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General Introduction

1-1. Metalloenzyme

Metalloenzymes, which contain one or more metal ions or complexes in the protein matrix, account for
approximately 30% of the total enzymes. For example, cytochrome P450 has iron protoporphyrin 1X
complex (heme b) and it is responsible for biosynthesis of various natural product and detoxification of

la,b

xenobiotics (Figure 1-1).”" Methyl coenzyme M reductase found in some methanogenic archaea contains a

nickel corphin complex (F430) and promotes the formation of a hetero disulfide bond between coenzyme

M and coenzyme B with concomitant production of methane.?"

Methane monooxygenase includes a
dinuclear iron complex coordinated by multiple carboxylate ligands and catalyzes monooxygenation
reaction of methane to yield methanol using molecular dioxygen as an oxidant.>* Under mild conditions,
the natural metalloenzymes promote the chemical reactions, whereas these reactions intrinsically require
harsh conditions in a laboratory level. However, natural metalloenzymes generally show poor reactivities
toward unnatural substrates because of the high substrate specificity. Furthermore, scope of the reactions
catalyzed by natural metalloenzymes is limited to biological reactions. Various efforts to overcome these
disadvantages of natural enzymes have been reported in the field of protein engineering. In particular,

development of artificial metalloenzymes with broader scopes for substrates and reactions has been

attracting much interest.

Cytochrome P450 Methyl-coenzyme M reductase Methane monooxygenase
[Fe] [Ni] [Fe][Fe]
HO{ (e)
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Figure 1-1. Structures and reactions of natural metalloenzymes and molecular structures of active sites

containing metal ions. (PDB ID: 10G2, 1IMRO, and 1XU3 for cytochrome P450, methyl coenzyme M

reductase, and methane monooxygenase, respectively).



1-2. Artificial Metalloenzyme

Incorporation of artificial metal complexes into protein matrices is a useful strategy for creating
artificial metalloenzymes (Figure 1-2), because the metal complexes are able to work as an abiological
prosthetic groups within the protein. The first example of an artificial metalloenzyme was reported by
Whiteside in 1978.* He focused on avidin, a natural protein with a barrel-like structure, tightly binds a
biotin moiety with a dissociation constant of ~10™*> M,> and prepared a biotinylated rhodium diphosphine
complex which was able to be incorporated into the cavity of avidin. Obtained rhodium-immobilized avidin
was found to promote the hydrogenation of several olefins with 41% enantiomeric excess of the product.
Despite the fascinating aspect of their research, no major progress has been made in the next few decades
because of limited tools for both organometallic chemistry and protein engineering. Being inspired by the
pioneering work, in recent years, various artificial metalloenzymes have been developed. Representative

chemical reactions catalyzed by artificial metalloenzymes are summarized as follows (Figure 1-3).

+ e

Artificial metal complex

p . .
rotein matrix (Abiological prosthetic group)

Artificial metalloenzyme

Figure 1-2. A concept of development of an artificial metalloenzyme.



1-3. Reaction Scope of Artificial Metalloenzymes

In recent years, artificial metalloenzymes toward various reactions have been developed. Representative

reactions catalyzed by artificial metalloenzymes are categorized as follows and examples are summarized

8-10

in Figure 1-3: (a) hydrogenation,®” (b) hydrogen evolution,®*® (c) polymerization,"** (d) Diels-Alder

14,15 16,17

reaction,*** (e) and (f) Suzuki-Miyaura coupling,**" (g) monooxygenation of sulfinde,"*** and (h)

hydroxylation.?’

(a) (b)
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Figure 1-3. Reaction scope by artificial metalloenzymes. (a) Hydrogenation of dehydroamino acid
derivatives, (b) hydrogen evolution, (c) polymerization of phenylacetylene, (d) Diels-Alder reaction of
azachalcone with cyclopentadiene, (e), cross-coupling of iodoaniline with phenylboronic acid, (f)
cross-coupling of iodonaphthalene with naphthaleneboronic acid, (g) monooxygenation of thioanisole

derivatives, and (h) hydroxylation of ethylbenzene.

(a) Hydrogenation

Ward et al. demonstrated asymmetric hydrogenation of dehydroamino acids by employing
rhodium-containing streptavidin variants as artificial metalloenzymes.® The optimized protein matrix
provides 95%ee and quantitative formation of the desired product. Zhang et al. reported the incorporation
of a rhodium complex in the cavity of lipase and investigated the catalytic activity for hydrogenation of
dehydroamino acids.” The obtained artificial metalloenzyme showed complete consumption of the

substrate.



(b) Hydrogen evolution

Bren et al. reported that substitution of the iron atom in cytochrome css, with a cobalt atom provides
an artificial hydrogenase with turnover number of 27000 for hydrogen evolution.® Ghirlanda et al.
demonstrated light-driven hydrogen generation using a cobalt-substituted myoglobin.” The Co-myoglobin
showed 4.3-fold increase in turnover number as compared to the free cobalt complex. Hayashi and Onoda
et al. reported the introduction of a dinuclear iron complex into the cavity of nitrobindin (Nb) and
investigated the activity for photocatalytic hydrogen production.’’ The obtained Nb-diiron complex

produced molecular hydrogen with turnover number of 130.

(c) Polymerization

In 2009, Watanabe and Ueno et al. reported the introduction of a rhodium complex in the cavity of
ferritin to examine the catalytic activity for the polymerization of phenylacetylene.* Poly(phenylacetylene)
produced by the Rh-ferritin showed an average molecular weight (M,) of 13.1 + 1.5 x 10% g/mol and
polydispersity (My/M,) of 2.6 + 0.3, while poly(phenylacetylene) produced by free rhodium complex
showed M,, of 63.7 + 4 x 10° g/mol and M,/M,, of 21.4 £ 0.4. The narrow molecular weight distribution
of the product indicates the polymerization occurring in the protein matrix. More recently, Hayashi et al.
prepared a rhodium Cp* complex-linked Nb to develop an artificial polymerase.*? The rhodium complex in
an optimized Nb variant with a suitable reaction cavity provided trans-selective polymerization of

phenylacetylene, while the free rhodium complex showed thermodynamically favorable cis-selectivity.*®

(d) Diels-Alder reaction

In 2006, Reetz et al. demonstrated the Diels-Alder reaction of azachalcone with cyclopentadiene
catalyzed by serum albumin containing a cupper phthalocyanine complex as an abiological prosthetic
group.™ Okuda et al. reported that the tridentate cupper complex immobilized in in the cavity of FhuA, a
transmembrane protein of ferric hydroxamate uptake component A, catalyzes the Diels-Alder reaction with

excellent endo-selectivity."

(e), (f) Suzuki-Miyaura coupling

Reports on development of artificial Suzukiases are relatively limited. Watanabe et al. prepared the first
artificial Suzukiase by incorporating [Pd(allyl)Cl]; into ferritin cavity."® The resulting Suzukiase promotes
the cross-coupling up to TOF of 3500 / hour. More recently, Ward et al. reported that streptavidin
containing a palladium complex is capable of catalyzing enantioselective Suzuki-Miyaura coupling to

afford enantio-enriched binaphtyls."’



(9) Oxygenation of sulfides

Ménage et al. reported the development of an artificial sulfoxidase by incorporating a manganese salen
complex into a human serum albumin (HSA) matrix.”® In the reaction of thioanisole and sodium
hypochlorite, the free manganese salen complex afforded methyl phenyl sulfone as a product, whereas
HSA-manganese salen complex led to the formation of sulfoxide product selectively, although no
enantioselectivity was observed. A better result was obtained by incorporating a cobalt salen complex into a
bovine serum albumin (BSA) as reported by Liang and co-workers. The BSA-cobalt salen complex
showed enantioselectivity up to 87%ee toward the sulfoxidation of 2-chlorothioanisole using hydrogen

peroxide as an oxidant.*

(h) Hydroxylation reaction

Activation and functionalization of an inert C—H bond are still a challenging topic. In 2013, Hayashi et
al. reported C-H bond hydroxylation of ethylbenzene using myoglobin containing a manganese complex as
an abiological prosthetic group.?’ The reconstituted protein promotes the reaction with turnover number of

13, whereas the free manganese complex does not promote the catalysis.

Thus, artificial metalloenzymes are capable of not only improving the selectivity such as
enantioselectivity and chemoselectivity but also catalyzing the reaction which is not promoted by the
corresponding free metal complexes. These studies clarify that the introduction of an appropriate
abiological prosthetic group into an appropriate protein matrix as a reaction field enables the development

of artificial metalloenzymes with various reactivities.



1-4. Myoglobin as a Promising Protein Matrix

In this doctoral dissertation research, myoglobin (Mb) was utilized as the protein matrix. Mb is an O,
storage protein containing protoporphyrin IX iron complex (heme) as a natural prosthetic group (Figure
1-4a). In the Mb matrix, an iron atom of the heme molecule is coordinated by histidine 93 and molecular
dioxygen in the oxygenated form. The coordinated dioxygen is stabilized by the hydrogen bonding
interaction with histidine 64 in the distal side of the heme binding pocket. Native Mb (nMb) also shows
peroxidase activity, which is quite lower than that of native peroxidases such as horseradish peroxidase
(HRP). However, Mb is a promising scaffold for development of an artificial metalloenzyme because of its
simple, rigid and stable structure. More importantly, the prosthetic group of Mb, heme, is easily removed
under acidic conditions to afford apoMb. Under neutral pH, a suitable metal complex as an abiological
prosthetic group can be inserted into the vacant pocket of apoMb (Figure 1-4b). The obtained protein is

called as a reconstituted Mb (rMb).

(a)
, His64
cl E R
\ i NLN
' \
e
' _ n__
o d Fe
~ iy -
- HOOC COOH (J\l_/z
His93

________________________

)
| Removal Insertion
i

Reconstituted
Native Mb (nMb) Heme apoMb Mb (rMb)

Heme analogue

Figure 1-4. (a) Structure of Mb (PDB ID: 1YMB) and heme and hydrogen bonding network between

oxygenated heme and distal histidine. (b) Schematic representation of reconstitution of Mb.



1-5. Design of Abiological Prosthetic Groups for Myoglobin

To design a porphyrin-based abiological prosthetic group for Mb, at least three strategies are available
(Figure 1-5): (1) modification of peripheral groups, (2) modification of the macrocycle structure and (3)
substitution of the metal center.

Figure 1-6 summarizes the examples of abiological prosthetic groups for Mb. In 1999, Ogoshi and
Hayashi et al. reported that introduction of the substrate binding site to the propionate side chains of native
heme of Mb enhanced peroxidase activity by 13-fold for oxidation of 2-methoxyphenol (Figure 1-6a).* In
that research, the authors also investigated the oxidative reactivity toward neutral substrates such as
catechol, hydroquinone, and cationic substrate such as [Ru(NHz)e]*".

Asakura et al. revealed that Mb reconstituted with 2,4-diformyl porphyrin iron complex showed lower
0O, binding affinity than nMb because of strong electron withdrawing effect of the formyl groups (Figure
1-6b).#  Although functional modifications of Mb were achieved using abiological prosthetic groups with

modified peripheral groups, the changes were moderate.

1. Modification of the =
peripheral substituents

2. Modification of the /

macrocycle structure HOOC COOH

3. Substitution of the metal ion

Figure 1-5. Schematic representation for design of abiological prosthetic groups for Mb.

Modifications of the macrocycle structure have been found to dramatically change the function of Mb
(strategy 2, Figure 1-6c¢,d). For example, Hayashi and Hisaeda et al. reported that Mb reconstituted with
iron porphycene, a constitutional isomer of porphyrin, shows 1400-fold enhancement of O, binding affinity
compared to nMb.?® They speculated that the high O, affinity is derived from slower O, dissociation, whici
is mainly caused by the strong axial ligand coordination character. In addition, Mb reconstituted with an
iron corrole shows 180-fold increase in peroxidase reactivity toward oxidation of 2-methoxyphenol
compared to that of nMb.?*

Substitution of the metal center is also useful for developing a novel abiological prosthetic group for
Mb (strategy 3, Figure 1-6e,f). For instance, Zhang et al. reported the first example of Mb reconstituted
with a Mn protoporphyrin IX complex capable of epoxidation of a C=C bond of styrene.”® The authors

pointed out that the formation of a high-valent manganese-oxo intermediate accounted for the unique

7



reactivity. As a fascinating example, Mb variants reconstituted with an iridium porphyrin are known to

promote carbene insertion reaction to a C—H bond.?® Importantly, Mb variants with an iron porphyrin show

no catalytic activity toward C—H insertion reaction. In recent years, several groups have reported the

preparation of Mb variants containing various noble metals such as iridium, rhodium, and ruthenium

porphyrin.?*¢ Optimized protein matrices promote the carbene-transfer cyclopropanation reaction of

styrene derivatives with good yield, diastereoselectivity, and enantioselectivity.

