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Metalloenzymes naturally achieve various reactivities by assembling of limited types of cofactors with endogenous amino
DOI: 10.1039/x0xx00000x acid residues. Enzymes containing metal porphyrinoid cofactors such as heme, cobalamin and F430 exert precise control
over the reactivities of the cofactors with protein matrices. This perspective article focuses on our recent efforts to assemble
metal complexes of non-natural porphyrinoids within the protein matrix of myoglobin, an oxygen storage hemoprotein.
Engineered myoglobins with the suitable metal complexes as artificial cofactors demonstrate unique reactivities toward C—
H bond hydroxylation, olefin cyclopropanation, methyl group transfer and methane generation. In these cases, the protein
matrix enhances catalytic activities of the cofactors and permits us to monitor the active intermediates. The present findings
indicate that placing artificial cofactors in protein matrices provides a useful strategy for creating artificial metalloenzymes
that catalyse otherwise unfavourable reactions and providing enzyme models for elucidating the complicated reaction

mechanisms of natural enzymes.

@ amino acid residues

Introduction

Metalloenzymes catalyse wide range reactions under mild
physiological conditions, despite being naturally constructed
from limited building resources. Metal ions and metal-
containing cofactors must be held within proteins which are
generally formed of twenty standard amino acids.! The
physicochemical properties of metal ions/metal cofactors, metal ion/metal Cofactor
which by themselves can be considered as toxic, are regulated

protein matrix

by protein matrices to enhance the catalytic activity toward

target reactions and to prevent the undesirable side reactions.? (b)

The metal ions/metal cofactors themselves have inherent 7
reactivity which is significantly regulated by protein matrices to N “\-CONH; o \_COOH
provide specific catalytic activity (Fig. 1a). Amino acid residues

. . . . e H COOH
in protein matrices support the immobilization of metal vood 1 ‘ ¢
ions/cofactors, activation of metal centers, and assistance of N 0 )

X HOOC COOH RHNOC CONH, COOH
substrate access. Among naturally occurring cofactors, metal heme cobalamin F430
porphyrinoids are common cofactors, including heme,

. . L. Fig. 1 (a) Conceptual representation of a metalloenzyme: hands representing
cobalamin and F430 (Fig. 1b).3 Heme, a porphyrin iron complex, amino acids residues pla\{ roles in immobilization and activation of a metal
. . . 2 . ion/metal cofactor as well as supporting binding of a substrate. (b) Molecular
is one of the most highly studied cofactors.* Hemoproteins play structures of metal porphyrinoid cofactors: heme, cobalamin and F430. R in

. . cobalamin represents a side chain including a dimethylbenzimidazole moiety.
important roles in oxygen transport/storage, electron transfer,

and catalysis in biological systems.> In particular, hemoproteins
porphyrin. This cofactor has unique reactivity in reversibly

catalysing conversion of methane to methyl sulphide
derivatives in protein matrices under anaerobic conditions.1! In
all cases, the individual enzymes efficiently promote the
reactions, while the cofactor by itself is generally ineffective.
This indicates that individual protein matrices provide specific
control over the reactivities of the cofactors. Inspired by this

catalyse various diverse reactions such as monooxygenation,®
oxidation,” H,0;-dismutation,® and oxygen reduction.?
Cobalamin is a Co complex of corrin, a highly saturated
porphyrinoid. Methyl group transfer and 1,2-rearrangement
reactions are catalysed by cobalamin-dependent enzymes.10
F430 is a Ni complex of hydrocorphine, a highly saturated
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Fig. 2 Schematic representation of hemoprotein reconstitution with artificial cofactors which are highlighted in this article.

concept, protein engineering efforts in the fields of
hemoprotein and/or porphyrin chemistry have contributed to
the creation of artificial metalloenzymes.1213 This perspective
article summarizes recent studies to produce the engineered
hemoproteins with objective of developing artificial
metalloenzymes using biological and synthetic approaches (Fig.
2).

