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Artificial Metalloproteins Exploiting Vacant
Space: Preparation, Structures, and Functions

Satoshi Abe, Takafumi Ueno, and Yoshihito Watanabe

Abstract Molecular design of artificial metalloproteins is one of the most attractive
subjects in bioinorganic chemistry. Protein vacant space has been utilized to prepare
artificial metalloproteins because it provides a unique chemical environment for
application to catalysts and to biomaterials bearing electronic, magnetic, and
medical properties. Recently, X-ray crystal structural analysis has increased in this
research area because it is a powerful tool for understanding the interactions of
metal complexes and protein scaffolds, and for providing rational design of these
composites. This chapter reviews the recent studies on the preparation methods and
X-ray crystal structural analyses of metal/protein composites, and their functions as
catalysts, metal-drugs, etc.
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1 Introduction

Construction of artificial metalloproteins has been intensively studied and applied
to catalysts and biomaterials bearing electronic, magnetic, and medical properties
[1-6]. In particular, topics on the composites of metal complexes or materials in
protein vacant space are becoming the most important subjects in the field of
bioinspired materials. In early works of this research area, Akabori et al. reported
that the artificial metalloenzyme constructed by the deposition of Pd particles on
silk protein fibers was able to catalyze asymmetric hydrogenation of oximes and
oxazolones [7]. Whiteside et al. prepared the first artificial organometalloenzyme,
which catalyzed asymmetric olefin hydrogenations using an avidin—biotin interaction
[8]. However, at that time, it was difficult to characterize and improve the catalytic
activities of the composites due to the lack of structural information and the limitations
on molecular design using computational methods.

Recently, protein mutagenesis and X-ray structural analysis of proteins have
become familiar tools for inorganic chemists in constructing artificial metallopro-
teins. Thus, the number of reports on the preparation and crystal structures of metal
complex/protein hybrids have been increasing since 2000 [1, 3, 5, 6, 9-20]. Proteins
and metal complexes utilized intensively for artificial metalloproteins are listed in
Table 1. In these studies, the main subject is conjugation of metal complex catalysts
with protein scaffolds for catalytic reactions [1, 3, 5]. On the other hand, some
researchers have utilized nanoscaled protein cages for deposition of metal nanopar-
ticles and encapsulation of functional nanomaterials [4, 5]. For the last few years,
the direction of this research has been shifting toward biomineralization, design of
metal-drugs, and fine-tuning of artificial enzymes.

In this chapter, the key topics of artificial metalloproteins utilizing protein vacant
space are reviewed, outlining recent studies since 2000. Section 3 shows the approaches
for construction of the metal complex/protein composites and their crystal structures
and, further, describes the interactions between metal-drugs and proteins. Section 4
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Table 1 Summary of proteins and metal complexes for the preparation of artificial metallopro-
teins and their functions

Protein Metal complexes Function References
Myoglobin Heme derivatives Catalyst/O, storage/ [13, 21, 22]
electron transfer

Cr and Mn Schiff base complexes Catalyst [17, 23, 24]
Avidin Biotinated Rh and Ru complexes Catalyst [8, 25, 26]
Albumin Heme, Cu, and Rh complexes Catalyst/O, storage [27-30]
Lysozyme Ru and Cu complexes Metal drug [14, 31]
Kinase Ru complex Inhibitor [12]
Ferritin Pd, Ag, CdS, Fe,O,, ZnSe Catalyst/material [32-37]

clusters and Gd complex

Virus Au, CoPt, and FePt clusters Material [38-41]

provides the coordination structures of metal multinuclear clusters binding on protein
scaffolds. Section 5 shows the direct observation of reaction intermediates in the
active sites of some oxygenases. Section 6 describes how the self-assembled nano-
protein cages are utilized for deposition of metal nanoclusters and metal complexes
for their application to catalysts, and to magnetic and medical materials.

