”’

Koji Oohora

2 Department of Applied Chemistry, Graduate School of Engineering, The University of Osaka, Suita, Osaka 565-0871, Japan
® Innovative Catalysis Science Division, Institute for Open and Transdisciplinary Research Initiatives (ICS-OTRI), The University of Osaka, Suita, Osaka 565-0871, Japan

ARTICLE INFO ABSTRACT

Keywords: Hemoproteins have emerged as versatile scaffolds for the construction of artificial metalloenzymes. Through
Artificial metalloenzyme directed evolution via random and/or site-saturation mutagenesis, these proteins can be repurposed to catalyze
Heme o abiological transformations. Their catalytic scope can be further expanded by introducing non-canonical mo-
EZS;;’;;HOM lecular components. One approach involves the incorporation of non-canonical amino acid residues, such as

methylhistidine, into the protein scaffold. Another strategy replaces the native heme with synthetic cofactors.
While natural heme cofactors are generally restricted to porphyrins, synthetic chemistry has enabled access to a
variety of porphyrin derivatives and artificial porphyrinoids with diverse core structures and peripheral func-
tionalities. This review highlights recent efforts in designing such non-canonical cofactors and engineering
complementary protein mutants to achieve challenging transformations, including C-H hydroxylation/amina-
tion and olefin cyclopropanation. Expanding the chemical space of hemoproteins through the integration of non-
canonical cofactors represents a promising direction toward artificial metalloenzymes with novel and valuable

catalytic functions.

1. Introduction

Metalloenzymes, enzymes that contain metal ions or metal cofactors
as active centers, are responsible for approximately 30 % of all known
enzymatic reactions in biological systems [1]. These enzymes facilitate a
wide range of chemical transformations, including some of the most
challenging ones such as C-H functionalization, methyl group transfer,
and nitrogen fixation, all under mild physiological conditions [2].
Despite the limited availability of metal ions and ligands in nature,
living systems have evolved highly effective metalloenzymes through
the integration of metal cofactors with finely tuned protein matrices.
These protein scaffolds not only provide a structural framework for the
metal center but also play a crucial role in regulating its reactivity. In
natural systems, metalloenzymes exhibit exceptional catalytic proper-
ties by coordinating the metal center with specific amino acid residues
such as histidine, cysteine, methionine, aspartate, glutamate, tyrosine,
and serine. These ligating residues contribute to the fine-tuning of the
electronic properties and redox potential of the metal center. Beyond
direct ligation, the protein scaffold creates a highly organized second
coordination sphere composed of non-covalent interactions such as
hydrogen bonding, electrostatic, and hydrophobic interactions [3].

These interactions assist in substrate positioning, proton and electron
transfer, and transition-state stabilization, collectively orchestrating
complex reaction pathways with high selectivity and efficiency. Among
various classes of metalloenzymes, hemoproteins have received signifi-
cant attention due to their structural simplicity, versatility, and catalytic
potential. Hemoproteins contain heme, an iron-porphyrin complex, as
their central cofactor. The most common natural form, heme b (iron
protoporphyrin IX), is typically non-covalently bound within a hydro-
phobic pocket of the protein (Fig. 1a) [4,5]. Despite the uniformity of the
heme cofactor, hemoproteins serve diverse biological functions such as
oxygen transport and storage (e.g., myoglobin), redox reactions (e.g.,
cytochromes), and oxidative catalysis (e.g., cytochrome P450s).
Myoglobin (Mb), one of the earliest structurally characterized proteins,
contains a heme b cofactor embedded within an a-helical globular pro-
tein matrix [6]. The iron center is ligated by a proximal histidine res-
idue, while a distal histidine provides hydrogen bonding that stabilizes
bound dioxygen. Substitution of the distal histidine with non-polar
residues drastically reduces oxygen affinity, illustrating the sensitivity
of hemoprotein function to second-sphere interactions. This interplay
between metal cofactor and protein environment exemplifies the
modular nature of hemoproteins and provides a platform for
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Fig. 1. Schematic representation for engineering of hemoprotein by non-
canonical molecular components.

engineering new functions.