Thus, the modifications of macrocycle core and/or substitution of the metal center are promising

strategies for larger functional changes of Mb than introduction of modified substituents in the peripheral

position of iron porphyrin.

(a)

\ Q  ~COCH
“-COOH
R = HN
/ ~COOH
-COOH
RO OR
Winged heme

13-fold enhancement of peroxidase activity

(c)

HOOC COOH

Iron porphycene
1400-fold increase in O,-binding affinity

(e)

-~

HOO OOH

Manganese porphyrin
Epoxidation of styrene

b 0y H
O
O
HOOC COOH

2,4-Diformyl porphyrin
2.5-fold decrease in O,-binding affinity

(d)

HOOC COOH

Iron corrole

180-fold enhancement in oxidative reactivity

(f)

HOO OOH
M: iridium, rhodium, ruthenium

Metal-substituted porphyrin
Carbene-transfer reactions

Figure 1-6. Chemical structures of abiological prosthetic groups of Mb.



Outline of This Thesis

This thesis describes the investigation of the reconstituted Mb with the abiological prosthetic groups
which were designed by the strategies of structural modifications of macrocycle and/or substitution of the
metal center (Figure 1-7). The author constructed a new reconstituted Mb with unique autooxidation and
cyanide binding behavior in Chapter 2. In Chapters 3 and 4, evaluations of catalytic properties of

reconstituted Mb with cyclopropanation and hydroxylation reactivity are described, respectively.

HOOC COOH HOOC COOH HOOC COOH i

FeOP (Chapter 2) FePc (Chapter 3) MnPc (Chapter 4) !
Unique autooxidationand Cyclopropanation reactivity Hydroxylation reactivity |
igand binding behavior

rMb i

\
I
.
~

Figure 1-7. Molecular structures of abiological prosthetic groups used in this study.

Chapter 2. Design, Synthesis, and Characterization of Iron Oxaporphyrin and Evaluation of
Physicochemical Properties of Myoglobin Reconstituted with Iron Oxaporphyrin

The chapter 2 describes design and synthesis of a novel abiological prosthetic group, iron oxaporphyrin
(FeOP).?” The electrochemical measurements suggest that the ferrous FeOP dimethylester is stable
compared to heme moiety. Physicochemical properties of Mb reconstituted with FeOP (rMb(FeOP)) were
also investigated. UV-vis and CD studies suggested that ferric FeOP is not stabilized and removed from the
heme pocket under aerobic condition. In addition, it is of particular interest that cyanide binding for

ferrous rMb(FeOP) was 150-fold faster than that for ferric native Mb (nMb).

Chapter 3. Evaluation of Catalytic Properties of Myoglobin Reconstituted with an Iron Porphycene as an
Artificial Metalloenzyme toward Cyclopropanation of Styrene

The chapter 3 describes the investigation of catalytic behavior of Mb reconstituted with iron porphycene
(rMb(FePc)) toward the cyclopropanation of styrene with ethyl diazoacetate.”® rMb(FePc) shows
significantly enhanced catalytic activity compared to nMb. Mechanistic studies indicate that the reaction of
rMb(FePc) with ethyl diazoacetate was 615-fold faster than that of nMb to afford the active carbene species.
Complementary theoretical calculation indicates that the strong ligand field of the porphycene support the

efficient formation of the active carbene species of rMb(FePc).



Chapter 4. Mechanistic Investigations of Myoglobin Reconstituted with a Manganese Porphycene toward
Development of an Artificial Monooxygenase

The chapter 4 describes the mechanistic study of H,O,-dependent C—H bond hydroxylation of external
substrates by Mb reconstituted with manganese porphycene (rMb(MnPc)).” rMb(MnPc) shows the
highest catalytic activity toward hydroxylation of ethylbenzene at pH 8.5 with turnover number of 13.
Spectroscopic studies clarified that the Mn"-oxo species is capable of promoting H-atom abstraction and

C—H bond hydroxylation of external substrates.
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Chapter 2

Design, Synthesis, and Characterization of Iron Oxaporphyrin and Evaluation of

Physicochemical Properties of Myoglobin Reconstituted with Iron Oxaporphyrin

2-1. Introduction

Porphyrin, a macrocycle with 18 m-electrons, includes four pyrrole rings. Iron protoporphyrin IX
complex, heme b, plays important roles in binding of small molecules such as O,, NO and CO* as well as in
enzymatic activities including biosynthesis of hormones,? drug metabolism, and hypochlorite production.*
These functions harness various redox states of the iron center. Other enzymes utilize different metal
porphyrinoid compounds such as a nickel corphin complex (F430) and a cobalt corrinoid complex
(cobalamin) (Figure 2-1). F430 is used in the active site of methyl coenzyme M reductase, a
methane-evolving enzyme of methanogenic archaea.>® The corphin framework has monoanionic character
which stabilizes a Ni(l) species as an active intermediate. Cobalamin is found in cobalamin-dependent
enzymes such as diol dehydratase’® and methionine synthase'®*. In methionine synthase, a specific Co(l)
species is known to be involved in the catalytic cycle. The corrin framework of cobalamin also has

monoanionic character.

Corphin Corrin

Figure 2-1. Molecular structures of metal complexes of corphin and corrin.

Myoglobin (Mb), a ubiquitous mammalian oxygen storage hemoprotein, uses the heme cofactor which
is also used in various oxidative heme enzymes such as cytochrome P450 and heme-containing peroxidases
such as horseradish peroxidase. Over several decades, various efforts in the field of protein engineering
have demonstrated enhancement of enzymatic activity of Mb as well as ligand binding affinities.***’
Furthermore, reconstitution with an artificial cofactor where one of the four pyrrolic nitrogen atoms is
substituted with another heteroatom such as oxygen or sulfur is another promising strategy toward
development of unique artificial hemoproteins. The O- and S-substituted porphyrins, which are known as

oxaporphyrin and thiaporphyrin, respectively, provide the porphyrin with monoanionic character at the

12



macrocycle core.?® It is particularly interesting that these porphyrinoids stabilize a low-valent species of a
coordinated metal in the framework.?>*® Therefore, the author describes the preparation of an iron complex
of oxaporphyrin (FeOP) with a furan ring instead of a pyrrole ring (Figure 2-2). The chapter 2 also
describes the physicochemical properties of a new water-soluble iron oxaporphyrin with two propionate

side chains and Mb reconstituted with FeOP (rMb(FeOP)).

B A

HOOC COOH HOOC COOH
| Remo val Insertion |
rMb(Fe"OP)
Heme FeOP

Figure 2-2. (a) Molecular structures of heme and iron oxaporphyrin (FeOP) and (b) schematic

representation of the reconstitution of Mb.

2-2. Results and Discussions

Preparation and Characterization of FeOP
FeOP was prepared according to the Scheme 2-1. Despite the large number of known porphyrinoid

compounds, reports on oxaporphyrin are quite limited.?3*

In 1971, A. W. Johnson and coworkers reported
the synthesis and properties of alkyl group-substituted oxaporphyrin as a monohydrobromide adduct. In the
work described in this chapter, oxaporphyrin 7 was isolated in its protonated form. The protonation and
deprotonation of the inner nitrogen atom are reversible upon addition of HCl,q or NaOH,, to oxaporphyrin
dissolved in methanol, as confirmed by UV-vis spectral changes in Figure 2-3. This behavior is consistent

with the report of Johnson et al.**
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Scheme 2-1. Synthesis of FeOP.
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Figure 2-3. UV-vis absorption spectra of oxaporphyrin 7 in methanol with 10 mM hydrochloric acid (solid

line) and 50 mM sodium hydroxide (dashed line) containing 1% water at 25 °C.

Insertion of iron into oxaporphyrin 7 was carried out in a similar fashion to generate a thiaporphyrin
derivative.*? The reaction was completed within 2 hours to afford reddish brown compound (FeOPDME).
The ESI-TOF mass spectrum of FeOPDME provides a peak at m/z = 594.169, which is consistent with the

calculated exact mass number for [M—CI]*. This finding supports the formation of a ferrous species in the
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macrocycle with consideration of the monoanionic feature of the oxaporphyrin framework. This assignment
was also confirmed by measurement of the molar susceptibility of FeOPDME using the Evans method.*
According to the difference of the chemical shift of reference dichloromethane in chloroform-d, (Figure
2-19), the molar susceptibility was determined to be 1.25 x 10 m®mol™, which is in agreement with a
complex with S = 2. The UV-vis absorption spectrum of Fe''OPDME is shown in Figure 2-4. The
characteristic split Soret band, two characteristic Q-bands and one shoulder-like Q-band are observed and
these are mostly consistent with those of a previously reported iron complex of an oxaporphyrin
derivative.*® The cyclic voltammetries revealed two redox peaks at +0.31 V and -1.1 V vs Ag|AgCI in
acetonitrile (Figure 2-18a, b). The former redox peak is assigned to the Fe'/Fe"" process, which is
positively shifted by 710 mV as compared to that of heme b, indicating significant stabilization of the
ferrous species in oxaporphyrin. The positive shift of the Eyj, value of the Fe'/Fe"' process in FeOPDME
is similar to the observation made in the previous report of a TPP-type oxaporphyrin iron complex.® The
latter redox peak is attributed to the formation of a one-electron reduced species of the macrocycle, because

oxaporphyrin 7 has a redox peak in the cyclic voltammogram at —1.1 V vs Ag|AgCl (Figure 2-18c).
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Figure 2-4. UV-vis absorption spectrum of ferrous FeOPDME in methanol at 25 °C.

The methyl ester moieties were successfully hydrolyzed under basic conditions to yield FeOP. After the
reaction, the split Soret band and the characteristic Q-bands disappear in the UV-vis spectrum (Figure 2-5,
solid line). This finding suggests that the ferrous state of iron oxaporphyrin is spontaneously oxidized to a
ferric p-oxo dimer product under aerobic conditions.* The ESI-TOF mass spectrum of the reaction mixture
has a peak with m/z = 574.1349, in which the isotope pattern indicates z = 2+ (Figure 2-17).  This value is
consistent with the calculated value of the ferric p-oxo dimer complex (m/z = 574.1347 (z = 2+)).
Interestingly, it was found that washing the ferric u-oxo dimer complex in dichloromethane with 0.1 M HCI

removes the iron ion with recovery of the oxaporphyrin free-base species. Instead of employing
15



acidification, the monomeric ferrous state of FeOP complex was obtained by reduction of the p-oxo dimer

complex upon the addition of an excess amount of sodium dithionite. The formation of the ferrous species

was confirmed by UV-vis spectroscopy (Figure 2-5, dashed line).
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Figure 2-5. UV-vis absorption spectra of the p-oxo dimer of ferric state of FeOP (solid line) and monomer

of the ferrous state of FeOP (dashed line) in methanol at 25 °C.

Preparation and Characterization of rMb(FeOP)

Insertion of Fe'"'OP p-oxo dimer into the heme pocket of Mb was attempted after removal of heme.
However, a UV-vis spectral change upon the addition of the dimer into the solution of the apoprotein was
not observed because of the highly stable p-oxo bridge structure. Thus, Fe''OP was inserted into apoMb in
the presence of sodium dithionite (Figure 2-6). The titration curve given in Figure 2-7a clearly shows the
curvature at a 1:1 ratio, indicating stoichiometric binding of Fe''OP with apoMb. Size exclusion
chromatography suggests that the elution volume monitored at 400 nm and 280 nm for the obtained
reconstituted protein is consistent with that observed for the native protein (Figure 2-7b). In addition, the
ESI-TOF mass spectrum of the reconstituted protein indicated a 9+ ionized form (calcd: 1947.451, found:

1947.351) (Figure 2-20), which confirms formation of rMb(FeOP).
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Figure 2-6. UV-vis spectrum of rMb(FeOP) in 100 mM potassium phosphate buffer at pH 7.0 at 25 °C.
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Figure 2-7. (a) Plots of absorbance at 530 nm against the amount of added Fe''OP and (b) size exclusion
chromatogram of rMb(FeOP) (black, solid line: 280 nm, black, dashed line: 400 nm) and nMb (gray, solid
line: 409 nm) in 100 mM potassium phosphate buffer at pH 7.0 at 4 °C.

