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General Introduction 

 

 

Metalloproteins  

Metal cofactors are functionalized to promote various enzyme reactions by appropriate 

immobilization in proteins. Composites of synthetic metal complexes and proteins 

represent one of the ultimate goals in the fields of bioinorganic chemistry and protein 

engineering. These composites have been providing unnatural functions to proteins. 

One of the first examples of artificial metalloproteins was developed by Whitesides et al. 

in 1978.
1
 This metalloprotein holds Rh

I
 complex covalently conjugated to biotin and has 

a function of asymmetric hydrogenation catalysis when it forms a complex with avidin. 

This system has been extended by Ward et al. for various catalytic reactions with high 

chemoselectivity (Figure 1).
2-5

 Moreover, other design methods of artificial 

metalloproteins, such as replacement of natural cofactors, and noncovalent modification, 

have been reported to prepare artificial metalloenzymes (Figure 1).
6-13

 These examples 

show the importance of protein scaffolds for controlling the coordination number, 

geometry and stability of individual metal cofactors for various functions. 

Each metalloprotein discussed above possesses a single metal center. 

Conjugation of proteins containing metal cofactors has been reported by polymerization 

of proteins. Hayashi et al. reported the polymerization of hemeprotein by alternation 

between natural cofactors and synthetic ones with linker molecules.
14-16

 The polymers 

of artificial metalloproteins are utilized to accumulate and display metal cofactors and 

achieve functions such as high-efficient cathodic current and an O2 binding.
17, 18

 It is 

expected that the construction of protein conjugated system is well-suited to create 

functional bionanobiomaterials beyond the original function obtained by metalloprotein 

monomers.
19-21

 

 

 

  



 

2 

 

 

 

Figure 1. Crystal structure and synthetic metal cofactors of artificial 

metalloproteins (a) CuII(phen)-ALBP, (b) RuII(η6-benzene)Cl(Biotin)-streptavidin 

and (c) CrIII(salophen)-apo myoglobin. 
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Protein Assemblies 

Protein supramolecules have more sophisticated structure compared with simple 

polymers of proteins.
22-38

 These compounds are known as protein assemblies and 

proceed the folding into specific 3D shapes such as oligomer, cages, filaments and 

layers. Coordination bondings and hydrogen bondings are essential for non-covalent 

interactions for constructing protein assemblies. Moreover this interaction helps to 

determine the interactions between proteins and metal cofactors.  

Protein assemblies often have metal cofactors with unique coordination structures. 

One typical example is photosystem II (PSII) that can promote reactions of inactive 

small molecules. The high-resolution structure of PSII in the 1.9 Å resolution showed 

the key structure for catalytic functions (Figure 2a).
39, 40

 PSII is composed by 20 kinds 

of proteins containing metal complexes, organic compounds and water molecules. 

Several metal cofactors such as Mn4CaO5 cluster, chlorophylls, heme and non-heme 

irons are coordinated to amino acid residues whose location is suit for the multistep 

catalysis. Mn4CaO5 cluster, which is a main moiety for the O2 production, is distorted 

compared to the cuban-shaped structure. The distortion is stabilized by the coordination 

to Glu, Asp, His and Arg residues and coordinated waters in proteins to obtain the 

reactivity of H2O splitting and O-O bond formation (Figure 2b). Other metal cofactors 

are also coordinated to amino acid residues and immobilized in the protein assembly. 

The organization of metal cofactors is utilized to achieve energy migration and electron 

transfer to assist O2 production. 

Accumulating large amounts of metal compounds is another typical function of 

protein assemblies. Ferritin is known to an intracellular protein for metal accumulation 

and storage.
41

 Ferritin is composed by 24 homoprotein subunits and forms a hollow 

cage structure with an 8 nm inner diameter and a 12 nm outer diameter (Figure 3a). Fe 

ions can penetrate the 3-fold axis channels located at the intersections of three subunits 

of ferritin.
42

 Thousands of iron ions can be accommodated by formation of iron oxide 

inside ferritin (Figure 3b).  