Cytochrome P450 enzymes, another well-studied class of hemopro-
teins, utilize a thiolate-ligated heme cofactor to catalyze a range of
oxidative transformations, including C-H hydroxylation, epoxidation,
and heteroatom oxidation [4]. These reactions proceed through high-
valent iron-oxo intermediates, often referred to as compound I, which
are generated via dioxygen activation in the presence of electron donors.
Importantly, the redox potential and spin state of the heme iron can be
modulated by the surrounding protein environment, including hydrogen
bonding to the axial cysteine and neighboring residues. This demon-
strates how subtle changes in the protein matrix can dramatically in-
fluence reactivity. The capacity of hemoproteins to stabilize reactive
intermediates and support diverse transformations under mild condi-
tions has inspired efforts to redesign them as artificial metalloenzymes.
Protein engineering techniques, including site-directed mutagenesis and
directed evolution, have enabled the repurposing of natural hemopro-
teins toward new-to-nature catalysis [7-20]. These engineered enzymes
can perform reactions unknown in biology, such as carbene and nitrene
transfer, through the formation of synthetic metal intermediates. In this
context, hemoproteins are particularly well-suited for customization
because their metal cofactor is removable and replaceable, and their
active sites are tolerant of mutations. The combination of a well-defined
metal center and a flexible protein scaffold enables precise tuning of
reactivity. These features make hemoproteins attractive candidates for
the development of artificial metalloenzymes with broad substrate
scope, improved activity, and enhanced selectivity. This growing body
of work demonstrates how hemoproteins can bridge the gap between
synthetic coordination chemistry and enzymology. Their modular na-
ture allows for systematic modification of both the primary and sec-
ondary coordination environments, unlocking access to non-natural
reactivity. By harnessing their intrinsic properties and introducing
rational modifications, hemoproteins have become powerful platforms
for the creation of novel biocatalysts aimed at challenging synthetic
transformations.

Expanding the chemical functionality of hemoproteins through non-
canonical modifications has emerged as a promising approach for
creating artificial metalloenzymes. As shown in Fig. 1b, two comple-
mentary strategies have received particular attention: the incorporation
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of non-canonical amino acid residues [21] and the substitution of native
heme cofactors with synthetic metalloporphyrinoids [22,23]. These
modifications, often carried out independently but increasingly
explored in combination, allow precise tuning of the primary and sec-
ondary coordination environments and enable reactivity beyond the
scope of natural systems. Incorporation of non-canonical amino acids
into hemoproteins offers a powerful tool to modulate the coordination
chemistry and electronic structure of the metal center. For example,
Hilvert and coworkers engineered Mb variants containing Ns-methyl
histidine as a proximal ligand [24,25]. This modification enhanced both
the peroxidase activity and cyclopropanation reactivity of Mb and
enabled the crystallographic detection of a carbene inter-
mediate—providing direct structural evidence of non-natural catalysis.
Building on this, analogues such as 5-thiazoylalanine, 4-thiazoylalanine,
and 3-(3-thienyl)alanine have been incorporated to probe their effects
on carbene transfer [26]. Notably, Mb reconstituted with 4-thiazoylala-
nine exhibited superior activity for S-H bond insertion reactions, high-
lighting how subtle changes to the ligand sphere can modulate
selectivity and efficiency. Axial ligand substitution is not limited to
histidine analogues. For instance, Green and coworkers demonstrated
that replacing the axial cysteine residue in CYP119 with selenocysteine
improves catalytic activity for C-H bond hydroxylation [27]. This effect
arises from altered redox properties and electron-donating ability of
selenium versus sulfur, offering an elegant means to fine-tune oxidative
power. Meanwhile, Lu and colleagues have constructed entirely new
metal-binding environments in Mb by engineering distal histidine
pockets that support copper binding, successfully mimicking the reac-
tivity of enzymes such as nitric oxide reductase and cytochrome c oxi-
dase. Genetic incorporation of imidazole-tethered tyrosine residues has
also been shown to enhance dioxygen reduction activity [28].