Investigation of Autooxidation Behavior of rMb(FeOP)

The autoxidation behavior of rMb(Fe' OP) was studied. UV-vis spectral changes of rMb(Fe''OP) were
observed with clear isoshestic points after exposure to air (Figure 2-8a) and characteristic Q-bands
essentially disappear within 48 hours. CD spectral changes (Figure 2-8b) suggest that FeOP is released
from the heme pocket of Mb, because the Cotton effect in the Soret region, which is derived from the chiral
environment of the heme pocket, obviously decreases after the reaction. In contrast, the UV-vis spectrum of
rMb(Fe''OP) under a nitrogen atmosphere does not show any changes over 12 hours (Figure 2-9),

supporting the assumption that the spectral changes observed under aerobic conditions are derived from the
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autoxidation. Furthermore, UV-vis spectral changes and the disappearance of the CD signal in the Soret
region after the addition of potassium ferricyanide indicates that Fe''OP is released from the Mb matrix
(Figure 2-10). Despite a lot of researches on engineering of Mb, artificial iron complex cofactors which
possess dicationic charge are quite limited.? It is proposed that the dicationic charged Fe''OP significantly
decreases in the affinity for the Mb matrix because the hydrophobic interaction between native heme and
Mb matrix accounts for the factor of 10°~10" M in the overall binding affinity of 1 x 10" M™.*® Similarly,
oxidation of ferrous heme to ferric state in soluble guanylyl cyclase, a hemoenzyme, results in release of

heme from protein matrix due to lack of hydrophobic interaction.®’
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Figure 2-8. (a) UV-vis and (b) CD spectral changes of rMb(FeOP) over 48 hours under aerobic conditions
in 100 mM potassium phosphate buffer at pH 7.0 at 25 °C.
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Figure 2-9. UV-vis spectra of rMb(FeOP) under anaerobic condition in 100 mM potassium phosphate

buffer at pH 7.0 at 25 °C. Spectra were measured at 0 hour (black, solid line) and at 12 hours (gray, dashed
line) after preparation of rMb(Fe''OP).
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Figure 2-10. (a) UV-vis and (b) CD spectra of rMb(FeOP) in the absence (dashed line) and presence (solid
line) of potassium ferricyanide under anaerobic conditions in 100 mM potassium phosphate buffer at pH

7.0 at 25 °C. [rMb(FeOP)] = 441 uM. [KsFe(CN)] = 860 M.

Ligand Binding Study to rMb(FeOP)

The addition of potassium cyanide to freshly prepared rMb(Fe' OP) induces a color change from brown

to pink. UV-vis spectral changes are observed with clear isosbestic points, indicating that cyanide is
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capable of binding to the iron center of Fe"'OP (Figure 2-11) with a binding constant of 1.2 x 10* M %,
although native deoxymyoglobin does not interact with cyanide. Transient absorption spectra were obtained
using stopped-flow techniques with various concentrations of potassium cyanide (Figure 2-12). Apparent
association and dissociation rate constants, ko, and K¢, were determined as summarized in Table 2-1. The
association of cyanide with rMb(Fe''OP) is relatively fast with a ko, value of 1.3 x 102 uM™s™, which is
150-fold faster than that of ferric nMb. One of the possible reasons for the faster binding may be attributed
to the different position of the iron atom in the porphyrinoid plane of Fe"'OP, relative to its position in
heme b.? The iron atom in Fe''OP could be located in the porphyrinoid plane without any deviation from
the plane according to the previous report,***° whereas the iron atom in heme b is out of plane (with a
distance of Ayp, = 0.29 A from the protoheme plane).*! In contrast, the affinity of cyanide for rMb(Fe''OP)

is 9-fold lower than that of ferric nMb due to its fast dissociation rate.
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Figure 2-11. UV-vis spectra of 7.8 uM of rMb(Fe''OP) in the absence (dashed line) and presence (solid
line) of potassium cyanide in 100 mM potassium phosphate buffer at pH 7.0 containing 10 mM sodium

dithionite at 25 °C. [rMb(Fe"'OP)] = 7.8 uM. [KCN] = 770 pM.
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Figure 2-12. (a) Differential transient absorption changes of rMb(Fe''OP) during the reaction with
potassium cyanide. Spectra were measured every 0.05 s over 0.5 s (solid line: 0.5 s) and (b) plots of rate
constants for the reaction of potassium cyanide with (solid line) rMb(Fe"'OP) and (dashed line) nMb
against various concentrations of cyanide ion in 100 mM potassium phosphate buffer at pH 7.0 at 25 °C. In

the case of rMb(FeOP), the solution contained 10 mM sodium dithionite.

Table 2-1. Cyanide Binding Parameters for nMb and rMb(FeOP).

Protein Kon (UM s™)? Kotr (8)" Ken- (uM™)
ferric nMb 8.9+0.3x10° 8.0 x 10 %¢ 0.11
ferrous rMb(FeOP)¢ 1.3+ 0.1 x 107 1.1£0.6 1.2+0.6 x 10

Reaction conditions: 100 mM phosphate buffer (pH 7.0) at 25 °C. ® Association rate constants of cyanide
ligand. ° Dissociation rate constants of cyanide ligand. ©in 100 mM potassium phosphate buffer containing
10 mM sodium dithionite. ¢ in 110 mM sodium phosphate buffer at pH 6.6 at 25 °C, protein concentration

of 5.2 uM. ° ref 38
2-3. Summary

The work described in this chapter is the first example of the use of iron oxaporphyrin (FeOP) as a new
myoglobin cofactor. The precursor FeOPDME provides a positively shifted Fe"/Fe'"' redox potential

compared to that of heme, indicating that the oxaporphyrin framework clearly stabilizes the ferrous species.
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The cofactor, Fe"'OP, was then successfully incorporated into apoMb to form the reconstituted protein in
the presence of dithionite. Fe''OP is stable and remains in the protein pocket under a nitrogen atmosphere
at room temperature for over 12 hours, whereas under aerobic conditions rMb(Fe''OP) releases FeOP from
the heme pocket via autoxidation. Furthermore, rMb(Fe''OP) is capable of binding cyanide as an axial
ligand, which is sharply different from nMb. These findings suggest that a metal oxaporphyrin complex has

potential for providing new functions as an artificial cofactor of hemoproteins.

2-4. Experimental Section

Instruments

UV-vis spectral measurements were carried out with a UV-2550 or UV-3150 double-beam
spectrophotometer (Shimadzu) or V-670 UV-vis-NIR Spectrophotometer (JASCO). pH values were
monitored using an F-52 pH meter (HORIBA). ESI-TOF MS analyses were performed on a micrOTOF-1I
mass spectrometer (Bruker). *H and *C NMR spectra were recorded on a DPX 400 or Avance Il HD
spectrometer (Bruker). Chemical shifts are reported in ppm relative to the internal TMS signal (0.00 ppm).
Electrochemical studies were carried out using a potentiostat (CompactStat, Ivium Technologies) using a
platinum wire as a counter electrode, an Ag|AgCl (saturated NaClag: BAS) electrode as a reference and a
polished platinum disk as a working electrode under anaerobic conditions. The detection of transiently
formed species and kinetic measurements were conducted with a rapid scan stopped-flow system (Unisoku)
constructed with a Xe source probe light. CD spectra were recorded at 25 °C on a J-820AC
spectropolarimeter (JASCO). Air sensitive manipulations were performed in a UNILab glove box

(MBRAUN).

Synthesis of FeOP
All chemicals were purchased from Wako, TCI, Nacalai, and Sigma-Aldrich and used as received
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unless otherwise noted. Pyrrole derivatives 1, 2, and 1,4-diformylfuran 6 ** were prepared according

to reported procedures. FeOP was prepared as described below (Scheme 2-1).

Preparation of Dipyrromethane 3

Pyrrole 1 (1.00 g, 2.68 mmol) and pyrrole 2 (0.91 g, 2.68 mmol) were dissolved in a mixture of glacial
acetic acid (65 mL) and water (13 mL). To the solution, p-toluenesulfonic acid monohydrate (90 mg, 0.47
mmol) was added and the mixture was stirred for 24 hours at ambient temperature. The reaction mixture

was then poured into ice-water (300 mL) and carefully neutralized with sodium bicarbonate, followed by
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extraction with dichloromethane. After washing with saturated NaHCOg3,q and brine, the organic phase was
dried over Na,SO,4 and dried using a rotary evaporator. The crude product was then purified by silica gel
column chromatography (Hexane/AcOEt = 47/3 - 1/1) to afford pure product 3 (544 mg, 0.94 mmol, 35%).
'H NMR (400 MHz, CDCl3) & = 10.0 (1H, s), 9.31 (1H, s), 7.17-7.09 (5H, m), 5.07 (2H, s), 3.84 (2H, s),
3.49 (3H, s), 3.43 (3H, s) 2.60 (4H, m), 2.25 (4H, m), 2.14 (3H, s), 2.10 (3H, s), 1.36 (9H, s) (Figure 2-13).
BC NMR (100 MHz, CDCl3) 6 = 173.49, 173.36, 161.53, 161.18, 136.22, 131.15, 129.59, 128.19, 128.19,
127.67, 127.55, 125.50, 120.05, 119.61, 119.19, 117.47, 79.94, 65.33, 60.13, 51.35, 34.43, 28.19, 22.43,
20.65, 19.15, 13.91, 10.54, 10.45 (Figure 2-14). ESI-TOF MS (positive mode) calculated for
[M+Na]*,603.268; found 603.272.
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Figure 2-13. 'H NMR (400 MHz) spectrum of 3 in CDCls.
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Figure 2-14. 3C NMR (100 MHz) spectrum of 3 in CDCls.

Preparation of Tripyrrin 5

Dipyrromethane 3 (200 mg, 0.35 mmol) was dissolved in 4 mL of trifluoroacetic acid (TFA) under a
nitrogen atmosphere and stirred for 5 min at ambient temperature. To this solution, formylpyrrole 4 (116
mg, 0.45 mmol) in 10 mL of methanol was added and the solution was further stirred for 90 min at ambient
temperature. Then 30% HBr/AcOH (70 uL, 0.36 mmol) was added. The solution was then stirred for an
additional 30 min before removal of the solvent on a rotary evaporator to provide a red crude oil 5 (381

mg). The obtained oil was then used in the next reaction without purification.

Preparation of Oxaporphyrin 7

Crude tripyrrin 5 (330 mg) was stirred in a mixture of 30% HBr/AcOH (1.4 mL) and TFA (7 mL) for 6
hours under a nitrogen atmosphere. The solution was diluted with 500 mL of methanol and then
diformylfuran 6 (54 mg, 0.44 mmol) in 10 mL of methanol was added to this solution. Then the mixture
was stirred for 12 hours before removal of the solvent on a rotary evaporator. The obtained red oil was
dissolved in dichloromethane and washed with brine three times. The organic phase was dried over Na,SOy,
evaporated and purified by silica gel column chromatography (CHCI3/CH3;OH = 49/1 - 3/2) to afford

oxaporphyrin 7 (32 mg, 0.059 mmol, 17% in two steps). "H NMR (400 MHz, CDCls) & = 11.16 (1H, s),
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10.82 (1H, s), 10.61 (1H, s), 10.45 (1H, s), 10.36 (1H, s), 10.08 (1H, s), 4.59-4.56 (2H, t, J = 6.4 Hz)
4.40-4.37 (2H, t, J = 7.2 Hz), 3.89 (3H, s), 3.63 (3H, s), 3.62 (3H, s), 3.59 (3H, 3), 3.34-3.27 (4H, m), 1.25

(6H, s) (Figure 2-15). **C NMR (100 MHz, CDCl;) & = 173.41, 52.06, 52.00, 36.52, 36.11, 29.85, 21.77,
21.70, 12.50, 12.30, 12.22, 12.04, 1.20, 0.14 (Figure 2-16). ESI-TOF MS (positive mode) calculated for

[M+H]", 540.249; found 540.250.
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Figure 2-15. '"H NMR (400 MHz) spectrum of 7 in CDCl5.
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Figure 2-16. *C NMR (100 MHz) spectrum of 7 in CDCl,.

Preparation of FeOP Dimethyl Ester (FeOPDME)

To oxaporphyrin 7 (6.4 mg, 11.8 umol) and iron powder (200 mg), degassed acetonitrile (20 mL),
dichloromethane (20 mL), and FeCl; (23 mg, 142 pumol) were added under a nitrogen atmosphere. The
solution was refluxed for 2 hours and residual solid iron was filtered and followed by evaporation of
solvent. The crude product was purified by gel filtration column chromatography in methanol to give
FeOPDME (5.5 mg, 8.7 umol, 74%). HR-ESI-TOF MS (positive mode) calculated for [M—CI]", 594.1686;
found 594.1690.