 



 

4 

 

 

 

Figure 2. (a) Overall structure of Photosystem II dimer obtained at a resolution 

of 1.9 Å. Protein subunits are colored individually. (b) structure of the Mn4CaO5 

cluster in the ligand coordination structure.40 

 

 

 

Figure 3. (a) the cross section drawing of the inner cavity (left) and whole 

structure (right) of 24mer of recombinant L-chain apo-ferritin. (b) Schematic 

representation of the mechanism of iron accumulation and immobilization.42 
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Protein Crystals 

Protein assemblies have a potential for further engineering toward artificial 

bionanomaterials using unnatural metal cofactors. However, there are limited numbers 

of natural protein assemblies for this aim because of their low stability, low yield and 

difficulty in structure analysis. Protein crystallization is a versatile method to obtain the 

assembled structure. Proteins can be crystallized when preserved in optimized 

conditions. A lot of protein crystals have been reported since the first protein crystal of 

hemoglobin was reported in 1840.
43-45

 Research efforts related to crystallization have 

focused mainly on purification processes, structural analysis and researches in the 

pharmaceutical and chemical industries.
46-48

 Single crystals of proteins provide 

structural information in atomic resolutions using X-ray crystal structure analysis. To 

date, more than 100,000 structural data are deposited in Protein Data Bank. Protein 

crystals are constructed in highly ordered 3D structures assembled hierarchically.
49

 

Neighboring molecules in protein crystals are tightly bound by non-covalent bonding 

due to multimetric contacts in lattice structures.
50

 These interactions make protein 

crystals stable and densely packed (1.3~1.6 g/mL) than other protein assemblies.
51, 52

  

Several protein crystals are found in nature.
53

 The proinsulin is directed into the 

regulated secretory pathway and converted to insulin and stored as crystals (Figure 

4a).
54, 55

 Six insulin molecules assembled by the histidine chelating to Zn
II
 located in the 

center of hexamer for the function of the storage and the slow release of insulin 

monomers. Several kinds of alcohol oxidase form crystals in yeasts. They can catalyze 

enzymic reactions within the active octamers in the crystal lattice.
56, 57

 Crystalline cell 

surface layers (S-layer) are found in bacteria and archaea (Figure 4b).
58, 59

 S-layers are 

composed of a single homogeneous protein or glycoprotein with molecular weights 

ranging from 40 to 200 kDa. They have several lattice types are found as obique (p1, 

p2), square (p4) or hexagonal (p3, P6) subunits that have different type of packing 

structure of monomers. These structures can be utilized for cell adhesion, surface 

recognition, cell fission process as well as molecular sieves and molecular and ion traps, 

because channels are present with diameters in the range of 2–8 nm in most S-layers. 

Cypoviruses and baculoviruses particles embedded in polyhedra crystals (PhC) can 

survive against dehydration, freezing and enzymatic degradation (Figure 4c).
60, 61

 In 

addition, PhC tolerate chemical treatments that would denature most proteins, including 

incubation in concentrated urea, acid and detergents. They maintain their molecular 

order in a crystal structure but are dissolved readily when exposed to pH over 10.5. This 

http://en.wikipedia.org/wiki/Histidine
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system helps viruses remain infectious for years and release viruses after taken into 

insects. This method has been expanded to the in-vivo crystallization of other 

recombinant proteins.
62, 63

 There are more examples such as plant seeds and filamentous 

fungi have protein crystals for the protein storage and damage sealing, respectively.
64-66

 

 

 

 

 

 

Figure 4. Examples of protein crystals found in nature. (a) insulin crystals 

formed by the ZnII-His coordination and the trimerization. (b) S-layer in forms of 

p1, p2, p3, p4 and p6 structures. (c) cypovirus polyhedra with an extraordinary 

stability by a tightly packed structure. 
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Metal-Mediated Protein Crystals 

Coordination bonds between proteins and metals are convenient for construction and 

modification of protein crystals. Ferritin forms crystals in the presence of Cd
II
 ion. 

67, 68
 

His, Glu and Lys residue located at the outer surface of ferritin cage are connected by 

the Cd
II
 coordination to form 2D and 3D crystals (Figure 5a). This method has been 

expanded to prepare artificial metal-protein frameworks.
29

 Schulz et al. reported the 

crystallization of L-rhamnulose-1-phosphate aldolase (RhuA) and streptavidin 

depending on the concentration of Ca
II
 ions (Figure 5b).