Parallel to these protein engineering efforts, synthetic coordination
chemistry has provided a broad range of artificial metal cofactors that
can be introduced into hemoproteins. Reconstitution of hemoprotein
enables the replacement of heme with designed metalloporphyrinoids
bearing non-natural metals, ligands, or frameworks [22,23]. This
modular approach has yielded artificial metalloenzymes with entirely
new reactivities as summarized in Table 1. Significant examples include
iridium-substituted Mb and CYP119, which catalyze a series of abio-
logical reactions [29-33]. The incorporation of Ir-porphyrin into cyto-
chrome P450 scaffolds has enabled the development of artificial
metalloenzymes with unprecedented reactivity and selectivity. These
engineered proteins catalyze a range of abiological carbene and nitrene
transfer reactions, including cyclopropanation of internal and terminal
alkenes, intramolecular C-H amination, and site-selective C-H alkyl-
ation via carbene insertion. Directed evolution of CYP119 variants has
afforded enzymes with enhanced chemoselectivity, enabling trans-
formations not achievable with native Fe-based hemoproteins. These Ir-
substituted hemoproteins operate under mild, aqueous conditions,
maintain robust protein scaffolds, and tolerate a wide substrate scope
including medicinally relevant scaffolds. Importantly, Ir center modu-
lates carbene reactivity, favoring productive insertion over unproduc-
tive side reactions. Together, these findings highlight the potential of Ir-
substituted hemoproteins as versatile platforms for engineering new-to-
nature enzymatic reactivities. Mn, Co, Ru and Rh porphyrins have also
expanded the catalytic landscape of hemoproteins [34-39]. Mb recon-
stituted with Ru-porphyrin has emerged as a robust artificial metal-
loenzyme for promoting carbene transfer reactions. Lehnert and his
coworkers demonstrated that Ru-substituted Mb catalyzes efficient
cyclopropanation of olefins with ethyl diazoacetate (EDA) in aqueous
buffer under mild conditions. Notably, the Ru center enables a catalytic
pathway distinct from the native Fe heme, offering enhanced reactivity
and stability. The enzyme retained its tertiary structure upon reconsti-
tution, and the Ru-carbene intermediate might show improved reac-
tivity, whereas unfavorable protein modification and degradation is
competitive. Additionally, Fasan and coworkers reported that Ru- and
Rh-substituted Mbs broaden the reaction scope to include C-H
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Table 1
Representative catalysis by reconstituted hemoproteins with synthetic cofactors.
Protein Scaffold Cofactor Reaction Substrate Reagent Catalytic Performance Ref.
CYP119 mutants/ . . Terminal and internal - o
Mb mutants Ir porphyrin Cyclopropanation alkenes EDA Up to TON = 1300, 99 % ee  [29,31]
Intramolecular/ o
CYP119 mutants Ir porphyrin intermolecular C-H Met'hox.ybenzene -/EDA Up to TON = 35,129, 98 % [30,31]
. derivatives/phthalan ee
alkylation
R Up to TON = 360, 96 %
Mb mutants u . Cyclopropanation Styrene derivatives EDA p © . ’ [34]
porphyrin diastereoselectivity
Mb tant: tochs bipyridi to TON = 2 %
mutants /Cytochrome Coporphyrin €O, reduction o, Ru( 1p.yr1 1.ne)3 + Up 0' O 000, 78 % CO [39,36,37]
bse2/Heme oxygenase ascorbic acid selectivity
FePor(CF3), .
Mb mutants /FePc Cyclopropanation Styrene EDA Up to TON = 810, 99 % ee [41,47]
Intramolecul TON = 5.7 x 10, 96 %
Mb mutants FePc . ramo.ecu' ar Alkylbenzenesulfonyl azide - X L ° [48]
C-H amination chemoselectivity
H H
Mb mutants MnPc C-H hydroxylation Ethylbenzene 202/Hz + 0z + Up to TON = 21, 69 % ee

PdAu particles [49,51,52]

alkylation via carbene insertion similar to Ir-substituted Mb. A Co-
porphyrin complex introduced into hemoproteins has enabled photo-
induced hydrogen evolution and CO, reduction that are inaccessible
to the native protein. Ghirlanda’s group demonstrated that Co-
substituted cytochrome bsgy variants exhibit light-driven CO: reduc-
tion activity, enabled by the incorporation of Co-porphyrin into the
heme pocket. Lu and coworkers further expanded this concept by
introducing Co-porphyrin cofactors into modified globin scaffolds,
achieving selective CO2-to-CO photoreduction under aqueous condi-
tions. These studies highlight the feasibility of developing hemoprotein-
based photocatalysts for sustainable energy applications using metal
substitution strategies. Taken together, these examples illustrate that
substitution of the iron center in heme with non-native transition metals
can unlock diverse catalytic reactivities in hemoproteins. This strategy
not only enables access to novel abiological transformations such as
carbene and nitrene transfer, but also offers a route to designing artifi-
cial metalloenzymes for small-molecule activation, redox trans-
formations, and photocatalytic processes.

Our group has systematically explored porphycene-based cofactors,
finding that reconstituted Mb with Fe-porphycene exhibits elevated
peroxidase and cyclopropanation activity, including the detection of
catalytic intermediates by spectroscopic methods [40,41]. In some
cases, the rate enhancement over native Mb was more than 25-fold.
Other types of cofactors such as tetradehydrocorrins have proven
valuable [42-45]. For example, reconstituted Mb with Ni-
tetradehydrocorrin has mimicked the activity of methyl-coenzyme M
reductase, including stabilization of a Ni(I) intermediate. These findings
highlight how porphyrin framework modification, in addition to metal
substitution, can dramatically alter the physicochemical properties and
catalytic capabilities of hemoproteins. Importantly, these strategies are
not mutually exclusive. Fasan’s group demonstrated a system in which
Mb was reconstituted with an iron complex of electron-deficient
porphyrin (2,4-diacetyldeuteroporphyrin IX) while simultaneously
incorporating a non-canonical Ng-methyl histidine ligand [46]. This
dual modification significantly improved cyclopropanation activity and
enantioselectivity, offering a blueprint for future enzyme design.
Therefore, the integration of non-canonical amino acids and artificial
metal cofactors into hemoproteins provides a versatile and effective
route to expanding enzymatic function. These modifications, which can
be individually tailored or combined, offer unprecedented control over
catalytic reactivity, selectivity, and substrate scope.