Preparation of FeOP
FeOPDME (5.5 mg, 8.7 umol) was dissolved in 1 mL of THF under a nitrogen atmosphere, and 1 mL

of 0.05 M KOH solution was added. This mixture was stirred for 2 hours at ambient temperature. The
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reaction mixture was carefully neutralized with 0.05 M HCI solution. After evaporation, the crude product
was purified by gel filtration column chromatography in methanol to afford product FeOP (1.2 mg, 2.0

umol, 23%). HR-ESI-TOF MS (positive mode) calculated for [M—CI]", 566.1373; found 566.1361
(Figure 2-17).
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Figure 2-17. ESI-TOF mass spectrum of FeOP in methanol.

Electrochemical Measurement of FeEOPDME
Cyclic voltammograms (CVs) were taken in the potential range of -1.5 to 0.7 V (vs saturated Ag|AgCl
reference electrode) at scan rate of 10 to 300 mV/s in degassed acetonitrile containing 5% DMF and 54

mM of tetrabutylammonium hexafluorophosphate as an electrolyte at 25 °C.
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Figure 2-18. CVs of FeOPDME ((a), (b)) and 7 (c) in acetonitrile. Scan rate: (a) 300 mV/s and (b) and (c)
10 mV/s in a degassed acetonitrile containing 54 mM tetrabutylammonium hexafluorophosphate as an

electrolyte at 25 °C
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'H NMR Snalysis of FFOPDME Using Evans Method
The molar susceptibility of FeOPDME was determined using the Evans technique (Figure 2-19). *H
NMR spectra of FeOPDME (25 mM) were measured in chloroform-d; solution containing

dichloromethane as a reference. The equations below were used in the analysis (eq 2-1, 2-2, 2-3).

Xo 4 (m3 /mol) = 3 x A8 x 107°/(1000 x M) (2-1)
Herp = \/Xﬁam X3 xkxT/Nyx o/ up (2-2)
Herr = gyS(S+1) (2-3)

Where 46 is difference of chemical shift of CH,CI, in ppm in the presence and absence of FeEOPDME,
M is concentration of FEOPDME in mol/L, p.sf is the magnetic susceptibility, k is the Boltzmann
constant ( 1.38x 1072 (J/K)), T is temperature in K, N, is the Avogadro constant
(6.02 x 1023(mol™1)), u, is the magnetic permeability of a vacuum (4 x ™ x 1077 (T?m3/))), up is
the Bohr magneton (9.27 x 1072* (J/T)), and g is the g value for electron spin (2.002).
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Figure 2-19. "H NMR (400 MHz) spectra of CH,Cl, in CDCls.: Spectra (a) and (b) are obtained in the
presence (2.5 mM) and absence of FeEOPDME, respectively.
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Preparation of rMb(FeOP)

Horse heart Mb was purchased from Sigma-Aldrich and purified by CM-Cellulose cation exchange
column (Wako). Removal of the heme molecule from Mb was performed by the reported procedure.** An
Fe''OP solution (60 pL in total, 600 uM in 100 mM potassium phosphate buffer containing 16.7 mM
sodium dithionite) was added dropwise to an apoMb solution (3 mL, 6 uM in 100 mM potassium
phosphate buffer at pH 7.0) under a nitrogen atmosphere. Excess sodium dithionite and FeOP were
removed by gel filtration chromatography using a HiTrap desalting column (5 mL, GE Healthcare) with
100 mM potassium phosphate buffer at pH 7.0 under anaerobic conditions. The obtained protein solution

was stored anaerobically at 4 °C.
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Figure 2-20. ESI-TOF mass spectrum of rMb(FeOP) in 10 mM ammonium acetate,.

Oxidation of rMb(Fe''OP) with Potassium Ferricyanide

To a solution of rMb(Fe''OP) (400 pL, 450 pM in 100 mM potassium phosphate buffer at pH 7.0), a
potassium ferricyanide solution (8.8 uL, 45 mM in 100 mM potassium phosphate buffer at pH 7.0) was
added under nitrogen atmosphere. UV-vis and CD spectra were measured before and after addition of

potassium ferricyanide.

Ligand binding studies of rMb(Fe''OP)

To a freshly prepared rMb(Fe''OP) solution in 100 mM potassium phosphate buffer at pH 7.0 (7.8 pM,
3 mL), potassium cyanide (30 pL, 7.8 mM in 100 mM potassium phosphate buffer at pH 7.0) was added
anaerobically and UV-vis spectra were measured. The Kkinetics of cyanide binding were further studied
under anaerobic conditions. The transient absorption spectra of the reaction of rMb(Fe''OP) or aqua-met
nMb (35 uM) with potassium cyanide (350-1050 uM) were monitored using a stopped-flow rapid scanning
apparatus in 100 mM potassium phosphate buffer at pH 7.0 at 25 °C. The absorption changes were fitted to
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a single exponential equation to determine apparent rate constants kops at various concentrations of cyanide
anion. The association rate constants k,,, dissociation constants k., and affinities for cyanide anion Kcy-
were determined with plots of k,ps against concentration of cyanide anion. The concentrations of cyanide

anion were determined by the following Henderson—Hasselbach equation (eq 2-4).

_ _ [HCN]\ _ B Co—[CN7] )
pH = pK, log([CN_]) = pkK, log( e ) (2-4)

where pK, is 9.2 ** and C, is the concentration of added KCN.
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Chapter 3.

Evaluation of Catalytic Properties of Myoglobin Reconstituted with an Iron Porphycene as an

Avrtificial Metalloenzyme toward Cyclopropanation of Styrene

3-1. Introduction

Carbene transfer reactions have been investigated as fascinating abiological reactions for artificial
metalloenzymes.* Engineered hemoproteins provide excellent scaffolds for the catalytic activity toward
carbene-transfer reactions such as cyclopropanation.”® An artificial metalloenzyme using a cytochrome
P450 scaffold has been developed by directed evolution? and shows high activity for the abiological
cyclopropanation reaction. The maodification of myoglobin through mutagenesis is also found to
significantly accelerate catalysis in this reaction.® Recent efforts have further demonstrated that metal
substitution of the heme cofactor is effective for improvement of the catalytic activity.* However, detailed
investigations on the catalytic mechanism have not been reported. In particular, the carbene species has not
been spectroscopically detected in protein-based catalysts. In this study, the author focused on iron
porphycene (FePc, Figure 3-1a) as an artificial prosthetic group for Mb. Porphycene is a constitutional
isomer of porphyrin and its metal complexes exhibit remarkably different physicochemical properties and
reactivities relative to the corresponding metal porphyrins.” Hayashi et al. have previously reported that
metalloporphycenes can act as attractive cofactors of myoglobin not only for dioxygen binding but also for
enzyme-like catalysis such as peroxidase or hydroxylase reactions.® In this chapter, the first spectroscopic
observation of the active metallocarbene species is described.” In addition, it is shown that the
metallocarbene species efficiently promotes the cyclopropanation of styrene, using myoglobin reconstituted

with FePc (rMb(FePc)).
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Figure 3-1. (a) Molecular structures of heme and FePc, (b) schematic representation of reconstitution of
Mb, and (c) plausible reaction mechanism of cyclopropanation of styrene using ethyl diazoacetate

catalyzed by hemoproteins.
3-2. Results and Discussions

Evaluation of Catalytic Activities of Mbs Toward Cyclopropanation Reaction of Styrene

The catalytic activities of rMb(FePc) and native Mb (nMb) toward cyclopropanation reaction of styrene
with ethyl diazoacetate (EDA) as a carbene source were examined in the presence of dithionite.® The
product, (E)-ethyl 2-phenylcyclopropanecarboxylate, was quantified by GC—MS analysis. Excitingly,
rMb(FePc) shows 99% formation of the trans isomer, without the need for any modification of the

10 In addition, a turnover frequency (TOF) of 2.2 s™ at the initial stage of

myoglobin matrix (Figure 3-2).
catalysis was observed (Figure 3-3). This value is 35 times higher than the TOF nMb under the same
conditions.”* At various concentrations of styrene and 20 mM EDA, TOFs were determined and
Michaelis—Menten curves were plotted (Figure 3-4a and Table 3-1)."? The plots of the TOF values for both
rMb(FePc) and nMb were fitted in the conventional manner, and K¢, values of rMb(FePc) and nMb were

determined to be 1.7 and 0.06 s , respectively. In contrast to the obvious difference in ke, both K, values
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are almost the same, suggesting that styrene binding occurs at the distal site in the heme pocket of the
myoglobin matrix.® Similarly, the Michaelis—Menten parameters at various concentrations of EDA and 2.0
mM of styrene were evaluated (Figure 3-4b and Table 3-2). Interestingly, the kinetic curve of nMb does not
show saturation behavior of the reaction rate, even upon addition of 20 mM EDA. When 40 mM EDA is
employed for the Michaelis—Menten plots at various concentrations of styrene, the ke Value increases to
0.19 s, whereas the Ky, value exhibits only a small change (Table 3-3). Because the ke value for nMb
depends on the EDA concentration, the reaction of the ferrous state of nMb with EDA dominantly limits the
rate of product formation. Several reports also support this suggestion.'? In the case of rMb(FePc), ke and
K., were determined to be 2.1 s* and 1.9 mM™ , respectively. The k., values were consistently above one,

indicating that the typical steady state analysis can successfully be applied to catalysis by rMb(FePc).

L

cis-form trans-form

A

Signal intensity

8 8.5 9 95 10
Retention time/ min
Figure 3-2. GC-MS traces for the product of the cyclopropanation reaction catalyzed by rMb(FePc) (gray)
and nMb (black). Reaction conditions: [Mb] = 4.3 uM, [dithionite] = 8.6 mM, [styrene] = 2 mM, [EDA] =
20 mM in 100 mM potassium phosphate buffer containing 5% methanol at pH 8.0 and 25 °C. Reaction

time: 1 min.
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Figure 3-3. Time course plots of the turnover number (TON) for the cyclopropanation reaction of styrene

using EDA. Conditions: [Mb] = 4.3 uM, [dithionite] = 8.6 mM, [EDA] = 20 mM, [styrene] = 2.0 mM in

100 mM potassium phosphate buffer containing 5% methanol at pH 8.0, and 25 °C.
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Figure 3-4. Plots of the TOF for the cyclopropanation reaction of styrene using EDA. General conditions:

[Mb] = 4.3 uM, [dithionite] = 8.6 mM in 100 mM potassium phosphate buffer containing 5% methanol at

pH 8.0 and 25 °C. TOFs were determined by the reaction rate of a period of 1 min. (a) [EDA] =20 mM and

[styrene] = 0.25—2.0 mM. (b) [styrene] = 2.0 mM and [EDA] = 0.5-20 mM.
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Table 3-1. Michaelis-Menten Parameters for rMb(FePc) and nMb with Various Concentrations of
Styrene.®

Protein k() Ko (MM) Kk /K (mM s )

rMb (FePc) 1.7 +0.3 13+04 13+05
nMb 0.06+0.01° 1.2+05° 0.05+0.02°

“Conditions are described in the caption of Figure 3-4a. "pseudo Michaelis-Menten parameters under the

condition of unsaturated concentration of EDA.

Table 3-2. Michaelis-Menten Parameters for rMb(FePc) and nMb with Various Concentrations of
EDA?

Protein k(s )  K,(MM) Kk /K (mMM's)

rMb(FePc) 2.1+0.2 19+06 1.1+04
nMb n.d. n.d.” 0.002 + 0.0001¢

“Conditions are described in the caption of Figure 3-4b. °Not determined. “The K. Koy value was

determined from the slope of the linear relationship.

Table 3-3. Michaelis-Menten Parameters for nMb using Different Concentrations of EDA and

Various Concentrations of Styrene.®

-1 -1 -1
[EDA] (MM) k(s ) K (MM) KooKy (MM s )
20 006+001  12+05 0.05 +0.02

40 019+004  16+0.6 0.1+0.05

Conditions: [Mb] = 4.3 uM, [dithionite] = 8.6 mM, [styrene] = 0.25 - 2.0 mM in 100 mM potassium

phosphate buffer containing 5% methanol at pH 8.0 and 25 °C, and reaction time to determine TOF: 1 min.