Engineered hemoproteins toward artificial
metalloenzymes

Hemoprotein engineering has been investigated over two
decades.1#16 |n this review, we focus on more recent
investigations to repurpose hemoproteins toward
developments of artificial metalloenzymes.1” Effort to modify
hemoproteins typically involve either mutagenesis or
replacement of heme with an artificial cofactor. Mutagenesis is
a common technique in protein science and represents a
powerful tool for hemoprotein engineering. Here, we think that
metalloprotein mutants catalysing non-natural reactions are
also regarded as artificial metalloenzymes in a broad sense,
although they do not contain artificial metal complexes which
are required for artificial metalloenzymes in the narrow
definition. For instance, Frances Arnold and co-workers
reported that cytochrome P450, a monooxygenase, can be
converted to an artificial metalloenzyme capable of catalysing
carbene-insertion,'81® C—H bond amination,221 and silane
oxidation reactions.?2 Directed evolution using random/site-
saturated mutations and high throughput screening is an
emergent strategy to achieve the activation of inert bonds, and
to develop reactions with high selectivity, and high efficiency.23
This strategy provides an important contribution toward
practical use of hemoprotein-based artificial metalloenzymes.
Fasan and co-workers demonstrated an enantioselective
cyclopropanation reaction of styrene derivatives even using
simple hemoprotein, myoglobin (Mb), with suitable

2 | J. Name., 2012, 00, 1-3

mutations.2%#25 Furthermore, they reported that appropriate
Mb  mutants show high catalytic activities toward
trifluoromethylcarbene transfer reaction,26 intermolecular
carbene S—H insertion reaction,?’ olefination of aldehydes,28
Doyle-Kirmse reaction,?® C—H functionalization of unprotected
indoles3% and nitrene transfer reaction.3! Also, Fasan and co-
workers found that cytochrome P450 and Mb mutants catalyse
azide-conversion reactions to aldehydes and ketones.3233 Lin
and co-workers identified a unique mutant of Mb with a
covalent cross-linkage of heme and an introduced tyrosine
residue and determine that the modification enhances
peroxidase activity to extent that it essentially matches that of
a native peroxidase enzyme.3436 Several recent efforts have
involved substitution of amino acid residues with non-canonical
amino acid residues.37-38 Lu, Wang and co-workers have
replicated the activity of cytochrome c oxidase using a mutant
of Mb with a Cu-binding site which includes a phenol-attached
histidine in the heme pocket.3940 Hilvert and co-workers have
revealed that introduction of an N-methyl histidine as an axial
ligand of heme in a hemoprotein enables cyclopropanation of
styrene without reductants under aerobic conditions and
capture of a carbene—heme adduct within a crystal structure.33
Green and co-workers constructed a cytochrome P450 mutant
with selenocysteine as an axial ligand, enhancing the reactivity
of the active intermediate for C-H bond hydroxylation.*2
Several groups have investigated replacing heme with an
artificial metal cofactor to develop artificial metalloenzymes.43-
45The general scheme is displayed in Fig. 2 and includes removal
of heme from a hemoprotein to provide an apoprotein with a
space permitting insertion of an artificial cofactor to generate a
reconstituted protein. There are three main strategies currently
employed in designing an artificial heme cofactor: (i) metal-
substitution of heme, (ii) modification of peripheral functional
groups of the porphyrin ligand and (iii) providing a non-natural
porphyrinoid framework. This section describes the first two
strategies and the third strategy is summarized in the next
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section. Recent prominent efforts using metal substituted
cofactors have been demonstrated by John Hartwig and co-
workers, who incorporated an Ir-porphyrin into apoproteins of
cytochrome P450 and Mb.46-48 The reconstituted proteins were
found to catalyse enantioselective carbene insertion into
alkanes and alkenes. Reconstitution of Mb with metal-
substituted heme in development of a carbene insertion
catalyst has been also studied by Fasan4® and Lehnert.50 In these
investigations, Mn, Co, Cu, Ru, and Ir were utilized as the metal
centers. Ghirlanda and co-workers reported that Co porphyrin
can be used as a cofactor to catalyse hydrogen evolution.>?
Zhang and co-workers demonstrated that Mn-porphyrin has
unique oxidation activity in Mb mutants.>2 Recently, Lin and co-
workers reported that Mb mutants reconstituted with Zn-
porphyrin exhibit photo-induced DNA cleavage activities.>3 In
contrast to metal substitution, our group has demonstrated the
modification of propionate side chains with dendrons.5455
Reconstituted Mb with this modified heme dramatically
enhances the peroxidase activity because the dendron
functions as a substrate-binding moiety. Flavin-tethered heme
was also synthesized to provide a deformylation reaction of 2-
phenylpropionaldehyde via reductive activation of oxygen in
the protein.’¢ Thus, metal substitution and modification of
propionate side chains clearly enhances the catalytic activity of
hemoproteins.