In this review, our recent works related to reconstituted hemopro-
teins with non-canonical cofactors are summarized: redox-tuning of
reconstituted Mb toward enhanced cyclopropanation activity, C-H bond
amination accelerated by Fe porphycene in Mb matrix, hybrid catalysis
system containing reconstituted Mb and heterogeneous catalysts and
rational design of reconstituted Mb mutants toward enantioselective
C-H hydroxylation [47-50].

2. Redox tuning of reconstituted myoglobin for enhanced
cyclopropanation

Olefin cyclopropanation via metal-carbenoid intermediates has
become a representative reaction in artificial hemoprotein catalysis.
While native Mb (nMb) and cytochrome P450 variants can generally
catalyze the cyclopropanation of styrenes with diazo compounds, their
activity toward more inert olefins remains limited. One key strategy to
overcome this limitation involves tuning the redox potential of the iron
center within the heme cofactor. Engineering a more positive redox
potential can increase the electrophilicity of the carbene intermediate,
thereby enhancing reactivity toward unactivated olefins. In this context,
we investigated an iron porphyrin cofactor with two electron-
withdrawing trifluoromethyl groups, FePor(CFs)s, and inserted it into
apoMb (Fig. 1b). The resulting protein, rMb(FePor(CF3),), exhibited a
redox potential of +147 mV vs NHE—significantly higher than nMb or
Mb reconstituted with Fe-porphycene (rMb(FePc)). Crystal structure
analysis confirmed that FePor(CFs3)s; binds within the heme pocket
without disturbing the overall protein architecture (Fig. 2). These
findings illustrate that electronic modification of the cofactor is a
powerful tool for modulating protein-bound redox chemistry without
compromising structural integrity. The rMb(FePor(CF3)2) catalyst
showed greatly enhanced performance in styrene cyclopropanation re-
actions. When compared to nMb and rMb(FePc), rMb(FePor(CF3)3)
provided a highest turnover number (TON) of 710 and excellent dia-
stereo- and enantioselectivity when paired with the engineered variant
(H64V/V68A). Substitution patterns in styrene derivatives further
confirmed that electron-deficient olefins benefited most from the
increased redox potential. Notably, rMb(FePor(CF3)5) displayed a five-
fold increase in TON under limiting EDA concentrations compared to the
cofactor alone. The positive effect of FePor(CF3), extended to internal

Fig. 2. Crystal structure of rMb(FePor(CF3),) (PDB ID: 8WF5).
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and aliphatic olefins such as p-methylstyrene and 1-octene, where rMb
(FePor(CF3),) outperformed nMb with up to 165-fold higher TONs
(Fig. 3). This result is particularly important because internal and
aliphatic olefins are typically resistant to iron porphyrin-catalyzed
cyclopropanation. By increasing the redox potential, we successfully
accessed these previously unreactive substrates. One notable feature of
rMb(FePor(CFs3)y) is its partial tolerance to molecular oxygen. Under
aerobic conditions, and without added reductants, the catalyst retained
a significant fraction of its activity. This contrasts with the total inac-
tivity of nMb under similar conditions. The effect was especially pro-
nounced when using the H64V/V68A mutant, which has reduced
oxygen-binding affinity due to the removal of the distal His64 residue.
The combination of a reactive electron-deficient cofactor and a low-
oxygen-affinity scaffold enabled productive catalysis even in air. This
aerobic performance expands the operational scope of artificial metal-
loenzymes and highlights the synergy between cofactor design and
protein engineering. The ability to avoid sacrificial reductants in abio-
logical reactions represents a significant step forward for green and
scalable biocatalysis. Hammett studies revealed distinct mechanistic
differences between rMb(FePor(CF3);), nMb, and rMb(FePc). The
electron-deficient FePor(CFs)2 system showed high correlation with
spin-delocalization parameters, suggesting a radical-type mechanism,
while FePc followed a polar (electrophilic) pathway. Dual-parameter
regression analysis confirmed this distinction, indicating divergent
electronic structures of the respective carbene intermediates. Transient
absorption spectroscopy failed to detect the short-lived active carbene
species in rMb(FePor(CF3)s), likely due to rapid transformation into
unreactive adducts. Nevertheless, evidence from product distributions
and Hammett plots supports a stepwise radical cyclopropanation
pathway. Building on the radical character of the carbene species, we
also explored C-H bond alkylation. Although the TON was modest (TON
= 2), rMb(FePor(CF3),) catalyzed insertion into weak benzylic C-H
bonds, representing a rare example of such activity using an iron-
porphyrin system. This underscores the potential of redox-tuned artifi-
cial cofactors for expanding the reactivity of hemoproteins into new
domains. Thus, the combination of protein engineering and cofactor
substitution provides a robust strategy for enhancing the reactivity,
selectivity, and versatility of artificial metalloenzymes. The investiga-
tion of rMb(FePor(CF3),) illustrates how fine-tuning redox potential can