2 Protein Structures Utilized for Artificial Metalloproteins

For the construction of artificial metalloproteins, protein scaffolds should be stable,
both over a wide range of pH and organic solvents, and at high temperature. In addi-
tion, crystal structures of protein scaffolds are crucial for their rational design. The
proteins reported so far for the conjugation of metal complexes are listed in Fig. 1.
Lysozyme (Ly) is a small enzyme that catalyzes hydrolysis of polysaccharides and
is well known as a protein easily crystallized (Fig. 1a). Thus, lysozyme has been
used as a model protein for studying interactions between metal compounds and
proteins [13, 14, 42, 43]. For example, [Ru(p-cymene)]*, [Mn(CO),J*, and cisplatin
are regiospecifically coordinated to the N* atom of His15 in hen egg white lysozyme
[14, 42, 43]. Serum albumin (SA) is one of the most abundant blood proteins, and
exhibits an ability to accommodate a variety of hydrophobic compounds such as
fatty acids, bilirubin, and hemin (Fig. 1b). Thus, SA has been used to bind several
metal complexes such as Rh(acac)(CO),, Fe- and Mn-corroles, and Cu-phthalocyanine
and the composites applied to asymmetric catalytic reactions [20, 28-30].

Avidin is a glycoprotein and consists of four identical subunits. Avidin shows
a very strong affinity to biotin with a K of approximately 10" M~" (Fig. 1c).
The affinity of avidin for biotin can be utilized to introduce metal complexes in-
to the avidin cavity by a covalent bond with biotin. In fact, hybrids of avidin
and biotin conjugated with Rh diphosphine and Ru diamine moieties have been
shown to allow asymmetric hydrogenations of olefin and ketone substrates [8, 25, 26].
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Fig. 1 Ribbon diagrams of protein architectures: a lysozyme, b serum albumin, ¢ avidin, d
myoglobin, and e ferritin taken from PDB ID: 2VBI1, 1BJ5, 1AVD, 4MBN, and 1DAT, respectively

Myoglobin (Mb) is a small hemoprotein that functions as an oxygen storage, and
has been used as a model for many heme enzymes by modifying the heme prosthetic
group and/or replacing some amino acids near the heme (Fig. 1d) [44-46]. Thus,
Mb is a good candidate for a host protein scaffold to incorporate synthetic metal
complexes such as M"(Schiff base) (M = Fe, Cr, and Mn) and iron porphycene
[22-24]. Ly, SA, avidin, and Mb have been used to fix a single metal complex in
their cavities. On the other hand, self-assembled protein cages are capable of accom-
modating many metallic compounds and inorganic materials [4, 5, 47, 48].

Ferritin (Fr) is a spherical protein composed of 24 subunits with a cavity where
iron atoms are accumulated as a cluster of ferric oxyhydroxide (Fig. le) [49]. Some
metal ions and organic molecules are able to penetrate through the hydrophilic
channels of the threefold axis to the inside of Fr, which has an internal diameter of
8 nm [50]. Fr is stable both at high temperature (<80°C) and in a pH range of 3—11.
Fr has been used for the deposition of monodisperse metal particles such as FeS,
CdS, CdSe, Pd, and Ag in the cage [35, 37, 40, 48, 51-55]. Thus, it is possible to
use the Fr cage to incorporate and fix many metal complexes [32, 56, 57]. Self-
assembled supermolecular proteins have different size of cages, such as cowpea
chlorotic mottle virus (CCMV) with 28 nm diameter cages, small heat shock protein
(sHsp) with 12 nm, and DNA binding protein (Dps) with 9 nm. Huge supermolecular
assemblies such as tobacco mosaic virus, M-13 bacteriophage, and chaperonins
have also been utilized as well-defined spaces for the encapsulation of metal compounds
and organic materials [4, 33, 47, 58-65].
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3 Functions and Structures of Metal Complexes
in Protein Cavities