23
 Tezcan et al. reported the 

introduction metal chelating sites to architect protein assemblies like metal-organic 

frameworks (Figure 5c).
29, 69-71

 They optimized the crystallization procedure to make 

from 1D to 3D crystals by changing pH or the precursor concentration.
70

 They also 

immonilized functional groups such as small metalloenzymes into the metal-protein 

frameworks although catalytic functions have not been reported.
72

 These examples 

show that it is possible to prepare protein crystals with desired structures by genetic and 

synthetic methods.  

 

 

Figure 5. Lattice structure (upper) and local coordination sites (lower) obtained 

by X-ray crystal structure analysis of a Ferritin-CdII crystal (a), an 

L-rhamnulose-1-phosphate aldolase (RhuA)/streptavidin-CaII crystals (b) and an 

MBPPhen-CuII crystals (c).  
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Protein crystals as Reactive Nanovessels 

Since 1990, the application of protein crystals as bionanomaterials is widely reported 

for functions such as solid enzyme reactors and molecular sieves.
73-85

 This is because 

each protein crystal possesses inner pores called “solvent channels”. The sizes and 

environment of solvent channels vary according to the lattice of each individual crystal 

(Figure 6). A given channel occupies 30–65% of the total crystal volume and provides a 

large surface area (800~2000 m
2
/g) with a wide range of channel sizes (10~100 Å).

49
 

These channels traverse the crystals and facilitate the transport of exogenous molecules 

in crystals. The amino acid residues are exposed on solvent channels and they can 

interact with exogenous molecules. The physical properties of exogenous molecules in 

solvent channels, such as molecular adsorption and diffusion, have been discussed using 

experimental methods and molecular simulations.
86-92

 

 

 

 

Figure 6. Images of enzyme crystal lattices used as enzyme reactor after 

cross-linking treatment. (A) superoxide dismutase (PDBID : 1XSO), (B) 

thermolysin (PDBID : 8TLN), (C) penicillin acylase (PDBID : 1PNL), (D) lipase 

(PDBID : 1CRL), (E) carboxypeptidase W (PDBID : 1WHS), (F) superoxide 

dismutase (PDBID : 1SOS). All structures are shown on the same scale. 
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Cross-linking treatment remarkably stabilizes the crystal lattice against 

mechanical disruption, elevated temperature and various solvents. Klibanov et al. used 

cross-linked protein crystals for enzyme reactions in organic solvents.
73-76

 Navia and 

Margolin et al. expanded this performance to applications of peptide synthesis and 

molecular separation.
77-84

 It is reported that the environment of solvent channels highly 

effect to catalytic functions. For example, when cross-linked γ-chymotrypsin crystals 

are used as asymmetric synthesis in organic solvents, the solvent dependence can be 

attributed to changes in the solvation energies of organic substrates in solvent channels 

for the pro-R and pro-S (Figure 7).
75

 Lipase crystals have two states of open and close, 

which are in the different position of a flexible structure that allows substrate to bind to 

the active site.
77

 The catalytic activity of the open form was almost three times higher 

than that of the closed form with higher enantioselectivity. Cross-linked protein crystals 

with cofactors are also applied as enzyme reactor.
84

 This technique provides the 

information that solvent channels are ideal reaction nanospaces rather than the 

environment of protein monomers or protein random aggregations. If there is a suitable 

technique to modify solvent channels, we can design the enzyme reactions more 

precisely. 

 

 

 

 

Figure 7. Estimated conformation of 2-(3,5-dimethoxybenzyl)-1,3-propanediol in 

the pro-S (A) and pro-R (B) transition states within cross-linked γ-chymotrypsin 

crystals.75
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Post-engineering of protein crystals for immobilizing metal complexes 

Characterization of metal cofactors in protein crystals has been well reported using 

X-ray crystal structure analysis.
9, 93

 Observation of intermediates of chemical reaction is 

available using metalloenzyme crystals.
94-96

 This system has been expanded to unnatural 

metal cofactors that proceed a single-turn over reaction by an artificial metal cofactor 

immobilized in NikA crystals (Figure 8).
97

 Electron transfer reactions in metalloprotein 

crystals can be triggered by external stimuli or chemical modifications.
98-101

 

  

 

 

Figure 8. Electron density and structure of non-heme metal complexes under 

the process of the oxidation of aromatic C-H in NikA crystals. (a) FeII-O2 

coordination structure, (b) structure of a complex after the monooxidation and (c) 

structure of a complex after dioxidation. 

