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bstract

Design of artificial metalloproteins is one of the most important subjects in the field of bioinorganic chemistry. In order to prepare them, vacant

pace of proteins has been utilized because it gives us unique chemical environment to construct catalysts and materials. This article reviews on
reparation methods and properties of metal/protein composites. The discussion includes our recent results and development in the screening of
omposites, crystal structures, molecular design of bio-inspired systems concerning catalysts, electrochemistry, and materials.

2007 Elsevier B.V. All rights reserved.

me; H

i
a
a
t

eywords: Myoglobin; Ferritin; Nanoparticle; Biomineralization; Metalloenzy

. Introduction

Coordination chemistry in protein scaffolds is an attractive
arget to understand various reaction mechanisms of native
etalloproteins and to apply them to catalytic reactions and
iotechnology [1,2]. Especially, the conjugation of metal com-
lexes and/or materials with proteins is growing into an

∗ Corresponding author. Tel.: +81 52 789 3049; fax: +81 52 789 2953.
E-mail address: taka@mbox.chem.nagoya-u.ac.jp (Y. Watanabe).
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mportant topic. The design of protein-based composites will
llow us to prepare metalloproteins bearing useful functions
nd properties. Surprisingly, Akabori et al. had already reported
hat Pd nanoparticles deposited on silk protein fiber catalyzed
eterogeneously asymmetric hydrogenation of oximes and oxa-
olones [3]. More importantly, this pioneer work was done
efore the discovery of the first example of asymmetric catalysts

sing chiral transition-metal complexes reported by Noyori and
o-workers [4]. Wilson and Whitesides reported the first arti-
cial organometalloenzyme which catalyzes asymmetric olefin
ydrogenation as a homogeneous catalyst [5]. However, at that

mailto:taka@mbox.chem.nagoya-u.ac.jp
dx.doi.org/10.1016/j.ccr.2007.04.007
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Fig. 1. Current strategy to design artificial

ime, it was too difficult to characterize and optimize its catalytic
eactivity due to limitation of structural analyses and computa-
ional design of these protein composites.

Recently, rational design of metal/protein composites has
ttracted us because of the application of those composites
o nanoscience including biotechnology, electronics, sensing,
tc. by overcoming the problems mentioned above. In addition,
norganic chemists are coming to be familiar with biochemical
xperimental techniques such as protein mutagenesis and protein
rystal structure analysis. In fact, a number of reports concern-
ng X-ray crystal structures of metal/protein composites have
reatly been increasing since 2000 [6–23]. Several researchers
ave also reported high-throughput screening of hybrid proteins
y electrospray ionization time of flight mass (ESI-TOF MS)
ompetition [24], computational design [25], directed evolution,

tc. [26,27]. Therefore, if new strategy was developed to cre-
te useful metal/protein composites by combining the screening
ethods and protein crystal structure analysis as shown in Fig. 1,
e will be able to obtain desired artificial metalloproteins.

a
t
u
c

able 1
roteins and metal complexes for the constructions of artificial metalloproteins and th

rotein Metal compound

yoglobin Heme derivatives
Cr and Mn Schiff base complexes

vidin Biotinated Rh and Ru complexes
lbumin Heme, Cu, and Rh complexes
ysozyme Ru and Cu complexes
inase Ru complex
erritin Pd, Ag, CdS, Fe3O4, ZnSe clusters and Gd complex

irus Au, CoPt, and FePt clusters
Ferrocene derivative
lloproteins utilizing protein vacant space.

The proteins and metal complexes studied since 2000 are
isted in Table 1. The chemical modification of metalloproteins
nd hybridization of metal complexes with proteins for catalytic
eactions have been main subjects as summarized in several
eviews [28–32]. However, the direction of the research has been
hifting to materials science aimed for biomineralization, design
f metal drugs, and fine-tuning of artificial enzymes for the last
everal years. This suggests that the field classified as a cate-
ory of bioinorganic chemistry is growing from basic science to
pplication technology. In this review, the authors focus on the
ecent studies since 2002 as well as our progress.

. Preparation of artificial metalloproteins

There are three distinct approaches for the construction of

rtificial metal complex/protein composites: (i) covalent inser-
ion of unnatural metal cofactors, (ii) non-covalent insertion of
nnatural metal cofactors, and (iii) accommodation of metal
ations or materials in proteins. These strategies have been

eir functions

Function References

Catalyst/O2 storage/electron transfer [33–38]
Catalyst [15,24,39–41]

Catalyst [5,26,29,42–44]
Catalyst/O2 storage [45–49]
Metal drug [6,9,50–52]
Inhibitor [18,53]
Catalyst, material [54–59]

Material [60–65]
Material [66]
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nown very well in biosynthesis of native metalloproteins, such
s cytochrome c (cyt c), myoglobin (Mb), and ferritin (Fr),
espectively. For example, the heme cofactor of cyt c is cross-
inked to the protein scaffold with covalent bonding between cys
esidues and vinyl groups of heme [67]. On the other hand, the
eme of Mb, which functions as an oxygen carrier, is fixed in
he active site by non-covalent interactions [67]. Furthermore,
ron(II) cations which are introduced in Fr are oxidized and con-
erted to FeIII

2O3 mineral [68]. Thus, we have learned how to
onstruct the artificial composites from the biosyntheses.