Metal complexes of non-natural
porphyrinoid/non-porphyrinoid cofactors in
protein matrices

Metal complexes of non-natural porphyrinoid frameworks
have the potential to provide significantly different reactivities
relative to heme because porphyrinoid frameworks with
intrinsically different structures provide unique characteristics
relative to the natural porphyrin framework.57-61 Modified
corrole frameworks have been among the most highly studied
non-natural porphyrinoid frameworks. The corrole frameworks
lacks a carbon atom between two of the four pyrrole units,
relative to the porphyrin framework. 5759 In contrast to the
dianionic character of porphyrin as a metal ligand, corrole has
trianionic character and its metal complexes demonstrate high
oxidation reactivity.>” Gross and co-workers have reported
enantioselective sulphoxidation of thioanisole by Fe and Mn
complexes of corrole bound within the protein matrix of
albumin.®2 Broéring, Frankenberg-Dinkel and co-workers found
that Fe corrole has unique reactivity as a substrate in heme
oxygenase.®3 Our group has described a Mb reconstituted with
Fe corrole which significantly enhances peroxidase activity.*
Another unique porphyrinoid framework used to construct an
artificial metalloprotein is porphycene, a constitutional isomer
of porphyrin which has lower symmetry.60.61.6566 Qur group
discovered that Fe porphycene (FePc) in Mb has remarkable
oxygen-binding affinity as well as peroxidase activity.67-69
Furthermore, the high-valent species of FePc was observed in
the protein matrix of horseradish peroxidase and exhibits

This journal is © The Royal Society of Chemistry 20xx
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greater oxidation activity.”’® Additional studies of FePc and Mn
porphycene (MnPc) in context of developing hydroxylation and
cyclopropanation, respectively, in the protein matrix of Mb are
described in the following sections.”73 Although metal
complexes of other porphyrinoids such as hemiporphycene,’4
oxaporphyrin,”’> azaporphyrin’®¢ and phthalocyanine’’ has also
been employed as artificial cofactors of artificial
metalloproteins, development of catalysts using these metal
cofactors has been quite limited with the exception of the Diels-
Alder reaction catalysed by copper phthalocyanine in albumin.”8

Several metal complexes including a Schiff-base such as salen
have been incorporated into hemoprotein matrices, although
these molecules are not considered to be porphyrinoids.”’? Ueno,
Watanabe and co-workers reported the crystal structures of
several artificial metalloproteins, where Fe ligated to a Schiff-
base ligand was found to promote rapid NADH and O;
consumption in heme oxygenase.8® Lu and co-workers
demonstrated the covalently attached Mn salen complex in the
heme-binding Mb, catalysing

sulphoxidation.8! Artero revealed that insertion of cobaloxime,

site  of enantioselective
a cobalt complex of Schiff-base ligands, into apoprotein of Mb
provides an artificial hydorogenase.82 Thus, metal complexes of
non-natural porphyrinoids and non-porphyrinoid ligand have
been broadly investigated as artificial cofactors of artificial
metalloenzymes.