 

 

Solvent channels provide suitable reaction environments for post-engineering 

of protein crystals.
102

 Hen egg white lysozyme (HEWL) crystal is one of the most useful 

scaffolds for the synthesis of inorganic materials because these crystals are abundantly 

crystallized and have large solvent channels ranging from 10 to 20 Å.
103-111

 The first 

work of preparating metallic nanoparticles was reported by Mann et al.
103

 Spontaneous 

growth of gold nanoparticles within HEWL crystals with disproportionation of Au
I
 was 

reported by Lu et al.
105

 They extended this system to the assess of catalytic activity of 

gold nanoparticles depending on the particle size.
106

 CoPt bimetallic nanoparticles were 
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prepared by reducing metal ions using NaBH4 in cross-linked HEWL crystals in 

tetragonal, orthorhonmbic and monoclinic forms (Figure 9). The regulation of 

nanoparticles in each solvent channels was found to have different magnetic coercivity 

at 5 K.
107

  

 

 

 

Figure 9. (a) Schematic image describing the preparation of CoPt nanoparticles 

in a solvent channel of a porous HEWL crystal. Crystal lattice structures and the 

major solvent channels of (b) O-HEWL, (c) T-HEWL, and (d) M-HEWL obtained 

from the PDB ID : 1BGI, 193L, and 5LYM, respectively. 

 

 

The coordination structure of metal ions such as Rh
III

, Ag
I
 and Ni

II
 in HEWL crystals 

are observed using X-ray crystal structure analysis.
112-114

 A large number of metal ions 

per protein monomers are accumulated in the solvent channels. The snapshot analysis of 

Rh
III

 coordination in tetragonal HEWL crystals containing different numbers of Rh
III

 

provides the first experimental evidence of cooperative behavior between amino acids 

and hydrogen bonds acting to initiate the coordination of metal ions on the surface of 

solvent channels in protein crystals (Figure 10).
112

 Structures of tetragonal HEWL 

crystals with exogenous metal complexes have been reported as model structures for 

clarification the interactions between proteins and metallodrugs.
115-122

 Mn
I
, Ru

II
, and Pt

II
 

complexes are immobilized by the coordination to His15, which is exposed on the 
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largest solvent channels, supported by hydrogen bonding networks with other 

surrounding amino acid residues and water molecules.  

 

 

Figure 10. Image of crystal lattice (a) and monomer structures (b) of a porous 

HEWL crystal after the immobilizing RhIII ions in solvent channels. Snapshot 

analyses of Rh3+ coordinating to Asp18 and Asn19 residues (c-f). Each structure 

obtained at a different concentration of RhCl3 in sodium acetate buffer at pH 4.5. 

 

 

Immobilization of multiple kinds of matal complexes is also reported. The zinc 

porphyrin-substituted myoglobin crystals containing the oxotriruthenium clusters 

(Ru3O) has been prepared.
123

 The electron transfer within the solvent channels was 

observed between the Zn and Ru complexes in the presence of a methyl viologen (MV) 

(Figure 11). This engineered myoglobin crystal has a charge separated state with a 

lifetime up to 2,800-fold greater than that of the previously reported system. This is 

made possible by the accumulation and the site-specific coordination of zinc porphyrin, 

Ru3O, and MV in the solvent channel of myoglobin crystals. 

Although solvent channels in protein crystals are ideal space for the coordination and 

the accumulation of metal complexes, there is still few report of the evaluation of 

chemical reaction of metal complexes.
48

 If we are able to overcome this problem, it is 
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possible to develop innovative bionanomaterials modified with metal complexes. 

Recently Ueno et al. reported the molecular design of protein crystals using covalent 

modification to prepare bionanomaterials.
124, 125

 Since this technology can be expanded 

to various synthetic molecules including metal complexes, it is able to obtain attractive 

biomaterials with metal complexes, such as extracellular scaffolds for drug delivery 

systems, metalloenzymes for selective reactions. 