.1. Vacant spaces in various proteins for unnatural metal
ofactors

It is very important to select proteins for the construction of
rtificial metalloproteins. In order to employ protein scaffolds as
olecular templates, we should consider their stability to wide

ange of pH, high temperature, organic solvents and availability
f crystal structures for the rational design. Proteins suitable for
he accommodation of metal complexes or materials are shown
n Fig. 2. Serum albumin (SA) is the most abundant protein in a
irculatory system [69–71]. Its function is the transportation of

ydrophobic molecules such as fatty acids, bilirubin, and steroid.
he crystal structure of human SA indicates that it is capable of
toring five substrates using several hydrophobic cavities at a
ime [13] (Fig. 2a). Thus, there are many reports attempting the

p
fi
o
i

ig. 2. Various protein scaffolds for construct of artificial metalloproteins. The crystal
nd (e) CPMV. They are taken from PDB IDs of 1BJ5, 4MBN, 1AVD, 1DAT, and 1N
Reviews 251 (2007) 2717–2731 2719

se of SA to make the hybrid proteins by the conjugation of SA
nd several metal complexes [45–49]. Mb is known very well
s a molecular scaffold that can include a metal complex or a
odified heme instead of native heme in the active site (Fig. 2b)

36,37]. The affinity of heme with apo-Mb results from (i) the
oordination of the proximal His93 ligand to the heme iron and
ii) hydrogen bond and hydrophobic interactions between the
rotein and heme [72]. Another method to introduce metal com-
lexes into protein environment is “avidin–biotin technique”
nown for bio-applications (Fig. 2c) [73]. Avidin, which is com-
osed of four identical subunits, is a very strong biotin binding
rotein having a large affinity constant of ca. 1015 M−1. Many
iotin derivatives tightly fixed in the avidin-binding site have
een reported [26,29,42,43,73]. Fr is known as an iron storage
rotein in many biological systems [68,74]. Fr is a large protein
age formed by self-assembly of 24 subunits having a molecular
eight more than 440 kDa (Fig. 2d). Thousands of iron atoms

an be accommodated in a hollow cage-like structure of 8 nm in
iameter. The assembly is stable in a wide range of pH from 2
o 11 and at high temperature (<80 ◦C). It is possible to intro-
uce many metal cations and metal complexes into the cage at
nce [54–58,61,74–78]. Cowpea mosaic virus (CPMV) has a

article structure showing unique characters for surface modi-
cation with metal materials [60,66,79–81]. Approximately 1 g
f virus is easily and routinely obtained from a kilogram of
nfected leaves of the black-eye pea plant [82]. The virus con-

structures are drawn with ribbon models of (a) HSA, (b) Mb, (c) avidin, (d) Fr,
Y7, respectively. Cofactors and substrates are shown as space filling models.
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ig. 3. Various covalent strategies for introduction of metal complexes into p
nhydride derivative (c), and methane thiosulfonate derivatives (d and e).

ists of 60 copies of two different types of protein subunits as
0 nm-diameter icosahedra (Fig. 2e). The particle is remarkably
table; it maintains its integrity at 60 ◦C (pH 7) for at least 1 h
nd in pH range from 3.5 to 9 at room temperature. Cowpea
hlorotic mottle virus (CCMV) is composed of 180 identical
oat protein subunits arranged on an icosahedral lattice hav-
ng an inner cavity of 18 nm in diameter [83]. Access of small
olecules into the cage is regulated by reversible pH-dependent

welling which results in a 10% increase in virus dimension
83]. Huge supramolecular assemblies such as tobacco mosaic
irus [84–87], M-13 bacteriophage [63,88,89] S-layer protein
90], and chaperonins [91,92] have also been reported to give
acant space for the deposition of metal materials.