3.1 Preparation of Artificial Metalloproteins

There have been many reports that described protein composites containing metal
complexes [1-3, 5, 6]. Three different approaches for the incorporation of synthetic
metal complexes into protein cavities have been reported: (i) modification of natu-
ral substrates, (ii) covalent anchoring, and (iii) non-covalent insertion. For example,
Whiteside et al. constructed artificial metalloenzymes by the conjugation of a Rh
diphosphine complex with biotin, which strongly binds to avidin [8]. Ward et al.
have improved this method to increase the reaction activities [25]. They optimized
the reaction conditions by screening the structures of metal complexes and protein
environments. Finally, optimized composites catalyzed asymmetric hydrogenation
with up to 97% ee (Fig. 2a) [2, 3, 26].

Covalent anchoring is an attractive approach for conjugation of metal complexes
directly to specific sites of protein scaffolds. Several metal complexes such as Cu,
Pd, and Rh complexes have been incorporated into protein cavities by covalent
anchoring of the thiol group of Cys or the amine group of Lys with metal complexes
[66—-68]. On the other hand, Lu et al. have succeeded in dual covalent attachment
of a Mn(salen) complex bearing two thiosulfonate moieties to apo-myoglobin (apo-Mb)
mutant L72C/Y 103C Mb to restrict the conformational freedom of the metal complex
in the cavity [23]. The dual covalent attachment also improved the enantioselectivity
of thioanisole sulfoxidation up to 51% ee while a single attachment exhibited only
12% ee (Fig. 2b) [23].

Non-covalent insertion of several modified metal cofactors and synthetic metal
complexes into protein cavities such as serum albumin (SA) and Mb has been
reported [5, 24, 28, 30, 69]. If synthetic metal complexes, whose structures are very
different from native cofactors, can be introduced into protein cages, the bioconjuga-
tion of metal complexes will be applicable to many proteins and metal complexes.
Mn(corrole) and Cu(phthalocyanine) are inserted into SA by non-covalent interac-
tions and the composites catalyze asymmetric sulfoxidation and Diels-Alder reac-
tions with up to 74 and 98% ee, respectively (Fig. 2c) [28, 30]. Since the heme is
coordinated to Tyr161 in the albumin cavity, determined by X-ray crystal structure
[20], it is expected that both Mn(corrole) and Cu(phtalocyanine) are also bound to
albumin with the same coordination. The incorporation of synthetic metal com-
plexes in protein cavities using these methods is a powerful approach for asymmetric
catalytic reactions. However, there are still some difficulties in further design of the
composites for improving reactivities and understanding reaction mechanisms
because detailed structural analyses are not available for most of the composites.

Successful structural analyses of artificial metalloproteins have been reported [5,
6, 17, 22]. Hayashi et al. have determined the crystal structure of a reconstituted
apo-Mb with the iron porphycene derivative 13,16-dicarboxyethyl-2,7-diethyl-
3,6,12,17-tetramethylporphycenato-Fe™ (iron porphycene) [22]. The structure shows
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Fig. 3 Crystal structures of active site of artificial metalloproteins: a Fe(Porphycene) *apo-Mb,
and b Cr(Schiffbase)*apo-A71G Mb taken from PDB ID: 2D6C, and 1V9Q), respectively

that the iron porphycene is located in the apo-Mb cavity by coordinating to N¢ of
His93 and an external imidazole ligand. The specific interactions such as hydrogen
bonding with Lys96 and His97 are also observed (Fig. 3a). The composite showed
higher peroxidase and peroxygenase activities than native Mb due to stronger coor-
dination of iron porphycene to His93 than that of heme.