Observation of the Formation of Active Carbene Species

The reaction of rMb(FePc) and nMb with EDA was further evaluated with stopped flow techniques.
Figure 3-5a shows the transient absorption spectral changes of ferrous-rMb(FePc) after addition of 68.8
mM EDA. The decrease in the absorbance at 587 nm, originating from the ferrous state, was observed with
the concomitant increase in an absorbance at 620 nm with clear isosbestic points, suggesting the formation
of a new species, putatively assigned as the metallocarbene intermediate.*® The time-dependent absorption
changes at 620 nm were analyzed with a single exponential equation (Figure 3-9). Obtained Kinetic
constants, Kqps, are plotted against various EDA concentrations and show linear relationships (Figure 3-5b,
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black line). Similarly, the reaction of nMb with EDA was evaluated (Figure 3-10 and Figure 3-5b, gray
line). The second-order rate constants k; for rMb(FePc) and nMb are determined to be 2.5 x 10™ and 4.0 x
10 mM™ s, respectively. The much higher k; value for rMb(FePc) compared to nMb is consistent with
the higher k. value observed for rMb(FePc). Furthermore, the reaction of the detectable carbene
intermediate of rMb(FePc) (Figure 3-5a: solid line) with styrene was monitored by UV—vis spectroscopy as
shown in Figure 3-6 (the experimental setup is shown in Figure 3-11)."* Interestingly, the addition of
styrene resulted in the spectral changes from the dashed line to the solid line, with the latter being similar to
that observed for ferrous rMb(FePc) (see Figure 3-6a). The observed rate constants, k'qys, are determined by
single exponential fits of the absorption changes at 620 nm. It is found that an increase in the concentration
of styrene linearly accelerates the reaction (Figure 3-6b). The apparent second order rate constant k, was
determined to be 28 mM™ s at pH 8.0 from the obtained slope. Taken together, it is inferred that the
catalytic reaction by rMb(FePc) smoothly proceeds via the carbene intermediate to yield the cyclopropane
derivatives as shown in Figure 3-1c. Under catalytic conditions ([EDA] = 20 mM and [styrene] = 2 mM),
the Kops and K'ops Values are calculated to be 5.0 and 45 s, respectively, using the apparent second-order rate
constants due to the low solubility of styrene in water. These values are larger than ke (1.7 s™). These
findings indicate that the reaction rate of the catalytic cyclopropanation by rMb(FePc) is not limited by the
reaction of the ferrous state with EDA and the reaction of the carbene species with styrene. Therefore, the
release of the product is suggested to be the overall rate-limiting step. The pH of the solution seems to be a
key factor for the reactivity of the metallocarbene intermediate (Figure 3-6b, Table 3-4). At higher pH, a
larger apparent second-order rate constant is observed, which is consistent with a larger TOF at higher pH

under catalytic conditions.
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Figure 3-5. (a) Absorption spectra of the ferrous state of rMb(FePc) monitored every 0.05 s for 0.5 s after
the addition of 68.8 mM EDA (dashed line: 0 s and solid line: 0.5 s). (b) Plots of rate constants (determined
from the absorption changes) against various concentrations of EDA (black line: rMb(FePc) and gray line:
nMb). Conditions: [Mb] = 4.3 uM, [dithionite] = 8.6 mM, [EDA] = 8.6-34.4 mM (for rMb(FePc)) or
34.4-137.6 mM (for nMb) in 100 mM potassium phosphate buffer containing 5% methanol at pH 8.0 and

25 °C.
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Figure 3-6. (a) Absorption spectra of the product obtained by the reaction of rMb(FePc) with EDA
monitored every 0.05 s for 0.5 s after addition of 2.0 mM styrene (dashed line: 0 s and solid line: 0.5 s). (b)
Plots of apparent rate constants (determined from the absorption changes) against various concentrations of
styrene at pH 8.0 (black) and pH 6.0 (gray). Conditions: [rMb(FePc)] = 2.2 uM, [dithionite] = 8.6 mM,
[EDA] = 4 mM, [styrene] = 0.25-1.0 mM in 100 mM potassium phosphate buffer containing 5% of

methanol at 25 °C. Aging time: 1 s.
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Theoretical Calculation of Formation of the Carbene Species

To understand the different reactivity of rMb(FePc) and nMb with EDA, the potential energy profiles
for the cyclopropanation reaction were estimated by DFT calculations at the B97D/6-31g* level. Although
there are several DFT studies on the electronic structure and energy profile for the carbene species with a
porphyrin ligand,™® the present one is the first report on the comparison between the porphyrin and
porphycene ligands and also on the reaction pathway via intersystem crossing. In these calculations, the
cofactors, heme and FePc, with an imidazole ligand, were utilized as the simplified active site models
(details are given in Figure 3-12). The optimized structures and relative potential energies of the ferrous
state, the EDA adduct, and the carbene species were calculated for each spin state, singlet, triplet, and
quintet. The estimated energy diagrams for rMb(FePc) and nMb are summarized in Figure 3-7, showing
the key structures at each step (all optimized structures of stable intermediates in different spin states are
shown in Figure 3-13). In the case of nMb, the stable quintet state of the catalytically active ferrous state
converts to the quintet EDA adduct, and then a quintet/triplet transition occurs via the Q/T crossing point,
which is the minimum energy intersystem crossing point (MEISCP). However, the structure at the Q/T
point and its potential energy are both similar to those of the optimized triplet EDA adduct, indicating that
the triplet species is efficiently quenched to the stable quintet state of the EDA adduct via a negligible
Kinetic barrier. The inefficiently generated triplet EDA adduct must overcome an energy barrier of 4.0
kcal/mol (MEISCP T/S) to produce the singlet EDA adduct, which is allowed to transform to the singlet
carbene species over an energy barrier of 7.0 kcal/mol. The total barrier for the transition from the quintet
state to the singlet state of the EDA adduct is estimated to be 8.2 kcal/mol, because the direct transition
from a quintet to a singlet state is prohibited by the selection rule of spin—orbit coupling (the suggested
overall pathway to form the carbene species is summarized in Figure 3-13). In contrast to nMb, the stable
triplet state of ferrous rMb(FePc),”” which results from the strong ligand field of the porphycene relative to
the porphyrin, yields the triplet state of the EDA adduct. The triplet adduct is converted to the singlet
adduct via MEISCP T/S (energy barrier = 6.2 kcal/mol), and then, the singlet carbene species is produced
from the singlet EDA adduct via an energy barrier of 4.6 kcal/mol. Therefore, fewer steps in intersystem
crossing are observed for rMb(FePc), and the smaller Kinetic barriers in rMb(FePc) relative to nMb
strongly support the larger rate constants for the reaction of rMb(FePc) with EDA compared to that of

nMb.
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Figure 3-7. Potential energy diagrams for the reactions of (a) the native heme-imidazole complex with
EDA and (b) the FePc-imidazole complex with EDA. Optimized structures of stable intermediates in

different spin states at each step in the reaction are shown below the diagrams.

3-3. Summary

FePc in the myoglobin matrix is found to efficiently react with ethyl diazoacetate to generate the active
carbene species for the cyclopropanation of styrene. The catalytic activity of rMb(FePc) with FePc is
26-fold higher than that observed for the native iron porphyrin in the protein matrix. The present result
constitutes the first spectroscopic characterization of the active carbene intermediate of a metal
porphyrinoid complex in the protein matrix. Theoretical investigations strongly support the fact that the
strong ligand field of porphycene is useful for the efficient formation of the central carbene intermediate.
This finding contributes to the rational design of highly active artificial metalloenzymes that can catalyze

abiological reactions.

3-4. Experimental Section

Instruments
UV-vis spectral measurements were conducted with V-670 UV-vis-NIR Spectrophotometer (JASCO).
pH measurements were carried out using an F-52 pH meter (HORIBA). Detection of transiently formed
species and kinetic measurements were conducted with a rapid scan stopped-flow system (Unisoku)
constructed with a Xe light source. Air sensitive manipulations were performed in a vinyl anaerobic
chamber (Coy Laboratory Products). GC-MS (EI) analyses were performed using a Shimadzu GC 2010
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equipped with a Restek Rxi-5Sil MS column. Separation method: 1 pL injection for rMb(FePc) and 2 pL
injection for nMb, injector temp.: 250 °C, detector temp.: 250 °C. Gradient: column temperature set to 80
°C, then to 180 °C at 10 C/min, and then to 250 °C at 50 "C/min and held at 250 °C for 5 min. Total run

time was 16.40 min.

Materials

All chemicals were purchased from Wako, TCI, Nacalai, and Sigma-Aldrich and used as received
unless otherwise noted. FePc was synthesized as described in previous literature.'® Removal of heme from
nMb and preparation of rMb(FePc) were performed according to reported procedures.’®'® The conversion
of apoMb to rMb(FePc) upon the addition of FePc was confirmed by the R, value, which is determined
from the ratio of Ageret and Aggg, Where Asqrer aNd Azgg represent the absorbance at 387 nm (Soret band) and

280 nm (protein), respectively (Figure 3-8).
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Figure 3-8. UV-vis spectra of rMb(FePc) (black) and nMb (gray) measured immediately after purification
in 100 mM potassium phosphate buffer at pH 7.0 at 25 °C. R, values for rMb(FePc) (Azg7 nm/A2s0 nm) and for
NMb (Asoe nm/A2g0 nm) are 2.8 and 5.5, respectively. The value of rMb(FePc) is consistent with that of a
solution in which crystals of rMb(FePc) were dissolved, supporting the quantitative cofactor loading into

the protein.

Evaluation of Catalytic Activities for Cyclopropanation Reaction

Reactions were conducted in a mixture of 4.3 uM of nMb or rMb(FePc), 8.6 mM of dithionite, 2 mM
of styrene and 20 mM ethyl diazoacetate (EDA) in 100 mM potassium phosphate buffer at pH 6.0 or 8.0
containing 5% methanol at 25 °C. To the mixture, 10 pL of benzyl alcohol (100 mM for rMb(FePc) and 50

mM for nMb) in methanol was added as an internal standard, followed by extraction with 500 pL of ethyl
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acetate. The organic layer was then analyzed with GC-MS. To conduct a time course study, reactions were
guenched 20 s, 40 s, and 60 s after addition of EDA. To perform Michaelis-Menten kinetic studies,
reactions were conducted in various concentrations of styrene (0.25 - 2.0 mM) or EDA (0.5 - 20 mM) in
100 mM potassium phosphate buffer at pH 8.0 containing 5% methanol at 25 °C and organic compounds
were extracted at a period of 60 s after addition of EDA. To determine the maximum turnover number,

reactions were quenched 6 min (rMb(FePc) and FePc) or 60 min (nMb and heme) after addition of EDA.

Table 3-4. Turnover Frequencies of the Cyclopropanation Reaction of Styrene at Various pH Values.”

pH TOF (min™)
6.0 31+1
8.0 130 +3

“Condition: [rMb(FePc¢)] = 4.3 uM, [dithionite] = 8.6 mM, [styrene] = 2 mM, [EDA] = 20 mM in 100 mM
potassium phosphate buffer containing 5% methanol at pH 6.0 or 8.0 and 25 °C, and reaction time to

determine TOF: 1 min.

Table 3-5. Yield, TON, de and Byproduct Yield of the Cyclopropanation Product of Styrene by the
Catalysis Using nMb, rMb or Free Cofactors.?

Catalyst TON de® (%)
rMb(FePc)®  130+3 99.5+0.1
nMb* 49 + 1 85+ 1
FePc® 9+ 1 52.6+0.3
heme* 23+ 1 61.5 + 0.6

#Condition: [catalyst] = 4.3 puM, [dithionite] = 8.6 mM, [styrene] = 2 mM, [EDA] = 20 mM in 100 mM
potassium phosphate buffer containing 5% methanol at pH 8.0 and 25 °C under aerobic condition. °
Diastereomeric excess for (E)-ethyl 2-phenylcyclopropanecarboxylate. *Reaction time = 6 min. “Reaction

time = 60 min.

Kinetic Studies of the Reaction of nMb and rMb(FePc) with EDA

A solution containing 8.6 uM of nMb or rMb(FePc) and 8.6 mM of sodium dithionite in 100 mM
potassium phosphate buffer at pH 8.0 containing 5% methanol was mixed anaerobically with a solution
containing various concentration of EDA (17.2 - 68.8 mM for rMb(FePc) and 68.8 - 275.2 mM for nMb)
and 8.6 mM of sodium dithionite in 100 mM potassium phosphate buffer at pH 8.0 containing 5% methanol.