.2. Covalent insertion of unnatural metal cofactors

Covalent cross-linkage is an attractive approach to conjugate

etal complexes to specific sites of protein scaffolds directly

31]. Davies and Distefano have reported modification of a
ysteine residue of an adipocyte lipid binding protein (ALBP)
ith a 1,10-phenanthroline derivative in their pioneer work

s

p
[

n scaffolds by haloacetyl derivatives (a and b), a bis-imidazoyl aspartic acid

Fig. 3a) [93]. The modified protein can specifically capture
Cu(II) cation. Similar strategy was also applied for the intro-
uction of an organometal complex into a protein scaffold of
apain (Fig. 3b) [94]. Phosphorus donor ligands are essential
o prepare many organometal complexes that catalyze many
eactions. A bromoacetoamido derivative of a phosphorus lig-
nd was attached to Cys25 located at the hydrophobic active
ite of papain. After the reaction of the modified papain and
Rh(cyclooctadiene) complex, the conjugate formation was

onfirmed by ESI MS [94].
Janda and co-workers have applied a covalent method to the

onstruction of novel metallo-antibodies containing synthetic
ofactors (Fig. 3c) [95]. They selected antibody 38C2 having
highly nucleophilic low-pKa lysine residue in a hydrophobic
ocket [95–97]. The lysine residue could selectively react with a
is-imidazoyl aspartic acid anhydride derivative. The resulting
ybrid antibody captured one Cu ion at the synthetic binding

ite.

Lu et al. have reported the use of active sites of metallo-
roteins for cross-linking of metal complexes (Fig. 3d and e)
41,98]. Blue copper azurin (Az), which is an electron transfer
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Fig. 4. Covalent conjugations of gold nan

rotein, holds a copper atom at the active site by coordination
f two histidines, one methionine, and one cysteine. The cys
esidue was utilized to load a ferrocene (Fc) derivative by the
eaction of a cysteinyl thiol and a thiosulfonate derivative [98].
hey have also developed a unique method to anchor a metal
omplex tightly in a metalloprotein scaffold [41]. For this pur-
ose, Lue72 in the Mb active site was replaced with a cysteine
esidue by site-directed mutagenesis. Furthermore, they intro-
uced one additional cysteine residue into the position 103 to
onjugate with dual anchoring of a MnIII(Schiff base) complex
aving two thiosulfonate moieties. They intended precise control
f the placement of the metal complex with specific orientation
nd limited rotational freedom.

The CPMV virus cage also shows unique properties for cova-
ent conjugations (Fig. 4). Finn et al. have displayed 60 gold
anoparticles on the icosahedral cage surface by the modifica-
ion of cysteine residues with nanogold tethering to a maleimide
roup (Fig. 4a) [79]. Although there is no cysteine residue on the
urface, a cysteine containing fragment (Gly-Gly-Cys-Gly-Gly)
as inserted between the positions 98 and 99, which are located
n the exterior surface of the large subunit. Thus, 60 cysteinyl
hiols are exposed on the surface of CPMV and readily modified
y various reagents. In addition, lysine residues located on the
urface of CPMV can be used as platforms of the covalent cross-
inking of metal complexes and materials [66,99]. Wild type
PMV has five lysine residues on the solvent exposed exterior of
ach of 60 asymmetric units. These lysine residues were treated
ith Fc N-hydroxysuccinimidyl esters and the attachment of

40 Fc moieties was confirmed (Fig. 4b) [66]. Moreover, two
ost reactive lysine residues were created as attachment sites

y replacing all other lysine residues [99]. The mutants show
he selective conjugation with gold nanoparticles.

l
c
h
w

ter (a) and Fc (b) on the CPMV surface.

.3. Non-covalent insertion of unnatural metal cofactors

There are a series of papers on the non-covalent insertion of
etal cofactors using (i) metal complex anchored to native sub-

trates, (ii) modified metal cofactors, and (iii) synthetic metal
omplexes [24,28,29]. Although the former two methods are
ery convenient to introduce many functions into proteins, there
s limitation in type of proteins and synthesis of modified sub-
trates and cofactors. If synthetic metal compounds, whose
tructures are very different from the native cofactors, can be
ntroduced into protein cages as simple as the heme prosthetic
roup that is non-covalently bound in the cavity of heme pro-
eins, the bio-conjugation of metal complexes will be applicable
o many proteins and metal complexes. Thus, we have developed
new method for the preparation of metal complexes placed in
rotein cavities by non-covalent fixation (method (iii)).

The first example of the method (i) was reported by Wilson
nd Whitesides in the 1970s [5]. They synthesized a diphos-
hine ligand conjugated with a biotin molecule to introduce a
h(norbornadiene) catalyst into the avidin active site. Recently,

he method was applied to various organometal complexes by
ard and co-workers (Fig. 5a) [26,29,42–44,100]. Furthermore,
etal complexes containing a modified enzyme inhibitor as a lig-

nd can bind to the target proteins [6,9,53,101]. The organometal
oieties of the compounds make the composite stable by non-

ovalent interactions with the surrounding amino acid residues.
Heme modification is an example of the method (ii) [28,36].