Crystal structures of a series of metal Schiff base complexes in the apo-Mb cavity
have been determined by Watanabe et al. [16, 17]. The crystal structures of apo-Mb
reconstituted with M™(3,3’-salophen) (salophen = N,N’-bis(salicylidene)-1,2-
phenylenediamine, M = Cr, Mn, Fe) complexes show that the metal salophen com-
plexes are tightly ligated to the N® atom of His93 in the apo-Mb cavity with the same
coordination geometry as that of heme, i.e., planar four coordinate ligands and the use
of proximal histidine as an axial ligand (Figs. 3b and Fig. 4) [16, 17]. The metal salo-
phen complexes fixed in the apo-Mb cavity are further stabilized by several n—r and
CH-m interactions with surrounding amino acid residues (Fig. 3b). Ueno et al. also
succeeded in controlling the enantioselectivity of sulfoxidation by design of metal
complexes based on the crystal structures [17, 69]. They have extended this method to
other metal complexes with different coordination geometries from heme and salo-
phen complexes.

The group reported two novel coordination structures of Cu(Sal-X) (Sal-X = N-
salicylideneaminoacidato) and organometallic rhodium 2,6-bis(2-oxazolinyl)-phenyl
(Rh+Phebox) complexes, whose structures are completely different from heme, in the
Mb cavity (Fig. 4). The crystal structure of Cu'(Sal-Phe)+apo-Mb shows that the Cu"
complexes are coordinated to the nitrogen of His64 with a square-planar coordination
geometry with the assistance of CH—m and m—r interactions between a benzene ring
in the salicylidene moiety of the ligand and the surrounding hydrophobic amino acid
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Fig. 5 Crystal structures of active site of artificial metalloproteins: a Cu(Sal-Phe)*apo-Mb, and
b RhePhebox *apo-A71G Mb taken from PDB ID: 2EBS8, and 2EF2, respectively

residues (Fig. 5a). The crystal structure of Rh™«Phebox <apo-A71G Mb reveals that
the Rh+Phebox complex is fixed in the apo-Mb cavity with an unprecedented arrangement
that is almost perpendicular to the heme (Fig. 5b). These results suggest that apo-Mb
is capable of accommodating various metal complexes having different coordination
structures and functions from the native metal cofactors.
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3.2 Interaction of Metal-Drugs with Proteins

There is increasing importance of metal-based drugs in the field of medicinal chemis-
try. Structural study of metal-drug/protein interactions is of upmost importance for
understanding the molecular fragments interacting with proteins, their locations, and
their binding affinities. There have been an increasing number of reports describing the
X-ray crystal structures of metal-drug/protein composites in recent years [11-13, 42].
For example, the interactions of cisplatin, known as an anticancer drug, with proteins
such as copper—zinc superoxide dismutase (SOD) and lysozyme have been reported
[11,42]. The crystal structure of SOD interacting with cisplatin shows that the Pt atom
is selectively bound to N¢ of His19. Two chloride atoms also ligate to the Pt atom with
a distorted square-planar geometry (Fig. 6a) [11]. The crystal structure of cisplatin and
lysozyme adducts reveals selective platination of N® of His15 [42], which is also found
to ligate to the organometallic complexes Ru(p-cymene) and Mn(CO), (Fig. 6b) [14,
43]. Meggers et al. have designed an organometallic RuCp(CO) complex as a protein

Fig. 6 Crystal structures of metal-drug/protein composites. a cisplatin/SOD, b cisplatin/lysozyme,
and ¢ Ru complex/Pim-1 taken from PDB ID: 2AEO, 216Z, and 2BZI, respectively
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kinase inhibitor on the basis of the structure of staurosporine, a well-known organic
inhibitor of protein kinases. The RuCp(CO) complex exhibits more than two orders of
magnitude higher activity than that of staurosporine for Pim-1 (Human serine/threo-
nine protein kinase), which is one of the protein kinases. The crystal structure of the
RuCp(CO) complex and Pim-1 adduct shows the binding mode of the Ru complex to
be completely identical to that of staurosporine (Fig. 6¢) [12].

4 Direct Observation of Metal Accumulation
on Protein Surfaces

To understand the molecular mechanism of biomineralization, it is very important
to study the initial metal binding process as well as the process of metal cluster
formation. However, little is known so far on the interactions between amino acids
and metal clusters. Ferritin and other ferritin-like spherical proteins are known to
catalyze biomineralization in the protein cages [4, 49]. For example, Fe™ ions incor-
porated in these protein cages are oxidized to Fe™ at the ferroxidase center and
deposited in the protein large cavities as iron oxides [49].