C-H bond hydroxylation by myoglobin
reconstituted with manganese porphycene

Several cytochrome P450s catalyse C—H bond hydroxylation,
whereas native Mb (nMb) does not show such catalytic activity
despite including same cofactor.8385 Although the several
investigations have attempted to enhance oxidation activity of
Mb by engineering specific mutations, outer substrate
monooxygenation of C—H bond has not been achieved.!> Our
group identified several artificial cofactors including Fe as a
metal center in attempts to improve peroxidase activity of Mb

but C—H bond hydroxylation was not demonstrated. In this

J. Name., 2013, 00, 1-3 | 3
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Fig. 4 Proposed catalytic cycle of H,0,-dependent C—H bond hydroxylation
by rMb(MnPc). Reprinted with permission from ref. 73. Copyright (2017)
American Chemical Society.

context, an artificial cofactor with Mn was investigated because
several research groups had demonstrated that Mn complexes
have the potential to activate the C—H bond with a high valent-
oxo intermediate.86-9° According to this concept, MnPc was
designed as an artificial cofactor (Fig. 2).7273 Although Mb
reconstituted with Mn porphyrin (MnPor) was reported to
peroxidase activity, the porphycene
framework was expected to provide higher activity to its Mn

show moderate

complex because the results of our previous study had indicated
that Fe porphycene in horseradish peroxidase has higher
activity relative to the native protein.”o MnPc was successfully
rMb(MnPc),
characterized by UV-vis spectroscopy, mass spectrometry and

inserted into Mb to construct which was
X-ray crystal structure analysis. The crystal structure is shown in
Fig. 3a, revealing axial coordination to the Mn center by His93,
an axial ligand of heme in nMb. Superimposed structures
indicate no clear differences in the main chains of the proteins
between rMb(MnPc) and nMb. In the presence of hydrogen
peroxide and ethylbenzene as an oxidant and substrate,
respectively, rMb(MnPc) provides 1-phenylethanol without any
side products such as ketones. The turnover number (TON)
depends on pH and attain a value reached of 13 at pH 8.5.
Interestingly, the other Mbs containing heme, FePc, MnPor do
not yield any products (Fig. 3b). Furthermore, MnPc without the
protein matrix does not promote catalysis, indicating that the
Mb matrix provides a suitable reaction field to MnPc to
promote C-H bond hydroxylation. When the deuterated
ethylbenzene was employed as a substrate, a kinetic isotope
effect was observed, indicating a decrease in the reaction rate
relative to the normal substrate. rMb(MnPc) catalyses the
hydroxylation of toluene and cyclohexane and logarithm plots
of the rate constants for rMb-catalysed hydroxylation of ethyl
benzene, toluene and cyclohexane against bond dissociation
energy show a linear relationship with a negative slope. These
findings indicate that the C—H bond activation is one of the rate-
limiting steps in this catalysis. The reaction was performed with
180-labeled hydrogen peroxide and the 180-introduced product
was obtained quantitatively. This result indicates that the OH-
rebound process is followed after the C—H activation. Thus, the
C-H bond hydroxylation mechanism of rMb(MnPc) is similar to
that of cytochrome P450.83-85

The details of the reaction were investigated, and the
proposed mechanism is shown in Fig. 4. The reaction of rMb

4 | J. Name., 2012, 00, 1-3
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Fig. 5 (a) Proposed catalytic cycle of cyclopropanation of styrene by
rMb(FePc). (b,c) Plots of TOF for the cyclopropanation against various
concentration of styrene (b) and EDA (c). The plots are fitted to the
conventional Michaelis-Menten equation. Reprinted with permission from
ref. 71. Copyright (2017) American Chemical Society.