wo propionic acids of heme are the candidates for the cova-

ent attachment of functional groups to heme. Hayashi and
o-workers have reported a charged heme [37], glycosylated
eme [102], and flavohemin [33] for the reconstitution of them
ith apo-Mb (Fig. 5b).
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Fig. 5. Non-covalent insertion of metal complexes to protein vacant spac

In the case of the method (iii), coordination of metal com-
lexes to amino acid residues is a crucial factor to stabilize the
etal complex/protein composites. Sadler and co-workers have

eported the crystal structures of ruthenium half-sandwich com-
lex/lysozyme and copper-cyclams/lysozyme composites [8,9].
hese structures showed the Ru and Cu atoms coordinating to
is15 and Asp101, respectively, to stabilize unusual configura-

ion (Fig. 5c and d) [8,9]. The crystal structure of HAS–hemin
omposite also reveals that Tyr161 ligates to the iron atom of
emin (Fig. 5e) [13].

We have employed apo-Mb and metal(Schiff base) com-

lexes in preparing hybrid metalloproteins by the method (iii)
Scheme 1) [15,16,24,39]. Apo-Mb has a cavity of ca. 10 Å
iameter to accommodate heme (Fig. 2b). The heme is bound to
is93 and stabilized by non-covalent interactions with adjacent

a
F
t
o

odifying biotin (a) and heme (b), ligation to amino acid residues (c–e).

mino acid residues [72]. Advantage of Schiff base complexes
or the heme substitution is that their molecular size and coor-
ination geometry are almost identical to those of heme and
t is easy to modify the ligand size and hydrophobicity. Schiff
ase complexes having high affinity for apo-Mb and apo-Mb
utants were screened by using ESI-TOF MS [16,24,39]. Thus,
SI-TOF MS has been routinely used to determine relative bind-

ng affinity between biomolecules and metal complexes [103]. In
rder to compare the affinity of a series of FeIII(Schiff base) com-
lexes with apo-Mb, competitive reconstitution was employed.
or example, the mass spectrum of a mixture of Fe·1, Fe·2, Fe·3

nd apo-Mb gave three peaks corresponding to Fe·1·, Fe·2·, and
e·3·apo-Mb, and relative peak intensity of each composite is in

he order of Fe·2 > Fe·1 > Fe·3 as shown in Fig. 6. The same order
f stability was observed for the melting temperature (Tm) of
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Scheme 1. Typical preparation scheme of Schiff base complex/apo-Mb compos

F
F
1

t
m
g
i

f
s
g
e
c
w
t

i
M
h
m
A
P
t
s
g
a

ig. 6. The ESI-TOF MS spectrum of apo-Mb reconstituted by a mixture of
e·l, Fe·2, and Fe·3. Concentrations of Fe·l, Fe·2, Fe·3, and apo-Mb were 10,
0, 10, and 30 �M, respectively [16].
hem determined by circular dichroism (CD) spectral measure-
ents at various temperatures. The results suggest that methyl

roups at the 3 and 3′ positions in Fe·2 are effective on the bind-
ng affinity. Thus, we have designed an apo-Mb mutant suitable

O
w
o
M

Fig. 7. The electron-density maps of Fe·2·apo-A71GMb (a) and Fe·2·a
ites (a) and molecular structures of heme and Schiff base complexes (b).

or the fixation of Schiff base complexes in the apo-Mb active
ite by using Insight II/Discover 3. The calculation results sug-
est that the alanyl side chain at the position 71 in apo-Mb is
xpected to sterically interact with the Schiff base ligands if the
omplex coordinates to His93 as observed for heme. Thus, Ala71
as replaced to Gly in order to improve the binding affinity of

he complexes in the active site.
The crystal structure of Fe·2·apo-A71GMb shows that the

ron complex Fe·2 is fixed in the heme cavity of apo-A71G
b (Fig. 7a). The N� atom of proximal His93 ligates to the

eme iron with a Fe–N distance of 2.30 Å, consistent with the
odel calculations. The orientation of Fe·2 in the cavity of apo-
71GMb is constrained by several specific interactions with
he43, Leu89, His97 and Ile99 which are close to Fe·2 within

he distances of �–� and CH–� interactions (Fig. 8) [104]. The
ide chain of Ile107 is located between the 3- and 3′-methyl
roups of Fe·2. At the same time, the C5 atom is close to the C�
tom of Ala71Gly with a distance of 3.95 Å as shown in Fig. 8.

n the other hand, the Fe·2·apo-Mb structure is problematic,
hile it provides useful insights into the nature of the binding
f Fe·2. The protein portion in the crystal structure of Fe·2·apo-
b is well defined and it is similar to that of native met-Mb

po-Mb (b). The final models are superimposed on the maps [16].
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Fig. 8. The active site structure of Fe·2·apo-A71GMb [16].