Zeth et al. have reported biomineralization processes by crystallographic analy-
sis of Dps-like (Dps, DNA-protecting protein during starvation) ferritin proteins
containing various amounts of Fe™ ions [65]. Fe™ ions penetrate channels composed
of acidic amino acid residues (Glul3, Glul5, Asp18, Glul67, Glul71, and Asp173),
which are expected to act as an electrostatic guide for incorporating Fe'', and travel
to three translocation sites within the DpsA pore (Fig. 7a). Fe™" is oxidized to Fe™
at the ferroxidase center and iron oxide clusters are formed at two nucleation sites.
Five iron atoms are accommodated at one of the nucleation sites and [4Fe-30]
clusters are created using glutamic acid (Fig. 7b).

Sadler et al. have shown multinuclear Hf and Zr clusters formed in a ferric-ion-
binding protein, Fbp [10, 19]. The crystal structure of Fbp containing Hf atoms shows
that three types of Hf clusters are formed by utilizing a di-tyrosyl cluster nucleation
motif (Tyr195-Tyr196) in an interdomain cleft. Two types of trinuclear clusters and
one pentanuclear oxo-Hf cluster are generated at this site (Fig. 7c, Fig. 7d) [10]. These
results show that a Tyr—Tyr motif is very important for the metal mineralization.

Miiller and Ermler et al. have observed various types of polynuclear tungsten
oxide clusters in the cavity of a Mo/W-storage (Mo/WSto) protein [70], i.e., five types
of polyoxotungstates such as W,, W, W_, W ,and, W__ are formed in the pockets
of Mo/WSto protein. The W, cluster shown in Fig. 7e consists of ten O atoms and N
atoms of three His139 in different subunits, described as W,O, H,N..

Although we are able to observe coordination structures in metal accumulation proc-
esses on the protein surfaces, it is still difficult to design the coordination structures and
functions of artificial metal clusters formed in protein scaffolds. If we are able to over-
come the problems, we could construct metal clusters having desired coordination
structures and functions. Furthermore, it may help us in understanding the formation
processes of metal clusters prepared in natural proteins such as FeMoco, Fe-S clusters,
and Mn clusters in nitrogenase, ferredoxins, and photosystem II [71-73].
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Fig.7 Crystal structures of proteins that interact with metal minerals. a iron-oxide clusters on the
interior surface of DpsA, b close up view of the nucleation center II, ¢ tri Hf-oxo cluster, and d
penta Hf-oxo cluster at the di-tyrosyl nucleation motif of ferric-ion-binding protein, Fbp. e W,
cluster at an intersection of subunits in Mo/WSto protein
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5 Direct Observation of Enzymatic Reaction Processes

Direct observation of enzymatic reaction processes by X-ray crystallographic
analysis is very important because the resulting structures are direct evidence for
the intermediates of the reactions. There are a series of independent studies showing
intermediates of enzymatic reactions of some oxygenases elucidated by X-ray crys-
tallographic analyses [74—78]. For instance, the intermediate structures in hydroxy-
lation of d-camphor by cytochrome P450cam show the ferrous dioxygen adduct
and oxyferryl species [77]. The crystal structures of naphthalene dioxygenase
(NDO) show that a molecular oxygen is bound to the mononuclear iron atom in a
side-on fashion in the active site (Fig. 8a) [74]. The structure containing a substrate
(indole) and molecular oxygen in the NDO active site shows that the dioxygen
molecule bound to the iron atom is at an appropriate position to attack the double
bond of the substrate. The structure clearly shows how the enzyme oxidizes the
substrate with high stereospecificity (Fig. 8b). The crystal structures of Fe** con-
taining 2,3-homoprotocatechuate dioxygenase show three intermediate states in the
O, activation and oxygen insertion reaction by the dioxygenase [76]. Figure 8c
shows the dioxygen molecule bound to iron in a side-on fashion at the active site,
having the substrate near to the oxygen. The dioxygen bound to the iron then
attacks the substrate to afford an iron-peroxide-substrate intermediate (Fig. 8d) fol-
lowed by formation of an aromatic ring-opened product (Fig. 8e). These crystal
structures provide the actual reaction mechanisms, including the origin of high
selectivity. By considering these structures, we could design artificial metalloen-
zymes having high activities.