Catalyst
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Fig. 3. Time course of TON for the catalytic cyclopropanation of 1-octene.
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impact not only reaction efficiency but also mechanistic pathways and
operational conditions.

3. Intramolecular C-H bond amination catalyzed by myoglobin
reconstituted with iron porphycene

The formation of carbon-nitrogen (C-N) bonds through direct C-H
bond functionalization is a compelling approach in organic synthesis,
providing efficient routes to nitrogen-containing compounds without
pre-activation steps. Among the strategies developed, intramolecular
C-H bond amination via nitrene transfer has attracted particular
attention due to its atom economy and potential for site-selectivity.
Transition metal catalysts, including metalloporphyrins, have proven
effective in mediating these reactions. Inspired by the role of high-valent
iron-oxo species in cytochrome P450 enzymes, synthetic analogs of
metalloporphyrins have been developed to catalyze C-H bond amina-
tion through iron-nitrene intermediates. Here, rMb(FePc) was investi-
gated for intramolecular C-H bond amination of arylsulfonyl azides
(Fig. 1b). The unique electronic properties of porphycene offer altered
redox potentials and the potential stabilization of reactive in-
termediates. rMb(FePc) exhibited remarkable catalytic activity and
selectivity, outperforming nMb and FePc alone. In the reaction of 2,4,6-
triisopropylbenzenesulfonyl azide, rMb(FePc) achieved a TON of 318
and a chemoselectivity of 96 %, far exceeding the performance of nMb
(TON = 255, 80 % selectivity) and FePc alone (TON = 256, 78 %
selectivity) (Table 2). The hydrophobic environment of the protein
matrix appears to promote C-H bond amination while suppressing the
undesired reduction of the nitrene intermediate to sulfonamide.
Notably, when the catalyst loading was decreased to 0.001 mol%, the
TON reached 5.7 x 10%, the highest reported value for a biocatalytic
tertiary C-H bond amination. Further evaluation with secondary
benzylic C-H bonds using 2,4,6-triethylbenzenesulfonyl azide revealed
lower TONs (7 for rMb(FePc)), attributed to stronger C-H bond disso-
ciation energies. However, recombinant sperm whale myoglobin
(rswMb) reconstituted with FePc showed improved activity (TON = 14)
and chemoselectivity (4 %). To enhance enantioselectivity, His64 was
mutated to alanine, valine, or isoleucine. Among these mutants,
rswMbH64A(FePc) achieved the highest TON (25) and 27 % ee, while
rswMbH64I(FePc) showed the highest enantioselectivity (37 % ee),
highlighting the role of the distal residue in shaping chiral environ-
ments. Mechanistic studies provided insight into the reaction pathway.
A linear correlation between the log(k,ps) and C-H bond dissociation
energy (BDE) across tertiary, secondary, and primary substrates indi-
cated that hydrogen atom abstraction is a key step. The proposed
mechanism involves reduction of FePc to its ferrous state, nitrene for-
mation via azide activation, hydrogen abstraction from the substrate,
and radical recombination to yield the product. Competing pathways
involve proton-coupled reduction of the nitrene to sulfonamide. Kinetic
analysis revealed that rMb(FePc) significantly enhances the catalytic

Table 2
TON values for catalytic C-H bond amination of 2,4,6-triisopropylbenzenesul-

iy, a
fonyl azide.
Catalyst (20 M)
°-5':% Na;S,0, (10 mM) %0 O’s’jﬁ: N
§——————» N F
Potassium phosphate NH
buffer (pH 7.0)/ 5% MeOH
25°C,18h

1(10 mM) 2 3

Entry Catalyst Yield (2) TON (2) 2:3
1 rMb(FePc) 64 % 318 96:4
2 nMb 51 % 255 80:20
3 FePc 51 % 256 78:22
4®! rMb(FePc) 57 % 5.7 x 10* 85:15

[a] Conditions: [catalyst] = 20 pM, [Na2S>04] = 10 mM, [substrate] = 10 mM in
100 mM potassium phosphate buffer (pH 7.0) containing 5 % MeOH at 25 °C for
18 h under N, atmosphere. [b] [catalyst] = 0.1 pM.