RMSD = 0.68 Å). While His64 and Ala71, which are close to
e·2, are clearly defined, the electron density of the 3,3′-Me2-
alophen ligand and the iron atom appear to be distributed in
he cavity (Fig. 7b). The results suggest that Fe·2 and the ligated
midazole of His93 are moving around in apo-Mb or take several
onformations.

.4. Deposition of metal cations and nanoparticles

Metal cations can be deposited on (i) the interior surface of

roteins such as apo-Fr [54,55,75,78,105] or (ii) metal-binding
eptide fragments introduced to protein cages [55,61–64,106].
anoparticles are also prepared by (iii) encapsulation of them in
rotein cages [47,65]. Apo-Fr is stable at high temperature, even

n
m
e
[

Fig. 9. Preparations of metal nanoparticles by using peptide fragm
Reviews 251 (2007) 2717–2731

t contains metal cations, such as Co, Cu, Zn, Pd, Cd, and so on.
r containing those metal ions is applied to mineralization of

hem to metal sulfide, metal oxide, and zero-valent metal parti-
les by self-assembly, oxidation, and reduction, respectively. For
he method (ii), some polypeptide sequences exhibiting affinity
or various inorganic materials have been selected by phage and
ell-surface display [106]. Naik et al. prepared a Fr mutant con-
aining dodecapeptide fragments that reduce silver cations to

etallic silver (Fig. 9a) [55,107]. Belcher’s peptide having high
ffinity to the L10 phase of CoPt nanoparticles was introduced
nside of the heat shock protein (Hsp) cage (Fig. 9b) [62,63].
he CoPt particle prepared in the cage exhibits magnetic prop-
rties of 150 and 610 G before and after annealing [62]. Viral
ages have positively charged interiors to stabilize polyanion
harge of RNA. In order to deposit iron cations on the inte-
ior surface of the CCMV cage, the positive charge region was
hanged to negative one by alternation of nine basic residues
t the N-terminal with glutamic acid [64]. The resulting CCMV
an uptake Fe(II) cations and convert them to single mineralized-
rystal of �-FeOOH [64]. Native and synthetic histidine-rich
eptides having high affinity for metal ions and nanoclusters
ave also been used to control the nanoparticle patterning and
ize distribution of nanoclusters [108]. We have reported the
onstruction of a tetrapod assembly of four bio-nanotubes of
ene product 5(gp5) (Fig. 9c) [109], a component of bacterio-
hage T4 [110], by in situ formation of Au nanocluster [108],
.e., a His-tag fragment was introduced at the C-terminal of gp5
o assemble the ordered tetrapod-like composite around a Au

anocluster. On the other hand, gold or quantum dot particles
odified by RNA/DNA or negatively charged polymers were

ncapsulated in viral capsids using coat-protein self-assembly
65,111].

ents having high affinity to Ag0 (a), CoPt (b) and Au0 (c).
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Table 2
Enantioselective thioanisole sulfoxidationa

Catalyst Rateb % ee

Mn·4·apo-A71GMb 1295 ± 119 17 ± 0.6 (S)
Mn·5·apo-A71GMb 803 ± 5 23 ± 0.2 (S)
Mn·6·apo-A71GMb 2724 ± 69 27 ± 0.1 (S)
Mn·1·apo-H64D/A71GMb 158 ± 8 23 ± 0.5 (R)
Mn·4·apo-H64D/A71GMb 464 ± 62 32 ± 0.1(R)
Mn·5·apo-H64D/A71GMb 135 ± 5 5 ± 0.7 (R)
Mn·6·apo-H64D/A71GMb 180 ± 7 13 ± 0.5 (S)
Mn·4 in buffer 62 ± 3 0
Mn·5 in buffer 39 ± 6 0
Mn·6 in buffer 87 ± 6 0

a Sulfoxidation was carried out in sodium acetate buffer (50 mM, pH 5.0) at
3
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. Functions of artificial metalloproteins

.1. Catalytic properties

Improvement of activity and selectivity in catalytic reac-
ions are very important subjects for the construction of
rtificial metalloenzymes. Although there are many reports
n bio-conjugated metal complexes or materials with proteins
29,32,105], it is still difficult to improve catalytic activity and
electivity of artificial enzymatic reactions.

Lu et al. have applied the two-point covalent attachment
trategy for the introduction of a synthetic metal cofactor into
po-Mb to enhance enantioselective sulfoxidation [41]. They
ntroduced a Mn(salen) complex into the apo-Mb Y103C mutant
y the cross-linking of a methane thiosulfonate group in the com-
lex. However, the activity and enantioselectivity of thioanisole
ulfoxidation remained low (51 × 10−3 turnover min−1, 12%
e (S)) possibly due to Mn(salen) being located at the active
ite with multiple orientations. When the dual cross-linking
ites, L72C and Y103C were introduced to limit the con-
ormational freedom, significant increases in the rate and
e% were observed (390 × 10−3 turnover min−1, 51% ee (S))
Fig. 10a).