6 Introduction of Functional Metal Materials
in Protein Nanocages

Self-assembled protein cages have been utilized for the introduction of functional
materials on interior or exterior surfaces of spherical proteins since they are ther-
mally stable and it is easy for us to chemically and genetically modify the protein
interior and exterior surfaces [4, 69]. For example, Fr, a small heat shock protein
(sHsp), and cowpea chlorotic mottle virus (CCMV) are available for the deposition
and modification of inorganic metal particles and organic materials [4, 35, 37, 39,
40, 47, 48, 51-55, 58, 64]. sHsp consists of 24 subunits and affords an interior cav-
ity of 6.5 nm in diameter. sHsp has large pores (3 nm) at the intersections of subu-
nits, which permit easy access into the cavity [40, 64]. CCMV is an RNA-containing
plant virus composed of 180 coat protein subunits and provides an outer diameter
of 28 nm and an interior cavity of 18-24 nm. CCMV exhibits an ability both to
encapsulate organic polymers and metalloenzymes and to regulate metal incorpora-
tion in the cavity by controlling the pH-dependent gating behavior of its pores or
dissociation of the viral assembly [47, 58]. Tobacco mosaic virus (TMV) [59, 63],
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His200 s Asn157

Fig. 8 Active site structures of O, adducts of NDO and HPCD. The O, adducts of NDO in the
absence (a) and in the presence (b) of indole. The O, and 4-NC bound structures of HPCD are
shown before the oxygen insertion (c), the C-O-O-Fe formation (d), and the product formation
(e). These structures are taken from PDB ID: a 107M, b 107N, c—e 2IGA. Red dashed lines show
hydrogen-bonds. Black lines indicate bonds or potential bonds to iron
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chaperonins composed of two stacked supermolecular protein cages [33, 61], and
the gene product 27—gene product 5 component from bacteriophage T4 [79, 80]
have also been utilized as biological templates for preparation, deposition, and
encapsulation of metal nanoparticles in their vacant spaces.

6.1 Preparation of Metal Particles in Protein Cages

Naik et al. and Douglas et al. have prepared Ag and CoPt clusters having a precise crystal
phase in the Fr and sHsp cages, respectively, by the introduction of metal binding pep-
tides identified from phage-display screening on protein interior surfaces [35, 40]. The
AGH4 peptide introduced in the ferritin interior acts as a binding site of silver ions and
helps to reduce them to Ag’ nanoparticles whose size and crystal phase are highly
restricted (Fig. 9a) [35]. A CoPt bimetallic particle was also prepared by the reduction of
Co and Pt ions incorporated in the sHsp interior cavity having the CoPt binding peptide.
The peptide provided the growth of a tetragonal L.10 phase of a CoPt particle in the Hsp
cage (Fig. 9b). The particle shows a ferromagnetic property at room temperature [40].