K. Oohora

turnover frequency (kcae = 55 s compared to nMb (ke = 14 s,
while maintaining similar substrate affinity (Ky ~ 1 mM) (Fig. 4). This
results in a nearly five-fold increase in catalytic efficiency relative to
nMb (kear/Kin = 59 vs. 12mM ! s71). These improvements are likely due
to facilitated nitrene formation or faster hydrogen abstraction enabled
by the modified cofactor. Importantly, rMb(FePc) also exhibited slower
rates in the undesired azide reduction pathway compared to nMb. This
suggests that FePc substitution reduces the tendency of the metal-
nitrene species to undergo two-electron reduction. The negatively shif-
ted Fe(Ill)/Fe(II) redox potential of FePc (by over 200 mV) may be
responsible for this behavior, helping to stabilize the nitrene interme-
diate and favor productive C-H bond insertion. The H64A mutation
further decreased azide reduction, likely by removing a proton donor
residue involved in facilitating nitrene reduction. Such an effect paral-
lels prior studies in engineered cytochrome P450s, where proton relay
residues were shown to modulate the competition between nitrene
insertion and reduction pathways. Thus, the integration of iron por-
phycene as a synthetic cofactor and targeted mutation of distal residues
in Mb enables efficient and selective intramolecular C-H bond amina-
tion. These findings not only expand the catalytic repertoire of artificial
metalloenzymes but also offer mechanistic insights into the control of
nitrene transfer reactivity. The strategy outlined here provides a design
strategy for future development of enzyme catalysts for abiological
transformations involving nitrogen-group transfer.

4. Hybrid catalysis for ethylbenzene oxidation using dioxygen

The selective oxidation of unactivated C(sp®)-H bonds using dioxy-
gen as a terminal oxidant is a central challenge in green chemistry.
Cytochrome P450 enzymes accomplish such transformations in nature
using a sophisticated network of redox proteins and cofactors, but these
systems require NAD(P)H as sacrificial reductants and exhibit limited
substrate scope. Inspired by the redox machinery of P450s, the devel-
opment of hybrid catalytic systems that merge biocatalysts with inor-
ganic catalysts offers a promising strategy for activating dioxygen
without relying on expensive reductants. In this context, a hybrid
catalysis system was developed combining a reconstituted myoglobin
containing a manganese porphycene cofactor (rMb(MnPc)) with palla-
dium-gold alloy nanoparticles (PdAu NPs) encapsulated in hollow
mesoporous silica spheres (Pd; Aug s@HMSS) (Fig. 5). While rMb(MnPc)

60

50

rMb(FePc)

40

30

TOF (s)

20

10

[Substrate] (mM)