 

 

 

Figure 11. Schematic drawings of (a) Construction of a photoinduced electron 

transfer system in porous Mb crystals. (b) Lattice structure of myoglobin crystals 

immobilizing oxotriruthenium cluster (Ru3O) and Zn porphyrin in myoglobin 

crystal. (c) Electrostatic potential of the coordination sites of Ru3O and Zn 

porphyrin in the crystal. The surface is colored with a spectrum (ranging from red 

to blue for the negative to positive charge of each residue). 
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In chapter 1, organoruthenium complexes were immobilized in cross-linked tetragonal 

HEWL crystals (CL-T-HEWL) and cross-linked orthorhombic HEWL crystals 

(CL-O-HEWL). X-ray crystal structure analysis showed the different second 

coordination environment around Ru(benzene)Cl2-His15 moieties. Both crystals 

accelerate the hydrogen-transfer hydrogenation (up to 53%) compared with 

Ru(benzene)Cl2-HEWL composite dissolved in buffer solution (up to 12%) due to the 

stabilization of His-Ru coordination supported by hydrogen bonding networks is solvent 

channels. Ru(benzene)Cl2 complex immobilized in CL-T-HEWL and CL-O-HEWL 

showed unique phenomena for enantioselectivity. The phenomena can be discussed by 

protein-substrate interactions in each solvent channel (Figure 12). 

 

 

 

 

Figure 12. Lattice structure and local coordination structure of cross-linked 

HEWL crystals containing Ru(benzene)Cl2 complex (lower right and upper left, 

respectively) and their catalytic formation of chiral alcohol. 
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In chapter 2, In chapter 2, the author explores the immobilization of ruthenium 

carbonyls in CL-HEWL (Ru•CL-HEWL). Ru•CL-HEWL retains a Ru carbonyl 

moiety that can release CO gas by ligand liberation although a composite of Ru 

carbonyl-HEWL dissolved in buffer solution (Ru•HEWL) does not release CO. This 

result suggested that [Ru(CO)2X4]
2-

, which is reactive intermediate for CO releasing, is 

immobilized only within solvent channels of Ru•CL-HEWL. Ru•CL-HEWL was 

utilized for an extracellular scaffold to activate the transcriptional factor NF-κB in 

living cells. This result represents the utilization of active organometallic intermediates 

for bioapplication via the immobilization in porous protein crystals (Figure 13). 

 

 

 

 

Figure 13. Schematic representation of CO releasing from cross-linked HEWL 

crystals in the vicinity of cells (left) and the coordination structure of ruthenium 

carbonyls in cross-linked HEWL crystals (right). 
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In chapter 3, the author investigated the iv-vivo design of protein crystals for promoting 

the immobilization of organometallic complexes. The molecular design of cypovirus 

polyhedra crystals (PhC) includes introduction of a hexahistidinetag to the C-terminus 

to form His-tagged PhC (HTPhC). The composite from HTPhC and [Ru(CO)3Cl2]2 has 

cis-Ru(CO)2(His) and [Ru(CO)2X3(COO
-
)]

2-
 (X=anionic ions). HTPhC provides 

immobilization of about 2-fold more Ru carbonyls per protein monomer and effectively 

releases three times more CO for activation of nuclear factor kappa B (NF-κB) in living 

cells relative to wild-type PhC with Ru carbonyls (Figure 14). 

 

 

 

 

 

Figure 14. The addition of His-tag into C-terminal of PhM to form HTPhC and 

cis-Ru(CO)2 coordination and CO-releasing into living cells. 
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The aim of Chapter 4 is to prepare PhC with light-triggered CO releasing ability for 

quantitative research on bioactivity of CO gas. These crystals are obtained by 

introducing manganese carbonyl (Mn(CO)5Br) into His-tagged PhC (Mn•HTPhC). 

Mn•HTPhC possesses fac-Mn(CO)3(H2O)2(His) moiety that can be a CO releasing site.  

Mn•HTPhC releases three times more CO compared in the presence of light irradiation 

for activation of nuclear factor kappa B (NF-κB) in living cells compared to the assay 

without light irradiation. This strategy offers the possibility of quantitative analysis for 

bioactivity of CO gas depending on the timing and dosage using this material (Figure 

15). 