Transient absorption spectra were monitored using a stopped-flow rapid scanning apparatus at 25 °C. The

43



absorption changes were fitted with a single exponential equation to determine apparent reaction rate
constants kgs at various concentrations of EDA. The second-order rate constant, k;, was determined with

plots of kqps against the concentration of EDA.
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Figure 3-9. Time course plots of the absorption changes of rMb(FePc) after addition of (a) 17.2 mM, (b)
34.4 mM, (c) 51.6 mM, and (d) 68.8 mM EDA, measured at 620 nm. Conditions: [rMb(FePc)] = 4.3 uM,
[dithionite] = 8.6 mM, [EDA] = 8.6 - 34.4 mM in 100 mM potassium phosphate buffer containing 5%
methanol at pH 8.0, and 25 °C.
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Figure 3-10. (a) Absorption spectra of ferrous nMb measured every 12 s over 120 s after the addition of
275.2 mM EDA (dashed line: 0 s and solid line: 120 s). Time course plots of the absorption changes of
ferrous nMb after addition of (b) 68.8 mM, (c) 137.6 mM, (d) 206.4 mM, and (e) 275.2 mM of EDA,
monitored at 565 nm. Conditions: [nMb] = 4.3 uM, [dithionite] = 8.6 mM, [EDA] = 34.4 — 137.6 mM in

100 mM potassium phosphate buffer containing 5% methanol at pH 8.0, and 25 °C.
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Evaluation of the Reaction of the Carbene Intermediate of rMb(FePc) with Styrene

Reactivity of a transiently formed carbene species with styrene was evaluated in rMb(FePc) using a
stopped-flow double mixing apparatus under anaerobic condition. To a solution of rMb(FePc) (8.6 uM)
containing 8.6 mM of sodium dithionite and 5% of methanol in 100 mM potassium phosphate buffer at pH
6.0 or 8.0, 8.0 mM of EDA containing 8.6 mM of sodium dithionite and 5% of methanol in 100 mM
potassium phosphate buffer at pH 6.0 or 8.0 was added and incubated for 1 second at 25 °C. To the mixture,
a solution containing various concentrations of styrene (0.5 — 2.0 mM) and 8.6 mM sodium dithionite with
5% of methanol in 100 mM potassium phosphate buffer at pH 6.0 or 8.0 was added and transient spectra
were recorded. Spectral changes were fitted to a single exponential equation to determine apparent reaction
rate constants k'qys in various concentrations of styrene. The second-order rate constant k, was determined

with plots of k'yys against the concentration of styrene.

46



Absorbance at 620 nm

Absorbance at 620 nm

rMb(FePc)

first mixing/
Lil%J

EDA solution

styrene solution

@ing time: :I_s)

second mixing
UV-vis measurement

(c)

0.052 ¢
-5 e
0.048 ,;i =
% o
P S
' . 'E,'
0.044 M - 8
--'H.I.;".-'- r, T"“’h L. . 8
[ ] = ) . 2t ™. - [
L ¥ e -h'._ ‘.‘.'--1- . 8
ooaf FINRENRIGANGGS S
Dol Al e
0.036 L 1 . |
0 0.5 1 1.5 2
Time/s
(e)
0.056
£
c
0.048 & §
5 ﬁ
L 5
0.04 | % . 5
" .l. L . _8
o L .
-.-.#;ln_. s " .‘-
0'0320 0.2 0.4 0.6 0.8 1.0
Time/s

0.06
3
0.056
0.052[%
0.048 *‘:
. it
-ﬁ"'.:_'_ . .-._ . ..-' " aamg™
0,044 TRT ity hr g SIS A
0.04 SR ‘ -
0 0.5 1 1.5 2
Time/s
0.064
h
i
0.056 y
'-
£
0.048 - ".{
..-,.h -
i . - - l-- L] [ ] .
0.04 T, m Lo
0.032 1 1 1 1 |
0.1 0.2 0.3 0.4 0.5
Time/s

Figure 3-11. (a) Schematic representation of the stopped-flow double-mixing apparatus, and time course

plots of the absorption changes of the active carbene complex of rMb(FePc) after addition of (b) 0.5 mM,

(c) 1 mM, (d) 1.5 mM, and (e) 2 mM of styrene, monitored at 620 nm. Conditions: [rMb(FePc)] = 2.2 uM,

[dithionite] = 8.6 mM, [EDA] = 4 mM, [styrene] = 0.25 - 1 mM in 100 mM potassium phosphate buffer

containing 5% methanol at pH 8.0, and 25 °C. Aging time: 1 s.
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DFT Calculations on the Formation of Iron Carbene Species

For the computational models of Fe(ll)-porphyrin-imidazole and Fe(ll)-porphycene-imidazole
complexes, the structures shown in Figure 3-12 were used. The structure of EDA is also shown. All the
structures described in this chapter were fully optimized with DFT method using the unrestricted B97D
functional.® As for the basis sets, Stuttgart/Dresden (611111/22111/411) sets of the effective-core potential
and valence sets were adopted for Fe,?* while the 6-31g* basis set was used for the other atoms. This
functional and basis sets were chosen because this computational method reproduced the energy difference
between the spin states of oxyheme (O,FePorIm) in a previous study.” Frequency calculations and IRC
analyses were conducted to ascertain that proper energy minima and transition states were obtained. All of
the above calculations were performed with the Gaussian 09 program package.” In finding the minimum
energy intersystem crossing point (MEISCP), the geometries were optimized under the constraint that the
two states have to be energetically degenerate. Such optimizations were carried out with a program package
developed by Hasegawa's group, which allows for the identification of minimum energy crossing
points.**? Previously, DFT calculations on the iron carbene species with the porphyrin ligand were
reported.?®?" In these studies, only the porphyrin ligand was investigated, and porphyrin derivatives like the
porphycene ligand were not considered. Zhang et al. also calculated the energy profile of the carbene
formation process for the porphyrin ligand.?® However, their calculations omitted the intersystem crossing
processes from the quintet state to the triplet state and then to the singlet state. Therefore, the calculations
presented here provide new insight into the ligand effect (nMb vs rMb(FePc)) on the intersystem crossing
pathway, which is one of the essential points of the carbene formation process. A previous study by Shaik et
al. focused on the electronic structure of the iron carbene porphyrin with a negatively charged cysteine
ligand [SCHs] " They obtained the open-shell ground state which is about 5 kcal/mol lower than the
closed-shell ground state. On the other hand, the system presented here features the neutral imidazole
ligand. The change of the ligand affects the stability. With the imidazole ligand, the ground state is
calculated to be a closed-shell singlet state. When the same calculation are conducted as the previous one
(stable=opt),?’ the open-shell singlet state was 6.2 kcal/mol and 11.5 kcal/mol higher than the closed-shell

singlet state in the nMb and rMb(FePc) systems, respectively.
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Figure 3-12. Computational models for the (a) Fe(ll)-porphyrin-imidazole and (b)

Fe(I)-porphycene-imidazole complexes, and (c) EDA.
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Figure 3-13. DFT-optimized structures of stable intermediates and transition states in different spin states

at each step in the reaction of (a) nMb and (b) rMb(FePc) with EDA.
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Chapter 4.
Mechanistic Investigations of Myoglobin Reconstituted with a Manganese Porphycene toward

Development of an Artificial Monooxygenase

4-1. Introduction

It is known that various heme-containing enzymes such as monooxygenases and peroxidases utilize an
Fe'V-oxo porphyrin w-cation radical known as compound | as a common key intermediate in oxidation
reaction. In particular, cytochrome P450s catalyze important hydroxylation reaction via activation of an
inert C—H bond without using precious metals." To mimic and elucidate the functions of cytochrome P450,
a series of metal complexes of porphyrin derivatives? and porphyrinoids such as corrole,? corrolazine* and
porphycene® have been investigated. It has been found that certain protein matrices are useful for
stabilization and/or activation of reactive species.® A previous study reported by Hayashi and his coworkers
demonstrated that Mb reconstituted with manganese porphycene (MnPc, Figure 4-1a and b), rMb(MnPc),
is capable of hydroxylation of a C(sp®}-H bond of hydrocarbons such as ethylbenzene, toluene and
cyclohexane using H,O, as an oxidant, although native Mb (nMb) does not show monooxygenase activity
for inert alkane substrates.” In this chapter, a high-resolution crystal structure of the resting state of
rMb(Mn'"'Pc), and a spectroscopic investigation of the high-valent intermediate, rMb(Mn"(O)Pc) which

activates an inert C—H bond (Figure 4-1c) are described.?

54



;t

(a) =
\
CcI C
(b) HOOC COOH HOOC COOH
Removal Insertion

T’_I-’

(0]

nMb rMb(MnPc)
Heme MnPc
(© ROOH
o o]
— Mn"— —IVllan—
resting state compound I-like species
HO-CR; H-CR;

Figure 4-1. (a) Molecular structures of heme and MnPc, (b) schematic representation of reconstitution of

Mb and (c) plausible reaction mechanism of catalytic C—H bond hydroxylation by rtMb(MnPc).

4-2. Results and Discussions

Investigation of Catalytic Activity and X-ray Crystal Structure of rMb(MnPc)

The catalytic acitivities of rMb(MnPc) toward hydroxylation of ethylbenzene were evaluated at various
pH value. The highest turnover number was obtained at pH 8.5 (Table 4-1).° Therefore, the crystal of
rMb(Mn'"Pc) was prepared at pH 8.5. The structure with 1.5 A resolution reveals ligation of His93 and
one water molecule™ to the Mn center in the intrinsic heme pocket (Figure 4-2a). The main chain structure
of rMb(Mn"'Pc) is superimposable on the reported nMb structure’ with an RMSD (root-mean-square
deviation) value of 0.3 A (Figure 4-2b). Comparing the crystal structure with a previous crystal structure
obtained at pH 7.0 with 2.2 A resolution,’ no alternative conformation of His64 were found in the structure
at pH 8.5 (Table 4-3)." From these findings, it appears that stable binding of the cofactor in the heme

pocket is important for promotion of the hydroxylation reaction catalyzed by rMb(MnPc).
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(b)

Figure 4-2. (a) Crystal structure of rMb(Mn'"'Pc) around the MnPc, His64, His93, and water molecule. (b)

Superimposed structures of rMb(Mn'"'Pc) (black) and nMb (white, PDB ID: 1Y MB).

Table 4-1. Catalytic Activity of rMb(MnPc) toward Hydroxylation of Ethylbenzene at Various pH

Values?
entry pH TON® tyn (5)°
1 7.0 3.8 20
2 8.0 7.9 33
3 8.5 13 38
4 9.0 12 n.d.

®Reaction conditions: [rMb(MnPc)] = 20 puM, [H,0,] = 10 mM, [ethylbenzene] = 8.0 mM, in 100 mM

potassium phosphate buffer containing 8% acetonitrile at 25 °C. "Turnover number after completion of the

reaction. °Half-life time of two-electron oxidative intermediate measured by the reaction with

m-chloroperoxybenzoic acid, (nCPBA). Conditions: [rMb(MnPc)] = 4 uM, [MCPBA] = 10 uM, in 100

mM potassium phosphate buffer at 10 °C. “The value was not determined due to lower formation yield of

intermediate.
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Observation of Transiently-formed High-valent Species

The reaction of rMb(Mn'"'Pc) with mCPBA was monitored using a stopped flow apparatus (Figure
4-3)."% A decrease in absorbance at 427 nm and 568 nm, originating from the resting state, was observed
with a concomitant increase in new absorbance at 382 nm and 618 nm, accompanied by clear isosbestic
points within 2 seconds at 10 °C. The detected intermediate (black, solid spectrum in Figure 4-3a, b) was
then evaluated in a double-mixing reaction with ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic
acid)), a typical substrate for peroxidases (Figure 4-7). Spectral changes resulting from this reaction
indicate a biphasic profile, suggesting that the intermediate produced by the reaction with mCPBA has the
potential for two-electron oxidation. Thus, this intermediate should be a Mn"-oxo species or a Mn'V-oxo
with z-cation radical on the porphycene ring (similar to compound | of the native hemoprotein).“? This
intermediate has no obvious absorption peaks in the near infrared region as shown in Figure 4-3c, although
the spectrum of the porphycene m-cation radical is known to have a strong absorption band near 830
nm.** These findings provide strong support for assignment of the observed intermediate as a Mn"-oxo
species. Further spectral changes occurring after formation of the MnV-oxo species without addition of
substrate indicate quantitative recovery of the resting states with half-life time (t;,) between 20 to 38
seconds (Table 4-1). Longer ty, values were observed at higher pH and the MnY-oxo species is not
completely formed at pH 9.0, the highest pH value in the investigated range. Thus, pH 8.5 is a suitable pH
value for quantitative formation and the longest half-life of the Mn"-oxo species. It was found that the
longer half-life of the intermediate provides a higher turnover number, suggesting that the detectable
Mn"-0xo species can react with an external substrate in the Mb-based system to replicate the function of

monooxygenases.
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Figure 4-3. (a) Reaction of rMb(Mn'""Pc) with mCPBA. (b) UV-vis and (c) NIR spectral changes occurring
upon addition of 10 uM mCPBA to a solution of rMb(Mn'"'Pc) (4 uM) every 0.2 s for 2 s (black, dashed
line: 0 s and black, solid line: 2 s) in 100 mM potassium phosphate buffer, pH 7.0, at 10 °C.