The non-covalent strategy is a powerful tool for the construc-
ion of artificial metalloproteins and combinatorial screening can
e applicable to identify the optimized metal cofactors. Ward et
l. have used a chemogenetic-optimization procedure to search
he best synthetic metal cofactor/protein combination for enan-
ioselective reactions [26,42–44]. They prepared 20 streptavidin

utants using saturation mutagenesis at the position 112. Their
nzyme library contains 360 artificial metalloproteins afforded
y combination of the resultant 20 proteins and 18 biotinylated
etal complexes. Finally, they found the best artificial trans-

er hydrogenase to afford the product with up to 97% ee (R)
Fig. 10b) [26].

Reetz et al. have applied directed evolution to the enhance-
ent of the enantioselective olefin hydrogenation by a
iotinylated Rh complex anchored to streptavidin [27]. They
tilized a CASTing method to replace appropriate amino acid
esidues close to the active site by saturation mutagenesis [112].
t first, they selected four replacing sites using a model calcu-

a
m
r
t

ig. 10. Schematic drawings of asymmetric sulfoxidation and transfer hydrogenat
espectively.
5 ◦C in the presence of a Mb composite (10 �M), thioanisole (1 mM), and H2O2

1 mM) [15,39].
b The unit of the rate is 10−3 turnover min−1.

ation based on the crystal structure of the streptavidin–biotin
omplex. The first generation of saturated mutation at Ser112
ndicated that the Ser112Gly mutant catalyzes the reaction with
5% ee (R). Then, they attempted iterative CASTing of the
utant Ser112Gly at the position 49. The Asn49Val/Ser112Gly

howed 54% ee (R) in the reaction. Finally, the third generation
n the saturation experiment of the double mutant at the posi-
ion 112 showed that the mutant Asn49Val catalyzes the reaction
ith 65% ee (R).
We have designed Schiff base ligands to improve their cat-

lytic oxidation activity in the apo-Mb cavity on the basis of
heir crystal structures [15]. The crystal structure of Mn·2·apo-
71GMb shows a narrow channel between His64 and the
henylenediamine unit of 2. Thus, they were replaced with
sp and an ethylenediamine unit, respectively, to enlarge the

ctive site. The H2O2-dependent sulfoxidation of thioanisole
as examined at 35 ◦C (50 mM sodium acetate buffer, pH 5.0)

nd the results are listed in Table 2. Mn(salen derivative)·apo-
71GMbs show 21–31-fold increased rates than those of
n(salen derivative) in the same buffer solution (Table 2). In
ddition, we have designed an enlarged cavity by the replace-
ent of 2 with 4 to increase the accessibility of substrates. The

ate with Mn·4·apo-H64D/A71GMb is threefold higher than
hat with Mn·2·apo-H64D/A71GMb.

ion using Mn(Schiff base)/apo-Mb (a) and Ru(arene)-biotin/streptavidin (b),
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ig. 11. The active site structure of Mn·2·apo-A71GMb superimposed on wild
n Mn·6·apo-H64D/A71GMb (b). The calculations were performed with Insig

The crystal structure of Mn·2·apo-A71GMb shows a
ydrophobic interaction between the 3- and 3′-methyl groups
nd Ile107 (Fig. 11a). As discussed before, the replacement of
he methyl groups with bulkier ethyl and n-propyl groups is
xpected to change the position of the metal ion. Molecular mod-
ling calculation of Mn(3,3′-X2-salen)·apo-H64D/A71GMbs
X = Me, Et, and n-Pr) indicates that the Mn atoms of Mn·5 and

n·6 in the protein could locate 0.83 and 2.17 Å outside from
he position of Mn·4, respectively (Fig. 11b). In addition, the
alculation suggests that the position of thioanisole in the active
ite is not changed since the replacement of two methyl groups
ith Et or n-Pr does not affect the interaction of the phenyl group

n thioanisole with Phe43 and Leu32. These considerations indi-
ate that the relative position of the sulfur atom and the oxo-metal
enter could be altered to result in the change of enantioselec-
ivity in the sulfoxidation. While Mn·4·apo-H64D/A71GMb
howed 32% ee (R) selectivity, introduction of bulkier groups at
he 3,3′-positions induces relative S-selectivity to end up 13%
S) for 6.

.2. Electrochemical properties

Fundamental understanding and application of redox reac-
ions concerning inter- and intra-protein electron transfer (ET)
re very important subjects in bioinorganic chemistry. For exam-
le, Winkler and Gray have studied the ET mechanism of
u-modified proteins [113]. However, it is still challenging to
tilize a protein–protein ET system to reductively activate artifi-
ial cofactors introduced in proteins due to lack of understanding
n interactions between the cofactor and the system contributing
o ET.