Fig. 4. Plots of TOF of catalytic C-H bond amination of 2,4,6-triisopropylben-
zenesulfonyl azide. The plots were fitted by Michaelis Menten equations.
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alone can promote hydroxylation of ethylbenzene using HoO3, which
was previously reported via a detectable Mn(V) = O species by our
group [51,52], it cannot activate Oy directly. PdAu NPs, on the other
hand, catalyze the in situ production of HyO, from Hy and O [53]. This
system enables tandem catalysis: the PdAu NPs generate H,O5, which is
then used by rMb(MnPc) to oxidize the substrate. The Pd;Aug s@HMSS
nanoparticles were optimized for HyO4 production. Under mixed Hy/O,
atmosphere (0.5 atm each), HyO, generation reached 0.4 mM at pH 8.5
with 5 mg/mL catalyst. Interestingly, NaCl significantly enhanced H20,
accumulation: at 10 mM NaCl, H,O5 concentration increased to 0.6 mM.
Higher catalyst concentrations did not lead to more Hy0», likely due to
concurrent decomposition. These observations underscore the need for
fine-tuning catalyst concentration and reaction conditions to maximize
H0, availability without overaccumulation and subsequent degrada-
tion. The dependence of rMb(MnPc) activity on H,O5 concentration was
carefully examined. Using externally added H3O,, hydroxylation of
ethylbenzene showed a clear optimum at 10 mM (TON = 13). Lower
concentrations led to reduced activity (TON = 4.4 at 0.5 mM), while
excess HypO9 decreased efficiency, likely due to oxidative degradation of
the porphycene cofactor. These findings reveal that HyO, must be sup-
plied in a controlled and sustained manner—a challenge effectively
addressed by hybrid catalysis. Hybrid catalysis reactions were con-
ducted by combining rMb(MnPc) with Pd;Aug s@HMSS under a mixed
atmosphere of Hy and Oz. The system achieved ethylbenzene oxidation
with a TON of 3.6 under optimized conditions (pH 8.5, 10 mM NacCl),
which closely mirrors the TON observed using 0.5 mM exogenous HyO».
Importantly, control experiments confirmed that neither rMb(MnPc) nor
PdAu NPs alone could accomplish this transformation under the same
conditions. Additionally, the formation of acetophenone—a byproduct
of overoxidation—was only observed in the presence of PdAu NPs,
suggesting that the two catalysts operate independently without sig-
nificant interference. NaCl had a dual effect: enhancing H,O5 generation
and improving rMb(MnPc) activity. For example, at 10 mM NaCl, rMb
(MnPc) activity increased from a TON of 5.1 to 7.1 using 1 mM H50,.
This additive effect likely arises from ionic strength modulation or sta-
bilization of reactive intermediates. Gas-phase studies revealed that rMb
(MnPc) activity was slightly affected by O5 and Hy concentrations but
remained robust, indicating that the protein structure and activity were
preserved in the hybrid system. The protective silica shell surrounding
the PdAu NPs likely prevented protein deactivation by metal surfaces or
reactive oxygen species. Overall, the hybrid system represents a modular
and biomimetic strategy for alkyl C-H oxidation. By decoupling dioxy-
gen activation from substrate oxidation, it overcomes limitations of
natural redox partners and sacrificial electron donors. This approach
highlights the synergy between artificial metalloenzymes and inorganic
catalysts and opens avenues for integrating nanomaterials with engi-
neered enzymes. Future directions include increasing the HoO5 output of
PdAu NPs under alkaline conditions, optimizing cofactor stability, and
modifying the protein scaffold to further improve reactivity and selec-
tivity. The application of this concept to other oxidations, as well as to
asymmetric variants, may offer novel solutions for sustainable and se-
lective C-H bond functionalization.

5. Rational design of an artificial ethylbenzene hydroxylase
using molecular dynamics simulation

Hemeproteins have long served as promising scaffolds for catalyzing
a broad range of natural and non-natural reactions. While nMb displays
minimal catalytic activity relative to cytochrome P450, recent efforts
combining genetic mutations and chemical modifications have unlocked
Mb’s potential as a versatile catalyst. However, achieving enantiose-
lective C-H bond hydroxylation remains a major challenge, particularly
for small, unfunctionalized substrates like ethylbenzene. In this context,
a rational design strategy based on molecular dynamics (MD) simula-
tions was employed to enhance the enantioselectivity of rMb(MnPc) for
ethylbenzene hydroxylation. Initial experiments showed that wild-type
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Fig. 5. Schematic representation of the hybrid catalysis by rMb(MnPc) and Pd;Au, s@HMSS.

rMb(MnPc) catalyzed ethylbenzene hydroxylation with a modest 17 %
ee favoring (S)-1-phenylethanol, while the H64A mutant improved ee to
43 % favoring the (R)-enantiomer. Recognizing the critical role of the
distal His64 residue, we adopted a computational approach to predict
promising mutations. Instead of quantum mechanical simulations,
which are computationally intensive, MD simulations with angle con-
straints were utilized to model the active Mn(V)-oxo intermediate and
substrate binding conformations. By constraining the Mn-O-H and
O-H-C angles to 115° and 175° respectively—based on mechanistic
insights from cytochrome P450—the productive pro-S and pro-R

(a)

H CH,
175° = 4,

(CH "CH,
Pc ring C”)J115° I
A MnV— —_—MnV—

pro-S form

pro-S form

pro-R form

Fig. 6. (a) Angle constraints in MD simulations for pro-S and pro-R forms in the
substrate binding. (b) Initial structures of active species of wild type rMb(MnPc)
with ethylbenzene in pro-S and pro-R forms for the simulations. (c) Represen-
tative MD structures of the pro-S and pro-R forms after 5.0 ns simulations.