Investigation of Electronic Structure of the High-valent Species

To gain insights into the electronic structure of rMb(MnPc), electron paramagnetic spin (EPR)
spectra were recorded. Figures 4-4a and 4-4b show EPR spectra of the resting state of rMb(MnPc¢) in
perpendicular- and parallel- mode measurements, respectively, to assign the electronic states of the
intermediate. The integer spin (S = 2) is expected for the resting state according to a previous report of
Mn-substituted Mb.'* In the case of the rMb(Mn'"Pc¢), the broad signals are only observed in the
spectrum using the perpendicular mode, whereas the parallel mode obviously demonstrates
characteristic EPR signals, which are typical for the integer spin species. The sextet peaks at g = 8.3
with hyperfine splitting indicate coupling with the nuclear spin of Mn (/ = 5/2). This result clearly
confirms that the Mn"" species represents the resting state of rMb(MnPc). Next, EPR spectra of the
rapidly freeze-quenched sample were measured 2 seconds after mixing of rMb(Mn"'Pc) with 2
equivalents of peracetic acid (Figure 4-4c, d). Interestingly, both perpendicular- and parallel-mode
spectra provide no signal. This indicates that the intermediate is a low-spin Mn" species, because the
generation of wt-cation radical at the porphycene ring is ruled out due to no characteristic absorption at
NIR region (vide supra). The possibility of the presence of the Mn''-oxo species at this stage is ruled
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out because the Mn'" porphyrinoid is known to be an EPR-active high-spin species (S = 3/2) with

typical signals ranging from 1000 to 2000 Gauss.”>*"?
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Figure 4-4. X-band EPR spectra of rMb(Mn"'Pc) (a, b) and the intermediate after the reaction with 2
equivalents of peracetic acid (c, d). Conditions: [rMb(MnPc)] = 0.3 mM in potassium phosphate buffer
(100 mM, pH 7.0), microwave frequency = 9.68 GHz (perpendicular mode; (a) and (c)) and 9.52 GHz
(parallel mode; (b) and (d)), microwave power = 2.0 mW, temperature = 5 K, modulation amplitude = 10 G

and modulation frequency = 100 kHz.

Evaluation of the Reactivity of Mn" species

For evaluation of the reactivity of the Mn"-oxo porphycene in the Mb matrix, investigation of single
turnover Kkinetics for hydroxylation of the ethylbenzene derivative were conducted. In this experiment,
sodium 4-ethylbenzenesufonate was employed as a substrate due to its high solubility in water. The
reaction of the transiently-formed rMb(Mn"(O)Pc) with sodium 4-ethylbenzenesufonate was monitored
using stopped-flow double mixing techniques (Figure 4-5a and 4-8). Figure 4-5a shows the decrease of the
characteristic bands at 382 nm and 618 nm and concomitant increase of absorptions bands at 427 and 568

nm accompanied by isosbestic points to recover rMb(Mn""Pc). HPLC analysis of the reaction mixture

determined the quantitative formation of sodium 4-(a-hydroxyethyl)benzenesulfonate (Figure 4-11).
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Furthermore, time course plots of absorbance at 380 nm (Figure 4-8) were analyzed by single exponential
decay to determine the reaction rate constant, kqps. The koys Values are plotted against the concentration of
sodium 4-ethylbenzenesufonate (Figure 4-5b). The slope of linear relationship provides the apparent
second-order rate constant, Kap,, of 2.0 M's™ for 4-ethylbenzenesulfonate at 25 °C. Furthermore, the
reactions with sodium 4-toluenesulfonate (Figure 4-9) and sodium cyclohexanesulfonate (Figure 4-10)

were similarly evaluated to determine the ky, values to be 0.29 M 's * and 0.092 M's™*

, respectively, at 25
°C (Figures 4-5b). As shown in Figure 4-5c, the linear relationship of the plots of log ki, against the
C(sp*)-H bond dissociation energy, BDEc 4, indicates that H-abstraction is one of the rate limiting steps.*®
The slope of -0.13 is relatively moderate compared with the reported typical values (-0.4 to -0.2)." This

indicates that the ks, value also depends on the accessibility of the substrate into the active site of rMb."*°

Generally, in the hydroxylation reaction catalyzed by cytochrome P450, the rate-determining step is
H-abstraction of the substrate by the compound 1 species.' In nMb, the reduction of compound I by amino
acid residues such as tyrosine is extremely fast (<< 1 ms).*® Similarly, Mbs reconstituted with iron
porphycene and manganese protoporphyrin 1X do not generate detectable compound I-like species and lose
the opportunity to abstract a hydrogen atom from an external substrate.’******1° Thus, detection of desired
intermediate is important to determine the possibility of hydroxylation of external substrates in the
Mb-based system. Although the stable intermediate is generally less reactive from the viewpoint of C-H
bond activation, the basicity of the Mn"-0xo species appears to be high to compensate for the disadvantage

of the redox potential.?>%

In the case of the present system, longer half-life, which is equivalent with the
less non-productive decay of the Mn"-oxo species, and higher TON are observed at higher pH, whereas the
pH value does not affect the reactivity of the Mn-oxo species (Figure 4-12). OH-rebound from the

Mn"-hydroxo species follows H-abstraction to provide the hydroxylated product and the Mn"" species,

which is supported by the isotope-labeling experiment in the previous study.’
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Figure 4-5. (a) UV-vis spectral changes of the intermediate monitored at 6 s intervals for 60 s after addition
of sodium 4-ethylbenzenesulfonate (100 mM) as a substrate in 100 mM potassium phosphate buffer, pH 8.5,
at 25 °C (dashed line; 0 s and solid line; 60 s). The substrate was mixed 3 s after the reaction of
rMb(Mn'"'Pc) (4.3 uM) with mCPBA (6.5 uM). (b) Plots of k., determined from the absorption changes
against various concentrations of the substrates at pH 8.5 and 25 °C. Black, solid line: sodium
4-ethylabenzenesulfonate, gray, solid line: sodium 4-toluenesulfonate, and black, dashed line: sodium
cyclohexanesulfonate. (c) Plots of log ki, against the BDEc y. The BDEc y values of ethylbenzene,

toluene and cyclohexane are utilized for the corresponding derivatives.**’
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4-3. Summary

Myoglobin reconstituted with manganese porphycene forms a detectable Mn"-oxo species, which was
characterized by a single turnover reaction and EPR spectroscopy. This finding clarifies that the lifetime of
the intermediate is an important factor for C-H bond activation in a myoglobin-based artificial
monooxygenase. To the best of our knowledge, the study described in this chapter is the first example of
detection of a high-valent species of a chemically engineered hemoprotein during catalysis of a C—H bond

hydroxylation reaction similar to hydroxylation reactions catalyzed by cytochrome P450s.

4-4. Experimental Section

Instruments

UV-vis spectral measurements were carried out with a UV-2700 spectrophotometer (Shimadzu) or
V-670 UV-vis-NIR Spectrophotometer (JASCO). pH values were monitored using an F-52 pH meter
(HORIBA). ESI-TOF MS analyses were performed on a micrOTOF-II mass spectrometer (Bruker). *H and
3C NMR spectra were recorded on an Avance 11l HD spectrometer (Bruker). Chemical shifts are reported
in ppm relative to the internal 1,4-dioxane signal (3.75 ppm in *H NMR and 67.19 ppm in *C NMR)#. The
GC/FID measurements were made with a Shimadzu GC-2014 gas chromatography system. The detection
of transiently formed species and kinetic measurements were conducted with a rapid scan stopped-flow
system (Unisoku) constructed with a Xe or halogen light source. HPLC analyses were conducted with a
Shimadzu HPLC Prominence system equipped with a YMC-Triart C18 column (150 x 10 mml.D. or 150 x
4.6 mml.D.). EPR spectra were measured using a Bruker EMX Plus spectrometer at the Instrument Center

of the Institute for Molecular Science (Okazaki, Japan).

Materials

All chemicals were purchased from Wako, TCI, Nacalai, and Sigma-Aldrich and used as received
unless otherwise noted. Manganese porphycene (MnPc) was synthesized as described in a previous
literature.” Removal of heme from native myoglobin (nMb) and preparation of reconstituted myoglobin

3

with  MnPc (rMb(Mn"'Pc)) were performed according to reported procedures.”?  Sodium

4-(a-hydroxyethyl)benzenesulfonate was prepared as described below.

Synthesis of Sodium 4-(a-hydroxyethyl)benzenesulfonate

Sodium 4-styrenesulfonate hydrate (333 mg, 1.57 mmol) was dissolved in 5 mL distilled water,
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followed by addition of 50% H;SO4q (3 mL). The solution was then refluxed for 16 h. The reaction
mixture was allowed to cool to ambient temperature and carefully neutralized with 1 M NaOH,,. To the
solution, 50 mL of methanol was added and inorganic salt was removed by suction filtration. The solution
was allowed to dryness by rotary evaporator to afford white solid. The crude product was purified with a
reverse phase HPLC (CH3;CN/H,O eluent) to give pure sodium 4-(a-hydroxyethyl)benzenesulfonate as
white powder (120 mg, 0.54 mmol, 34%). *H NMR (400 MHz, D,0) & (ppm) = 7.79 (2H, d, J = 8.4 Hz),
7.53 (2H, d, J = 8.4 Hz), 4.97 (1H, g, J = 6.4 Hz), 1.48 (3H, d, J = 6.4 Hz). *C NMR (100 MHz, D,0) &
(ppm) = 148.50, 141.23, 125.94, 125.58, 66.45, 23.48.

Evaluation of Activity of Catalytic Hydroxylation at Various pH

The reactions were carried out in 100 mM potassium phosphate buffer at various pH (from 7.0 to 9.0)
containing 8% CH3CN at 25 °C for 3 h. A buffer solution of rMb(MnPc) (20 uM) and ethylbenzene (8.0
mM) was incubated for 5 min prior to the addition of H,O, (10 mM). After the reaction, benzyl alcohol as
an internal standard and diethyl ether were added, and the reaction mixture was vigorously shaken using a
vortex mixer to extract the organic materials. The separated organic phase was concentrated by evaporation

with streaming N, gas, and the residue was analyzed with a GC/FID system equipped with a DB-1 column.

Crystallization of rMb(Mn'""Pc)

A solution of rMb(Mn'"Pc) in 10 mM potassium phosphate buffer at pH 7.0 was passed through a
HiTrap SP sepharose FF cation exchange column to remove the residual apoprotein. The purified protein
was crystallized at 25 °C using the hanging-drop vapor diffusion method with cross-seeding of
microcrystals of nMb. The crystals were obtained using a reservoir solution containing 3.0 M ammonium
sulfate and 100 mM Tris-HCI buffer at pH 8.5 and a hanging drop solution containing 1.5 M ammonium
sulfate, 5 mg/mL of the protein, 50 mM Tris-HCI buffer and 5 mM potassium phosphate buffer at pH 8.5.

Data Collection, Structure Determination and Refinement

The crystal was soaked into cryobuffer (crystallization buffer with 18% (w/v) sucrose) and
flash-cooled in liquid N,. X-ray diffraction data were collected at the beamline BL26B1, SPring-8, Japan.
The dataset was integrated and scaled with the HKL2000 program. The coordinate of Protein Data Bank
(PDB) ID 3WI8 was used as the starting model in the structure refinement. Structure was manually rebuilt
in the program COOT and refined with REFMACS. Data collection and refinement statistics are
summarized in Table S1. The final atomic coordinates and structure factor amplitudes were deposited in the

PDB with ID 5YL3.
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Table 4-2. Data Collection Statistics for rMb(Mn""'Pc)

rMb(Mn'"'Pc)
Data collection
X-ray source BL26B1
Wavelength (A) 1.0
Resolution (A) 30-1.50
Space group P2,

Cell dimensions (A, deg.)
No. of total reflections
No. of unique reflections
Completeness (%)
Rsym
1/o(1)

Refinement
Ruwork/Riree
Mean B-factor (A?)

Rmsd from ideal

Bonds (A)/angles (deg)

a=34.58 b=2871,c=6270, = 106.2
135,739

19,335

99.6 (93.8)

7.5 (52.6)

22.4 (2.3)

0.168/0.208
16.6

0.016/2.95

Table 4-3. Geometry of Cofactor and Comparison of B Factors of MnPc in rMb(Mn'"'Pc)

This Work Ref. 9
PDB ID 5YL3 3WI8
sample agquomet aquomet
space group P2, P2,
resolution (A) 1.5 2.2
pH of crystallization 8.5 7.0
distances

His93 Ne-Mn (A) 2.31 2.58

Wat O-Mn (A) 2.36 2.79

His64 Ne-Mn (A) 4.48 4.72, 8.90%
Bwnpc /Bprot 1.0 1.8

®Two alternative conformations exist.

bemt is an averaged B factor of Ca carbon of the protein main chain. Byunp. is the averaged B factor of

carbon atoms in the framework of porphycene and the metal atom.
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Alkali titration of rMb(Mn""'Pc)

To a solution of rMb(Mn'"'Pc) (2.4 uM, 3 mL in 10 mM potassium phosphate buffer at pH 7.0), 1 M
or 100 mM of KOH,, was added at 25 °C. The UV-vis spectra and pH values of the protein solution were
monitored and a pK, value of H,O coordinating to the metal center was determined by fitting the titration

curve to the modified Henderson-Hasselbach equation.?* The spectral changes and titration curve are shown

in Figure 4-6.
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Figure 4-6. (a) UV-vis spectral changes of rMb(Mn""

Pc) during alkali titration. Dashed line and solid line
are obtained at pH 7.0 and 12.9, respectively. (b) Plots of absorbances monitored at 427 nm against pH

value during the titration.