Redox property of Fc was changed in a protein cavity [98].
pon the attachment of Fc to the active site of blue copper azurin

Az) with the covalent conjugation, Fc–Az showed a midpoint
edox potential (Em) of 579 mV (versus normal hydrogen elec-
rode (NHE)), while that of Fc is 402 mV. The positive shift was
nduced by hydrophobic environment around Fc (Fig. 12a). In
ddition, reversibility of CV of Fc–Az is higher than that of Fc
ithout the conjugation to Az. This indicates increased stability

f the ferrocenium ion in the protein scaffold. The composites
an be used as a redox active agent of ferri-cyt c. The composite
ould be a potent building block of biosensors and biological
T studies.

h
f
t
i

Mb (a) and calculated structure of Mn·4·apo-H64D/A71GMb superimposed
iscover 3 using the ESFF force field.

Gray et al. synthesized ruthenium sensitizer-linked substrates
or investigating biological reactions [51,113–116]. Ruthe-
ium complexes served as rapid optical redox triggers for
he reduction of cytochrome P450 camphor (P450cam). A Ru-
iimine moiety is conjugated with a substrate (adamantane) or a
eme ligand (imidazole) using a perfluorinated biphenyl bridge
116,117]. The redox property of the sensitizer is controlled by
he modification of the ligand of the Ru complex. The crystal
tructure of P450cam including the Ru sensitizer-linked substrate
howed that an open conformation of the enzyme to fix the
ubstrates in the 22 Å deep channel [19,117]. The composite
roceeded an ET reaction from Ru to heme with a through-
ond electronic coupling (Fig. 12b) [116]. The redox reaction is
× 105 faster than the biological reduction from putidaredoxin

o heme [118].
For the construction of an artificial protein–protein ET sys-

em [37,116,119], we have employed heme oxygenase (HO)
hich catalyzes the conversion of heme to biliverdin [17].

n the catalytic cycle of the enzymatic reaction, HO receives
wo electrons from NADPH-cytochrome P450 reductase (CPR)
y making a protein–protein complex [120]. We attempted to
educe FeIII(Schiff base), instead of heme, located at the active
ite of HO by NADPH-CPR (Fig. 13a). This reaction was accel-
rated when the Schiff base complex having a carboxylate group
apable to form the hydrogen bond conserved between heme and
O was used, though Em of the hydrogen bonding Fe·7·HO

−76 mV versus NHE) is lower than that of an unmodified
e·1·HO composite (+15 mV versus NHE). Crystal structures
f human [121], rat [122] and Corynebacterium diotheriae [123]
Os show an invariant hydrogen bond between the guanido
� atom of Arg177 (Arg183 in human and rat HO) and the
atom of heme propionate-7. The mutagenesis experiments

oncluded that this residue is one of the important residues for
he formation of a transient ET complex with CPR [124]. Thus,
hen heme·HO makes a complex with CPR, Arg177 (in par-

icular, the exposed N� atom) is expected to have dual roles
n both binding and ET with CPR as suggested for Arg112 in
450cam [125]. We succeeded in determining crystal structures
f Fe·l, Fe·7, and Fe·8·HO [17]. In the case of Fe·7·HO, Fe·7

as the same hydrogen bond with Arg177 (Fig. 13b) as observed
or heme·HO, indicating that Fe·7 is capable of receiving elec-
ron from CPR. On the other hand, Arg177 in Fe·8·HO is not
n the position to assist the ET because one oxygen atom of
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Fig. 12. A proposed structure of Fc–Az (a) and the crystal structure of

he carboxyl group in Fe·8 forms two hydrogen bonds with
�1(Arg177) and O�(Tyr130). Further, Fe·l has no hydrogen
ond with Arg177. Thus, Arg177 in Fe·8·HO and Fe·1·HO is
xpected to show less effect on the ET reaction with CPR. In fact,
he reduction rate of the composites with NADPH-CPR depends
n their hydrogen bonding interaction while the reduction rates
f them by Na2S2O4 are reasonably dependent on their redox
otentials. These results suggest that the hydrogen bonding net-
ork of Arg177 and the propionate in Fe·7 directly participates

n the ET reaction of the HO/NADPH-CPR system. This is the
rst example of a synthetic metal complex activated through a
rotein–protein ET system, and showing that the hydrogen bond
s also crucial in ET reactions of metalloproteins [126,127].