orientations were modeled (Fig. 6). Energy differences between the pro-
S and pro-R binding conformations were calculated for a series of mu-
tations at key residues (positions 29, 33, 43, 46, 64, 67, and 68).
Favorable energy differentials indicated mutations likely to enhance
selectivity toward one enantiomer. The MD-predicted values for wild-
type rMb(MnPc) and the H64A mutant aligned with experimental ob-
servations, validating the use of this method for rational design. Sub-
sequent experimental validation of selected mutants revealed striking
improvements. Among single mutants, the F43A mutant provided the
highest enantioselectivity for (S)-1-phenylethanol (56 % ee). At the
same time, mutations at H64 (such as H641 and H64A) modulated
enantioselectivity toward either (S)- or (R)-configuration, demon-
strating that subtle alterations at the distal site significantly influence
substrate positioning and reactive intermediate stabilization. Building
on single mutation data, double and triple mutants were constructed to
further enhance enantioselectivity. Remarkably, the F43A/H64I and
F43A/H641/V68F mutants achieved 68 % and 69 % ee, respectively,
favoring (S)-1-phenylethanol. In contrast, for (R)-selective hydroxyl-
ation, the F46L/H64A mutant reached 57 % ee. The improvements
observed in these multiple mutants suggest an additive effect between
mutations, where each alteration independently biases substrate bind-
ing or transition state stabilization toward a particular enantiomer. To
evaluate the reliability of the MD simulation-based design, the predicted
energy differentials were correlated with experimental ee values
(Fig. 7). A moderate correlation coefficient of r = 0.66 was obtained,
improving to r = 0.79 when data points with small energy differences
(<1 kcal/mol) were excluded. This result indicates that MD simulations,
even at this level of approximation, provide useful guidance for enan-
tioselective catalyst design. Furthermore, X-ray crystallographic anal-
ysis of selected mutants, including F43A/H64I and F46L/H64A,
confirmed that the mutations did not perturb the overall protein fold
(Fig. 8). Instead, subtle structural adjustments near the active site
created cavities that facilitated enantioselective substrate binding, as
predicted by the MD models. In the F43A/H641 mutant, removal of the
Phe43 side chain generated a pocket accommodating ethylbenzene’s
phenyl group in the pro-S orientation, consistent with enhanced (S)-
selectivity. Catalytic turnover numbers (TONs) were also determined for
all mutants. While TONs varied across mutants, no clear correlation was
found between TON and enantioselectivity. This observation is rational,
as enantioselectivity is determined by the differential stabilization of
transition states, whereas TON reflects a combination of factors
including substrate binding, catalyst stability, and reaction kinetics.
Importantly, no significant overoxidation to ketone products (aceto-
phenone) was observed under the reaction conditions, indicating that
hydroxylation to alcohol remains the dominant pathway. This selec-
tivity further highlights the utility of the MnPc-based artificial metal-
loenzyme system for controlled C-H bond activation. Thus, this
investigation demonstrates a successful rational design of an artificial
ethylbenzene hydroxylase with improved enantioselectivity using MD
simulations to predict productive substrate binding orientations. The
approach provides a generalizable framework for the design of artificial
metalloenzymes targeting challenging C-H functionalization reactions.
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Fig. 7. Plots of experimentally determined energy difference from ee values in
ethylbenzene hydroxylation against energy difference predicted by simulations
for ethylbenzene binding for the rMb mutants.

Fig. 8. Crystal structures of (a) wild type rMb(MnPc) (PDB ID: 8KFH), (b) the
F43A/H641 mutant (PDB ID: 8KFI) and (c) the F46L/H64A mutant (PDB
ID: 8KFJ).
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Future efforts could expand this strategy to a wider range of substrates
and active site modifications, paving the way toward practical and se-
lective biocatalytic C-H activation.

6. Conclusion

Recent advances in engineering hemoproteins with non-canonical
cofactors have significantly expanded the repertoire of artificial metal-
loenzymes. By integrating synthetic metal complexes into protein
matrices and rationally designing surrounding environments through
non-canonical amino acids and directed evolution, unique catalytic
functions have been achieved that go beyond the scope of natural en-
zymes. Our studies demonstrate that the hydrophobic heme-binding
pocket, in combination with tailored axial ligands, provides an ideal
scaffold to regulate reactivity, modulate redox properties, and stabilize
reactive intermediates such as metal-carbenes and metal-nitrenes. The
successful observation and mechanistic analysis of reactive species
within these engineered systems offer valuable insights for further
catalyst development. Such control over intermediate lifetimes and
transition states enables the rational design of catalysts for challenging
transformations, including enantioselective C-H bond functionalization
and aerobic oxidations. Hybrid catalysis approaches, combining protein-
based catalysts with inorganic nanoparticles, further highlight the po-
tential for artificial systems to emulate and surpass complex natural
processes. In future, the precision engineering of both cofactors and
protein environments promises to unlock “dream reactions” character-
ized by unparalleled levels of stereoselectivity, regioselectivity, and
chemoselectivity. Continued interdisciplinary efforts at the interface of
synthetic chemistry, protein engineering, and computational modeling
will be essential for realizing the full potential of artificial metal-
loenzymes in sustainable synthesis and beyond.
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