with meta-chloroperoxybenzoic acid (mCPBA) was monitored
to determine transient UV-vis spectral changes using stopped
flow techniques. Within two seconds of mixing, a UV-vis
spectrum indicating a new species was observed. This
generated species was tentatively regarded as the intermediate
in catalysis. This species was characterized by freeze quenched
EPR with perpendicular and parallel modes, which are active for
half integer and integer spins, respectively. Before mixing with
peracid, we observed broad signals in the perpendicular mode,
whereas sharp signals split by nuclear spin were observed in the
parallel mode. This result indicates that the resting state of
rMb(MnPc) is a Mn(lll) species. After mixing with peracid, no
signals were observed in both modes of EPR. The Mn(IV)
porphyrinoid species has been reported to be S = 3/2 with
strong signals in perpendicular mode EPR. Thus, it was
determined that the reaction of rMb(MnPc) with peracid forms
the low spin Mn(V) intermediate (S = 0) as an EPR-silent species.
The obtained intermediate was reacted with ethylbenzene
sulphonate as a substrate to provide the resting state of
rMb(MnPc) and hydroxidized products in double mixing
stopped flow techniques, also indicating that the observed
intermediate should be an active species. The UV-vis spectral
changes observed under the conditions of various substrate
concentrations provide apparent second order rate constants:
k2. These constants depend on substrates and the logarithm
plots of k; values against bond dissociation energy provide a
linear relationship with a negative slope. The slope is identical
to the slope derived from similar plots of rate constants for
product formation in catalysis. This finding provides strong
support for the proposal that the C—H bond activation is a rate-
determining step in catalysis. These investigations of MnPc

This journal is © The Royal Society of Chemistry 20xx
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provide the first demonstration of the C—H bond hydroxylation
in outer substrates using the native protein matrix of Mb. The
detectable MnPc
understanding of this class of catalytic activity.

intermediate of will advance our

Cyclopropanation of styrene by myoglobin
reconstituted with iron porphycene

Hemoproteins has been considered as useful catalysts for
cyclopropanation of olefins via metallocarbene species. Several
mutants of cytochrome P450 and Mb have demonstrated the
high TON
hemoproteins with metal-substituted heme have also been

and enantioselectivity.242541,91,92  Reconstituted

investigated in this area.3®42 However, investigations of

cyclopropanation by artificial cofactors with non-natural
porphyrinoid frameworks have been rare.?3:94 In this context,
our group focused on FePc which have very different
physicochemical properties relative to heme in a protein
matrix.67-70 First, the catalytic activity of reconstituted Mb with
FePc (rMb(FePc)) for the reaction of styrene with ethyl
diazoacetate (EDA) was evaluated in the presence of
dithionite.”’? Fig. 5a shows a plausible catalytic cycle.
Interestingly, rMb(FePc) has a 35-fold higher

frequency (TOF) for cyclopropanation than nMb. Next, detailed

turnover

Michaelis—Menten parameters were determined (Fig. 5bc).
Under conditions using various concentrations of styrene and a
large excess of EDA (10 mM), ket of rMb(FePc) is 26-fold higher
than that of nMb. In contrast, Kn of rMb(FePc) is mostly
consistent with that of nMb. Under conditions using various
concentrations of EDA and a large excess of styrene (2.0 mM),
nMb does not demonstrate conventional saturation of TOF in
the plots, indicating that the concentration of EDA limits the
rate of the cyclopropanation reaction. In the case of rMb(FePc),
saturation was clearly observed with ket and K values of 2.1 s
1and 1.9 mM, respectively. This ket value is essentially identical
to the value derived from the experiment performed using the
various concentrations of styrene, suggesting that the
mechanism of cyclopropanation catalysed by rMb(FePc) can be
elucidated via steady state experiments.

Evaluation of catalytic activity indicates that the reactivities
of rMb(FePc) and nMb with EDA are different. Thus, the
reaction of the protein with EDA was evaluated by transient UV-
vis spectral changes using stopped flow techniques. The
reaction of rMb(FePc) with EDA rapidly generates the new
species within 0.5 s. This species was further confirmed to be
reactive with styrene, providing the cyclopropane derivative
and the resting state in a reaction monitored using the double
mixing stopped flow method. This result shows that the
monitored species is an active metallocarbene species. This is
first spectroscopic observation of a reactive metallocarbene
species in a hemoprotein. Related research has resulted in
direct characterization of the metallocarbene species in a
crystal structure of a hemoprotein shortly afterward.41.9>
Although the reaction of nMb with EDA also provides spectral

This journal is © The Royal Society of Chemistry 20xx
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changes indicating formation of a new species with a slower
reaction rate than that of rMb(FePc), this species does not react
with styrene. The monitored species for nMb is believed to be
an inactive species such as N-alkylated heme. The reaction of
nMb with EDA is 615-times slower than the same reaction
catalysed by rMb(FePc). The high reactivity of rMb(FePc) for
EDA provides efficient cyclopropanation catalysis.