.3. Material functions
A number of proteins with a diverse range of structures
ave been employed as frameworks for the construction of
ultidimensional devices, since they are useful materials for

he deposition of metal nanoparticles and the mineralization

c
t
a

cam including the Ru sensitizer-linked substrate (b) (PDB ID: 1QMQ).

f metal ions [128]. Fr is one of the most attractive protein
ages for nanoreactors to provide unique functions and versatile
anoscale architectures [68]. However, difficulties in utilizing
he composite materials for chemical reactions remain. We have
eported in situ preparation of zero-valent palladium clusters by
hemical reduction of palladium ions in the apo-Fr cage and
ts catalytic reactions (Fig. 14a) [54]. The palladium cluster
s monodispersed (2.0 ± 0.3 nm) due to the preparation of the
luster in the size-restricted Fr interior. More importantly, the
alladium clusters can catalyze size-selective olefin hydrogena-
ion because substrates must penetrate into the Fr cavity through
he size-restricted channels. In addition, the turnover frequency
f acrylamide hydrogenation is 33,000/Pd·apo-Fr/hr under 1 atm
2 atmosphere at 7 ◦C. This is the first example of catalytic reac-

ions by synthetic metal clusters encapsulated in biomolecular
ssemblies.
Douglas et al. prepared a hybrid Fr cage for the use in
ell-targeting cancer therapy [59,76,78,129]. As a cancer cell-
argeting ligand, RGD-4C peptide was genetically incorporated
t the N-terminal of heavy-chain ferritin (HFr) because the
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Fig. 13. Preparation of a Fe(Schiff base)·HO composite and the ET reaction from CPR and NADPH (a). Top and side views of the active site of Fe·7·HO superimposed
on heme·HO (b).

Fig. 14. Schematic drawings of Pd0·apo-Fr (a), Fe3O4·apo-RDG4C-Fr (b), Pt0·apo-Hsp (c), and their catalytic reactions.
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erminal is exposed to the exterior surface of HFr [78]. Iron
xide mineral prepared in the cage exhibited superparamag-
etic behavior at room temperature. Cell-targeting ability of
he composite was estimated by the binding to C32 amelan-
tic melanoma cells [130]. Transmission electron microscopic
mages of the incubated sample of the cell and the RGD4C-Fr
ontaining iron mineral clusters showed small electron-dense
articles on the surface of the cells, corresponding to the mineral
ore in the Fr cages. The experiment demonstrated cell-targeting
erivatives by using multifunctional protein container (Fig. 14b).

A biomimetic material aimed for artificial hydrogenase was
ynthesized by employing small heat shock protein (Hsp) [131].
he native enzyme produces hydrogen from a renewable source
uch as solar energy [132]. Varpness et al. prepared Pt parti-
les in the protein cage. The composite catalyzes the hydrogen
roduction in the presence of EDTA, Ru(2,2′-bipyridine)3

2+,
ethyl viologen as a reductant, photocatalyst, and electron-

ransfer mediator (Fig. 14c) [131]. The system in the protein cage
rchitecture can provide a new concept for hydrogen production.

. Summary

Great progress for the preparation of artificial metallopro-
eins has been made by combinatorial or genetical screening
pproaches for the last several years. Unnatural metal cofac-
ors and materials have been designed to introduce them into
mall protein cavities as well as large protein cages such as
iruses and Fr. These progresses are achieved by cooperation
f molecular and structural biology and inorganic chemistry.
y the introduction of cofactors, the original functions of pro-

eins are dramatically changed and we could utilize them for
iotechnology of sensing and catalysis. These first generation
fforts toward designing artificial metalloproteins are followed
y improvement of their functions by structure-based rational
esign. The structural information on the artificial metalloen-
ymes are crucial for the 2nd generation design, since the
ain subjects of the first generation of the artificial proteins
ere focused on the reconstitution of artificial metalloproteins.
ur results described in this review also show a new method
f non-covalent insertion of metal complexes instead of the
ypical covalent conjugations. More importantly, the results
emonstrate that the enantioselectivity and catalytic activity of
nnatural metal cofactors in protein cavities can be regulated
y rational design of the cofactors based on crystal structures
f the first generation composites. In addition, our method can
e extended to various proteins and functions. For example,
e have applied the method to protein–protein electron trans-

er systems and the utilization of a nanospace consisted of
protein assembly for activation and concentration of metal

omplexes, respectively. Furthermore, X-ray crystal structure
nalysis shows not only the coordination geometry of metal
omplexes and ions but also the dynamics of them in protein
acant spaces. For instance, the crystal structure of an artificial

rganometallic compound bound to a kinase allows us to eluci-
ate inhibition mechanism of the kinase activity and design more
otent metalloinhibitors [18]. The structures of several ferric
on-binding proteins containing a Hf cluster provide snapshots
Reviews 251 (2007) 2717–2731 2729

f dynamic coordination changes in protein assisted materials
ynthesis [10]. We believe that the results will provide intriguing
mplication on their applicable use for such as catalysts, sensors,

etal drugs, and so on.
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