 

 

 

 

 

Figure 15. The formation of fac-Mn(CO)3(H2O)2(His) moiety in Mn•HTPhC and 

light-triggered CO releasing in the vicinity of living cells. 
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Chapter 5 describes the crystal engineering to reconstruct solvent channels from in-vivo 

protein crystals of cypovirus polyhedra (PhC).  Amino acid residues located on the 

intermolecular contact region are engineered by replacement and deletion of the amino 

acid residues to enlarge solvent channels with retaining the original crystal lattice 

structures.  The PhM mutants allow the crystalline assemblies to increase solvent 

contents from 19% to 24%, and to adsorb 16-fold larger amounts of organic fluorescent 

dyes than wild-type PhC (WTPhC) by increasing the diffusion pathway of the 

exogenous molecules in solvent channels in the lattice structure due to decreasing 

non-covalent intra- and inter-molecular interactions. (Figure 16). 

 

 

 

Figure 16. The unit cell structure (lower right) and the structure of 3-fold cavity 

(upper left) of WTPhC (a) and those of engineered PhC (b) obtained by X-ray 

crystal structure analysis. The area of solvent channels is shown as red spheres. 
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Chapter 1 

 

Porous Protein Crystals as Catalytic Vessels 

for Organometallic Complexes 
 

 

Abstract 

 

A solid artificial metalloenzyme based on HEWL crystals has been designed. 

Nanovessels constructed by two HEWL crystal forms of tetragonal and orthorhombic 

systems provide different catalytic environments. The crystals accelerate the catalytic 

reaction and different enantiomers are obtained based on the crystal structure of each 

form, which is revealed by X-ray crystallography.   
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Introduction 

 

BioThe design of artificial metalloenzymes has been the focus of much attention in 

fundamental research and development of applications in biotechnology.
1, 2

 Conjugation 

of proteins to metal compounds is one of the most convenient methods used in the 

expansion of function of known proteins.
3-15

 Since Whitesides et al. reported that a 

Rh
I
-biotin/avidin complex can catalyze asymmetric hydrogenation reactions,

3
 several 

artificial metalloenzymes have been developed with non-covalent or covalent 

conjugation between proteins and synthetic metal cofactors.
4-8 

Recent progress in 

structural biology and computational approaches has enabled artificial metalloenzymes 

to be designed more precisely.
9-15

 These reconstruction methods have been expanded to 

protein assemblies 
11, 12, 16

  Thus, it is expected that protein crystals, which are protein 

assemblies in solid state, can also accommodate synthetic organometallics and serve as 

catalysts because they can provide robust and unique nano environment for catalytic 

reactions. This is because typical metalloproteins are tend to be unstable and can only 

be used under limited conditions without recyclability. 

Protein crystals represent precise protein assemblies in the solid state and are thus 

appropriate candidates to develop robust catalytic nanovessels.
17-35

 Each protein crystal 

is a stable protein assembly with inner pores called solvent channels. The sizes of the 

solvent channels vary according to the lattice of each individual crystal. Given channels 

occupy 30% to 65% of the total crystal volume, and provide a great surface area (800 ~ 

2000 m
2
/g) with a wide range of pore sizes (10 ~ 100Å).

18, 19
 The physical properties of 

the solvent channels provide unique chemical environments as revealed by theolitical 

methods.
20, 21

 As they are stable and can be easily prepared, the channels of crystallized 

natural enzymes have been used as enzyme reactors and separation columns.
19, 22, 23

 

Post-engineering of porous protein crystals has also been carried out to convert solvent 

channels to catalytic nanovessels for inorganic compounds or metal complexes using 

the functional groups of amino acid side chains, which are exposed with regularity on 

the interior surfaces of the channels.
27-33

 Metal ions, which were accumulated within the 

solvent channels, were converted to inorganic materials in protein crystals. A deposition 

of catalytic materials in protein crystals is reported by Lu and his co-workers.
 28, 29

 Gold 

nanoparticles synthesized in the lysozyme crystals by disproportionation of accumulated 

Au
I
 can catalyze the reduction of p-nitrophenol with NaBH4.