The difference in reactivity was elucidated by theoretical
studies. DFT calculations were performed at the B97D/6-31g*
level to estimate the potential energy for the reaction of the
imidazole-ligated cofactors with EDA to form metallocarbene
species. The key difference between heme and FePc is found in
their spin states in the resting states in contrast to those of the
metallocarbene species. Spin states of the resting states of
heme and FePc are quintet (high spin) and triplet (intermediate
spin), respectively. However, both of the metallocarbene
species are estimated to be singlet. Thus, FePc requires only one
intersystem crossing event to form a metallocarbene
intermediate in contrast to two intersystem crossings being
required for heme. The related energy barriers result in very
different reaction rates between rMb(FePc) and nMb. These
results of investigations of artificial cofactors will contribute to
the development of useful artificial metalloenzymes as carbene

insertion catalysts.

A model of methionine synthase by myoglobin
reconstituted with cobalt tetradehydrocorrin

Cobalamin-dependent methionine synthase catalyses methyl
group transfer reaction from N-methyl tetrahydrofolate to
homocysteine, providing methionine and tetrahydrofolate.10.96-
101 Although several studies using this enzyme have been
reported, its detailed mechanism has not been elucidated
completely due to the complicated structure of cobalamin as a
cofactor and the large protein matrix of the enzyme. These
efforts suggest that the reaction of a Co(l) species with N-methyl
tetrahydrofolate forms a methylated Co(lll) species, followed by
the reaction with homocysteine to afford methionine and the
Co(l) species. Among the reaction intermediates, the crystal
structure of the Co(l) species has not been determined and the
activation mechanism of the methylated Co(lll) species has not
been elucidated completely because methyl cobalamin itself is
relatively unreactive.102103 |n this context, we considered that a

(@)

(b)
oTDHC ™ ‘) VOTDHC p—
) P ) . a

is93 ]
—
N

Fig. 6 (a) Crystal structure of Co(ll) species of rMb(CoTDHC). (b) Crystal
structure of Coél) species of rIMb(CoTDHC), which was prepared by soakin
of the crystal of the Co(ll) species into dithionite solution. Reproduced wit
permission from ref. 104. Copyright (2014) The Royal Society of Chemistry.
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suitable protein-based model system using a simple cofactor
and protein matrix would provide significant information. Thus,
Co tetradehydrocorrin and apo-Mb were employed as a simple
cofactor and protein matrix (Fig. 2).104-108 Several investigations
of Co tetradehydrocorrin derivatives in organic solvents were
reported by Dolphin as model studies of cobalamin, indicating
that the TDHC ligand stabilizes the low valent species of the
metal center, whereas the methylated species is unavailable
due to the low reactivity of the Co(l) species.109.110

Co tetradehydrocorrin with two propionate side chains
(CoTDHC) was designed, synthesized and inserted into the
protein matrix of Mb. The reconstituted Mb with CoTDHC
(rMb(CoTDHC)) was characterized by UV-vis spectroscopy and
ESI MS. Under ambient conditions, its EPR spectrum reveals that
this rMb contains a Co(ll) species. Typical hyperfine splitting
coupled by the nuclear spin of Co(ll) and superhyperfine
splitting by an axially ligated nitrogen atom were observed. The
crystal structure of rMb(CoTDHC) also indicates that His93 is
axially coordinated to the Co(ll) center in the overall maintained
protein structure (Fig. 6a). The crystal of rMb was soaked in an
aqueous solution of dithionite, causing a colour change which
indicates formation of the Co(l) species. Surprisingly, this crystal
provided an atomic-scale structure of rMb(CoTDHC) with the
Co(l) species. In the structure, the coordinated His93 is flipped
and Co(l) has a tetracoordinated structure (Fig. 6b). This is the
first demonstration of a crystal structure of a tetracoordinated
Co(l) corrinoid species. This solution state Co(l) species was also
EPR Thus, the
tetracoordinated structure of the Co(l) species has been directly

characterized by UV-vis and spectra.

clarified as an analogue of the important intermediate
suggested to exist during catalysis by methionine synthase.