Observation of Transiently Formed High-valent Species in rMb(MnPc)

A solution containing rMb(Mn'"Pc) (8 pM) in 100 mM potassium phosphate buffer at various pH
from 7 to 9 was mixed with a solution containing m-chloroperoxybenzoic acid (mCPBA) (20 uM) in 100
mM potassium phosphate buffer at the same pH with the protein solution. Transient absorption changes

were recorded using stopped-flow rapid scanning apparatus at 10 °C.

Analysis of the Reactivity toward Oxidation Reaction of 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulf-
onic acid) (ABTS)

A solution of rMb(Mn""'Pc) (16 M) in 100 mM potassium phosphate buffer at pH 7.0 was mixed with
an mCPBA solution (24 uM) in 100 mM potassium phosphate buffer at pH 7.0 and incubated for 2 s at
10 °C. To the mixture, a solution containing 1 mM ABTS in 100 mM potassium phosphate buffer at pH 7.0
was mixed and transient absorption spectra were monitored at 10 °C. Transient absorption spectra and time

course plots are shown in Figure 4-7.
65



(a) (b)

03 - 0.3
£
c
o
g 0.2 2 02|
c -
© ©
.E [0}
? e
o @®
< 01 5 0.1
8
<
Seapm = -yt Lapy, 1
0t I 1 1 \ ”‘-"-1‘"- al, 1 1 I I
600 700 800 900 0 0.5 1 1.5 2
Wavelength / nm Time/s

Figure 4-7. (a)Transient absorption spectra of rMb(Mn"(O)Pc) after addition of 1.0 mM ABTS monitored
every 0.2 s for 2.0 s and (b) time course plots of absorption changes monitored at 740 nm. The bend of the
slope at 0.3 s supports the biphasic reaction. Conditions: [rMb(Mn'"'Pc)] = 4 uM, [mCPBA] = 6 uM and
[ABTS] = 0.5 mM in 100 mM potassium phosphate buffer at pH 7.0 and 10 °C. Aging time: 2 s.

Evaluation of Hydroxylation Reactivity of rMb(Mn"(O)Pc)

Reaction of a transiently formed rMb(Mn"(O)Pc) with substrates was evaluated using a stopped-flow
double mixing apparatus. To a solution of rMb(Mn'"'Pc) (8.6 M) in 100 mM potassium phosphate buffer
at pH 8.5, a solution of MCPBA (12.9 uM) in 100 mM potassium phosphate buffer at pH 8.5 was added and
incubated for 3 s at 25 °C. To the mixture, a solution containing various concentration of sodium
4-ethylbenzenesulfonate (25 - 100 mM) (Figure 4-8), sodium 4-toluenesulfonate (50 - 200 mM) (Figure
4-9) or sodium cyclohexanesulfonate (75 - 300 mM) (Figure 4-10) in 100 mM potassium phosphate buffer
at pH 8.5 was added and transient absorption spectra were monitored at 25 °C. Transient absorption
changes were fitted with a single exponential equation to determine apparent reaction rate constants Kqps.
The second-order rate constants, Ky, were determined with plots of kg, against the concentration of
substrates.

Hydroxylated product of sodium 4-ethylbenzenesulfonate was analyzed under a single turnover
condition. To a solution of rMb(Mn''Pc) (4.3 pM, 500 pL) containing 100 mM sodium
4-ethylbenzenesulfonate in 100 mM potassium phosphate buffer at pH 8.5, a solution of mMCPBA (6.5 uM,
500 L) in 100 mM potassium phosphate buffer at pH 8.5 was added and incubated for 3 minutes at 25 °C.
To the reaction mixture, 10 uL of 200 mM benzyl alcohol in acetonitrile was added as an internal standard.
The product, sodium 4-(a-hydroxyethyl)benzenesulfonate was quantified using a reverse-phase HPLC
(CH3CN/H,0 eluent). The HPLC traces are shown in Figure 4-11.
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Figure 4-8. (a) Schematic representation of the stopped-flow double-mixing apparatus. Time course plots
of the absorption changes of rMb(Mn"(O)Pc) after addition of (b) 25 mM, (c) 50 mM, (d) 75 mM, and (e)
100 mM of sodium 4-ethylbenzenesulfonate, monitored at 380 nm. Conditions: [rMb(Mn'"'Pc)] = 2.2 pM,
[MCPBA] = 3.2 uM and [sodium 4-ethylbenzenesulfonate] = 12.5 — 50 mM in 100 mM potassium
phosphate buffer at pH 8.5 and 25 °C. Aging time: 3 s.
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Figure 4-9. (a) Transient absorption spectra of rMb(Mn"(O)Pc) monitored every 12 s for 120 s after
addition of 200 mM sodium 4-toluenesulfonate (dashed line: Os and solid line: 120 s). Time course plots of
the absorption changes of monitored at 380 nm after addition of (b) 50 mM, (c) 100 mM, (d) 150 mM, and
(e) 200 mM of sodium 4-toluenesulfonate. Conditions: [rMb(Mn'"'Pc)] = 2.2 uM, [nCPBA] = 3.2 uM and
[sodium 4-toluenesulfonate] = 25 - 100 mM in 100 mM potassium phosphate buffer at pH 8.5 and 25 °C.
Aging time: 3 s.
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Figure 4-10. (a) Transient absorption spectra of rMb(Mn"(O)Pc) monitored every 12 s for 120 s after
addition of 300 mM sodium 4-cyclohexanesulfonate (dashed line: Os and solid line: 120 s). Time course
plots of the absorption changes of monitored at 380 nm after addition of (b) 75 mM, (c) 150 mM, (d) 225
mM, and (e) 300 mM of sodium cyclohexanesulfonate. Conditions: [rMb(Mn'"'Pc)] = 2.2 uM, [nCPBA] =
3.2 uM and [sodium cyclohexanesulfonate] = 37.5 - 150 mM in 100 mM potassium phosphate buffer at pH
8.5and 25 °C. Aging time: 3 s.
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Figure 4-11. HPLC traces for reaction mixture of rMb(Mn'"Pc) with mCPBA and sodium
4-ethylbenzenesulfonate (solid line) and for chemically-synthesized sodium
4-(a-hydroxyethyl)benzenesulfonate solution (dahed line). The analyses were performed at a flow rate of 1
mL/min of water/acetonitrile co-solvent (from 100:0 to 20:80) containing 0.1% TFA for 30 min using a
column oven at 50 °C. Reaction conditions: [rMb(Mn""'Pc)] = 2.2 uM, [NCPBA] = 3.2 uM, [substrate] =
50 mM in 100 mM potassium phosphate buffer at pH 8.5 and 25 °C. Reaction time: 3 min. Detection:

absorption at 220 nm.
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Figure 4-12. Plots of k,s determined from the absorption changes against various concentrations of sodium
4-ethylbenzenesulfonate at pH 7.0 - 9.0. (Black, solid line: pH 7.0, black, dashed line: pH 8.0, gray, solid
line: pH 8.5 and gray, dashed line: pH 9.0). Conditions: [rMb(Mn'"'Pc)] = 4.3 uM, [MCPBA] = 6.5 uM in

100 mM potassium phosphate buffer at 25 °C.
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EPR Measurements

The measurements of EPR spectra were carried out at the X-band microwave frequency (perpendicular
mode: 9.35 GHz and parallel mode: 9.65 GHz) with 100 kHz field modulation and 10 G of modulation
amplitude. During EPR measurements, the sample temperature was maintained at 5 K by an Oxford
Instruments ESR900 cryostat equipped with a turbo pump to lower vapor pressure of the liquid He. Each
protein solution (final concentration: 0.3 mM) in 0.1 M potassium phosphate buffer (pH 7.0) was placed in
a 5 mm EPR tube. The sample was quickly frozen in a cold pentane bath chilled with liquid N,. The
intermediate was prepared using a manual mixer equipped with a PEEK tube inserted into the EPR tube
and the sample was quickly frozen at 2 s after the addition of 2 equivalents of peracetic acid buffer solution

into the rMb(Mn""'Pc) solution (0.6 mM).
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Conclusion

In nature, metalloenzymes are known to achieve various sophisticated reactions regulated by the
combination of protein matrices and metal ions or complexes. Over several decades, thousands of studies
focusing on the structure-function relationships of metalloenzymes have been done, giving a lot of insights
into these mechanisms. Then, one of the next aims is the generation of modified and/or artificial
metalloenzymes to develop a new biocatalyst. Toward this end, Hayashi et al. have devoted their efforts to
increase the inherent reactivity and catalytic activities of myoglobin (Mb) by prosthetic group substitutions
and/or amino acid mutations. As a result of these studies, it is now appreciated that the replacement of
native heme prosthetic group with an appropriate metal complex enhances the enzymatic activities of
H,0,-dependent peroxidase and peroxygenase reactions. In contrast, the author has focused on the
generation of new artificial metalloenzyme capable of promoting reactions which are not seen in biological
systems by reconstitution of Mb. In this thesis, the author presents the details of reactivity and
physicochemical properties of abiological porphyrinoid prosthetic groups in a Mb matrix toward
development of artificial metalloenzymes. From these studies, it is found that the appropriate metal
porphyrinoids are capable of converting Mb, an oxygen storage protein, into a new metalloenzyme such as
cyclopropanase or hydroxylase as follows.

In chapter 2, the author described the preparation and investigation of physicochemical properties of
iron oxaporphyrin (FeOP) where one of pyrrole-nitrogens was replaced with oxygen, and Mb was
reconstituted with FeOP (rMb(FeOP)). FeOP dimethylester significantly stabilizes the ferrous species.
The ferrous species of FeOP is also stable in the Mb matrix under anaerobic condition. Under aerobic
condition, oxidized ferric species of FeOP is released from the protein matrix due to decreasing
hydrophobic interaction of FeOP with Mb matrix. Furthermore, acceleration of cyanide binding behavior
by 150-fold for the ferrous state of rMb(FeOP) was observed compared to the ferric nMb. Thus, FeOP
serves as a new type of abiological cofactor for Mb with the stabilized ferric species and rapid cyanide
binding character.

In chapter 3, the author described the catalytic activity of Mb reconstituted with iron porphycene
(rMb(FePc)) toward the carbene-transfer cyclopropanation reaction of styrene. The catalytic activity of
rMb(FePc) was significantly enhanced as compared to that of nMb. Spectroscopic investigations
demonstrate that the reaction of rMb(FePc) with ethyl diazoacetate was 615-fold faster than that of nMb,
indicating rapid formation of the active carbene species. Theoretical calculation indicates that the
stabilization of the triplet deoxy state of rMb(FePc) due to the strong ligand field of porphycene results in

the rapid formation of the active carbene species. These findings would open a way for creation of the
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highly active hemoprotein-based enzyme for cyclopropanation reaction by substitution of the prosthetic
group.

In chapter 4, the author described the investigation of crystal structure and catalytic behavior of Mb
reconstituted with manganese porphycene (rMb(MnPc)) toward hydroxylation of external substrates. It
was found that MnPc tightly binds to the Mb matrix in the crystal structure. Spectroscopic investigation
revealed that rMb(MnPc) generates a two-electron oxidative intermediate upon the reaction with peracids.
The high-valent intermediate was characterized as a Mn"-oxo species by UV-vis, NIR and EPR
spectroscopic methods. Furthermore, the Mn"-oxo species reacted with inert alkane substrates and was
identified as the active intermediate in the catalysis of C-H bond hydroxylation. It is proposed that
formation of a reactive high-valent species with a long lifetime is a key for the hydroxylation of external
substrates.

Taken together, the obtained results suggest that artificial metal porphyrinoids have a great potential to
become an appropriate prosthetic group for dramatically modifying the physiological properties and
reactivities of hemoproteins. Particularly, it is of interest to promote a stereo/regio selective non-natural
reaction catalyzed by artificial metalloenzymes with various synthetic prosthetic groups, because it could
be easy to chemically modify the structure and electronic properties. Thus, the author here concludes that
the presented strategy will serve as a new way to create a quite effective biocatalyst by a simple protein

with a suitable scaffold.
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