6.2 Application to Biomedicines

Protein nanocages are utilized not only for the deposition of metal nanoparticles,
but also for the entrapment of chemotherapeutic agents. For example, Gd-HPDO3A
(gadlinium-[10-(2-hydroxypropyl)-1,4,7,10-tetraazacyclododecane- 1,4,7-triacetic
acid]), which is known to be a magnetic resonance imaging (MRI) contrast agent,
is entrapped in the apo-ferritin (apo-Fr) cage by an acid-dissociation method
(Fig. 10) [32]. The Gd complexes entrapped in the apo-Fr cage exhibit high relaxiv-
ity of water protons, thus, the complex is a potent candidate for its use in MRI.

a Ag Binding Peptide (NPSSLFRYLPSD) b CoPt Binding Peptide (KTHEIHSPLLHK)

Ferritin Subunit Hsp Subunit
NH, [ Il COOH NH,, Il ] COOH

Fig. 9 Representative structures of a Ag particle in L-ferritin captured by the Ag binding peptide,
and b CoPt particle in Hsp on the CoPt binding peptide
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Fig. 11 Schematic representation of a preparation of cell targeted ferritin with the binding RGD-4C

peptide on the exterior surface of apo-Fr including Fe,O,, b preparation of a Pd nanoparticle in apo-Fr

and olefin hydrogenation, ¢ hydrogen production reaction using Pt’sapo-Hsp, and d encapsulation of
horseradish peroxidase (HRP) in the cavity of CCMV and an enzymatic reaction

Douglas et al. have reported the introduction of multifunctional molecules to
apo-Fr. They introduced a cell-specific targeting peptide, RGD-4C on the exterior
surface of apo-Fr, where the peptide is capable of binding particular tumor proteins
[81]. Indeed, the transmission electron microscopic images of RGD-4C Fr containing
a magnetite nanoparticle of Fe,O, show that electron-dense particles corresponding
to Fe,O, were observed on the surface of the C32 melanoma cells (Fig. 11a). These
results show how nanoscale protein containers serve to accommodate a variety of
functional metal complexes and metal clusters.
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6.3 Application to Catalysts

Protein nanocages can be used as a catalytic reaction space of metal particles [54,
64]. For example, Ueno et al. have succeeded in the preparation of monodispersed
Pd nanoparticles and the size-selective olefin hydrogenation catalyzed by the com-
posite (Fig. 11b) [54]. Olefin substrates must penetrate the threefold channels of
apo-Fr to react with the Pd particle, thus, larger substrates are less reactive than
smaller substrates.

Varpness et al. prepared a biomimetic material, aiming for artificial hydroge-
nase, by employing small heat shock protein (sHsp) including Pt particles [64]. The
composite catalyzes hydrogen production in the presence of EDTA, Ru(2,2 -
bioyridine),*, methyl viologen as a reductant, photocatalyst, and electron-transfer
mediator, respectively (Fig. 11c). The system in the protein cage architecture can
provide a new concept for hydrogen production [64].

Engelkamp et al. have reported the incorporation of horseradish peroxidase in
the interior cage of CCMV by using its disassembly/assembly property to elucidate
a single molecule study of enzyme behaviors (Fig. 11d). They showed that CCMV
permits easy access of substrates and products through the pores of CCMV and that
this permeability can be controlled by pH [58]. These results show that protein
nanocages are very useful templates for the entrapment of functional materials and
provide chemical reaction space.

7 Summary

The recent examples described in this chapter demonstrate that the construction
of artificial metalloproteins is an active field in bioinorganic chemistry. We are
able to use small protein cavities as well as large protein cages such as ferritin
and virus molecules as molecular templates for incorporating synthetic metal
complexes and materials into the scaffolds. The metal complex/protein compos-
ites are able to function as asymmetric catalysts, electron transfer materials, and
magnetic and electronic materials. It is possible to modify the functions of the
composites by changing the metal complexes and/or protein cavities. This
progress has been achieved by cooperation of molecular and structural biology
and inorganic chemistry. In particular, X-ray crystal structure analyses of the
composites provide coordination structures and non-covalent interactions between
metal complexes and protein scaffolds. Structural information is very important
for improving catalytic activities, to understand their reaction mechanisms, and
to design novel metal-drugs and metal inhibitors. Furthermore, dynamic proc-
esses of mineralization and catalytic reactions on the metal binding sites through
structural studies of intermediates have just started. We believe that these results
will provide intriguing implications for their application in catalysts, sensors,
electronics devices, and so on.
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