An additional reaction of the Co(l) species in rMb(CoTDHC)
with methyl iodide was investigated. Although the reported
CoTDHC derivatives in organic solvents do not form the
methylated species, rMb(CoTDHC) yields the methylated Co(lll)
species which was characterized by UV-vis, EPR and mass
spectra. Redox potential measurements and DFT calculations
support the speculation that the more positively shifted
Co(ll1)/Co(Il) redox couple provides a more stable methylated

Co(lll) species. Furthermore, it was found that the methyl group

6 | J. Name., 2012, 00, 1-3

(a)
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of the Co(lll) species is transferred to His64, which is located on
the distal side of heme-binding site of the Mb matrix. A peptide
including methylated His64 obtained by digestion was
characterized by mass and NMR spectra. This indicated that the
methyl transfer reaction of methionine synthase was replicated
by our simple model system. The intra-protein methyl group
transfer in rMb(CoTDHC) was elucidated by the DFT calculation.
In the reaction event, we proposed two types of reaction
pathways: (i) a one-step pathway with the methyl group
transfer occurring by simultaneous de-ligation of histidine, and
(ii) a two-step transfer with histidine de-ligation before methyl
group transfer. DFT calculations support the latter two-step
pathway because de-ligation of the axial ligand does not have a
significant energy barrier. Thus, transient de-ligation of the
axially coordinated histidine activates the methylated Co(lll)
species for methyl group transfer (Fig. 7). This finding
contributes to the elucidation of the mechanism for the methyl
group transfer in methionine synthase.

A model of methyl coenzyme M reductase by
myoglobin reconstituted with nickel
tetradehydrocorrin

Methyl coenzyme M reductase (MCR) which contains the F430
cofactor catalyses methane generation in methanogenic
archaea.11111-114  Thjg

disulphide compound from methyl coenzyme M and coenzyme
B. According to several reports, the Ni(l) species of F430 is a key

enzyme produces methane and a

intermediate in the catalysis of MCR, while the mechanism of
methane formation from two substrates has not been
conclusively established. Two plausible mechanisms have been

This journal is © The Royal Society of Chemistry 20xx
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Fig. 9 (a) Crystal structure of Cyt bsg,. (b) Molecular structure of NiDDHC.
Lc) Schematic representation of intra-protein C-S bond cleavage in rCyt
s62(NiDDHC) by photo-induced reduction.

proposed: (i) a pathway via the formation of methylated Ni(lll)
species and (ii) a pathway involving methyl radical species. The
complicated structure of the enzyme provides the significant
difficulties in revealing important details. Unfortunately, the
studies of the model systems have been limited and protein-
based models had not been previously investigated.115119 |n this
context, we designed a reconstituted Mb with Ni
tetradehydrocorrin as a protein-based model of MCR because
this ligand
center.120.121 We prepared the Ni tetradehydrocorrin with two
(NiTDHC) EPR
measurements which revealed that dithionite reduces the Ni(ll)
species of NiTDHC to provide the Ni(l) species in an aqueous

is known to stabilize the low valent metal

propionate-side chains and obtained

solution. In contrast to NiTDHC, F430 without the protein matrix
and the other model complexes require stronger reductants
such as Ti citrate and NaHg to form the Ni(l) state.!15-119 Thus,
this highly positive redox potential for the Ni(I)/Ni(ll) couple (—
0.34 V vs SHE) relative to that of F430 (—0.65 V vs SHE)22
provides a useful protein-based MCR model. Next, this complex
afford rMb(NIiTDHC).
Unfortunately, a crystal structure of rMb(NiTDHC) could not be
obtained due to the low binding constant of NiTDHC for the
protein. However, rMb(NiTDHC)
confirmed by UV-vis, CD and mass spectra. In the presence of

was inserted into apo-Mb to

the formation of was
excess dithionite as a reductant, methane generation from
methyl iodide as a methyl source was found to be promoted by
rMb(NiTDHC) (Fig. 8). Interestingly, only NiTDHC does not
provide methane gas under the same conditions, indicating that
the protein matrix contributes to enhancement of the reactivity
of the Ni(l) species. This enhancement was proposed to arise
from the negatively shifted redox changes induced by the
binding of the cofactor into the protein matrix. This
reconstituted protein is the first example of a protein-based
model of MCR.

This journal is © The Royal Society of Chemistry 20xx
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The
expanded to cytochrome bsg; (Cyt bsez), a simple electron
transfer hemoprotein. Cyt bss; has a bis-coordinated structure

reconstituted NIiTDHC hemoprotein system was

with methionine and histidine (Fig. 9a).122> We considered that
the heme binding site of Cyt bses; could mimic the substrate
bound form of the active site of MCR, in which methionine, with
its C=S group functions as an intra-protein substrate. According
to this concept, we prepared the reconstituted Cyt bse; with
NiTDHC.12* However, only a negligible amount of methane
generation was observed, indicating that the reactivity of the Ni(l)
species is insufficient. Reconstitution with Ni didehydrocorrin with
two propionate side chains (NiDDHC) was attempted because the Co
didehydrocorrin has the more negatively shifted redox couples
relative to COTDHC.108 Cyt bse, reconstituted with NiDDHC (rCyt
bse2(NiDDHC))
photoreduction conditions with a Ru trisbipyridine complex (Fig. 9).

was found to generate methane under
Surprisingly, this reaction was found to occurr with cleavage of the
methionine residue in the heme-binding site, as validated by mass
spectra of the protein matrix after the reaction and a mutation
experiment. Further mutation to introduce a cysteine residue as
another substrate mimicking coenzyme B in MCR was demonstrated
to generate 1.2-times more methane gas relative to the
reconstituted protein without the mutation. These results indicate
that a suitable arrangement of substrate and redox potential of the
Ni center is critical for catalysis by MCR. The system investigated in
this work represents the first demonstration of methane formation
C-S bond Additional detailed

investigations of model systems will contribute to elucidation of the

via intra-protein cleavage.
mechanism of MCR and development of artificial metalloenzymes
related to this reaction.

Conclusions

Several emergent efforts to convert the hemoproteins into
artificial metalloenzymes using artificial cofactors have been
recently reported. Similar strategies have been extended to
complexes in other potent host
proteins with reaction sites.125-130 The artificial metalloenzymes

non-porphyrinoid metal

demonstrate unique catalytic reactions with high efficiency,
enantioselectivity and chemoselectivity, which trend to be
predominantly influenced by the protein matrix. Common
cofactors are the unique
reactivities generated by the binding into the protein matrix.

characteristics of our artificial

The hydrophobic heme-binding site with an axial ligand serves
as a suitable reaction scaffold to regulate reactivity as well as to
enable observation of intermediates. The protein matrix
modulates the redox potentials of artificial cofactors and also
prevents undesirable side reactions. Generally, evaluation of
intermediates of native enzymes is difficult and requires
specialized techniques because of substrate specificity and
rapid catalytic cycles. Observations of reactive intermediates in
the present artificial metalloproteins provide further inspiration
in efforts to design of next-generation artificial cofactors and
protein matrices to advance this field. Artificial metalloenzymes
have great potential to overcome thermodynamic and/or

J. Name., 2013, 00, 1-3 | 7
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kinetic stereoselectivity, regioselectivity and chemoselectivity
and these selectivities cannot be achieved by small molecular
catalysts without specific reaction scaffolds. The precise control
of cofactors will contribute to the creation of powerful catalysts.
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Replacement of heme in an oxygen-binding hemoprotein with artificial cofactors provides

artificial metalloenzymes as well as enzyme models.