 
 With respect to reactivity 

of metal complex•protein crystal composites, hydroxylation and electron transfer with 
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single turnover have also been 

achieved by metal complexes 

immobilized in solvent channels of 

NikA and myoglobin crystals, 

respectively.
32, 36

 Although Sadler 

and co-workers immobilized metal complexes in protein crystals, the catalytic reactions 

have not been reported.
37

   

Here the author reports on catalytic reactions promoted by organometallic complexes 

immobilized in porous protein crystals.
19

 Cross-linked hen egg white lysozyme crystals 

(CL-HEWLs) have been engineered to immobilize organoruthenium complexes so that 

the crystal composites can catalyze enantioselective reduction of acetophenone and its 

derivatives (Scheme 1a). The following results were obtained: 

(1) Stable coordination of Ru(benzene)Cl2 complex to His15 in CL-HEWL crystals 

provides higher catalytic activity than a Ru(benzene)Cl2-HEWL composite dissolved in 

a buffer solution.   

(2) A different configuration of enantiomers was obtained as a result of the structure of 

active sites by altering the lattice structure of HEWL crystal systems to tetragonal and 

orthorhombic forms (Scheme 1b).   

These results demonstrate that porous protein crystals have the potential to serve as 

suitable catalytic vessels immobilizing organometallic complexes. 
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 1. (a) Schematic representation of the preparation of Ru(benzene)Cl2•His 

coordination in a solvent channel of a porous HEWL crystal. (b) Preparation of 

HEWL crystals in (1) tetragonal form (T-HEWL, PDB code 193L)38, (2) 

orthorhombic form (O-HEWL, PDB code 1BGI)39, and (3) cross-linking treatment 

followed by accumulation of [Ru(benzene)Cl2]2. (PDB ID : 3W6A and 4J7V, 

respectively) (c) The reaction scheme of the hydrogen-transfer reduction of 

acetophenone derivatives.  
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Results and Discussion 

 

Preparation and X-ray crystal structure analysis. 

Crystals of HEWL, which can be routinely and abundantly crystallized to obtain yields 

of several hundred milligrams, are exploited as templates in construction of catalytic 

nanovessels. The crystals have the capacity to immobilize organometallic complexes by 

coordination bonds between His or Asp residues on the surfaces of the solvent 

channels.
11, 12, 16

 Tetragonal HEWL crystals (T-HEWL) were obtained in batch 

crystallization method.
38

 The crystals were soaked into 100 mM acetate solution 

containing 2.5% glutaraldehyde at room temperature for 48 hours to stabilize crystals by 

cross-linking (CL-T-HEWLs). CL-T-HEWLs (150 mg) were soaked in 1 mL of 100 

mM acetate buffer (pH 7.0) containing 5 mM [Ru(benzene)Cl2]2 at room temperature 

for 24 hours to immobilize Ru complexes in the CL-T-HEWL crystals. Then 

Ru(benzene)Cl2•CL-T-HEWL (Ru•T) crystals were obtained as dark yellow crystals. 

Quantitative elemental analysis of Ru•T by inductively coupled plasma-optical 

emission spectrometry (ICP-OES) showed that the number of Ru per HEWL monomer 

of Ru•T was 0.73. The diffraction data of Ru•T indicated that the crystal lattice and the 

solvent channels were maintained after all procedures (Figure 1). 

Ru(benzene)Cl2•CL-O-HEWL (Ru•O) was obtained as orange crystals by the same 

procedures.
39

 The ratio of Ru HEWL monomer, determined by ICP-OES, was 0.60 for 

Ru•O. The X-ray diffraction patterns of the Ru•O showed that the original lattice 

structures were retained. The color change of each crystal was caused by cross-linking 

treatment before accumulation of Ru(benzene) complexes (Figure 2). It is expected that 

the color of CL-X-HEWLs is influenced by the number and the location of C=N bonds 

formed by the coupling of lysine/glutaraldehyde in each crystal lattice.
40 

The coordination structures of the Ru complexes in the solvent channels were 

determined by X-ray crystal structure analysis at resolutions of 1.77 Å and 1.54 Å for 

Ru•T (PDB ID : 3W6A) and Ru•O (PDB ID : 4J7V), respectively (Figure 1 and Table 

1). The binding positions of the Ru atoms were distinguished by anomalous difference 

maps. Ru•T has two Ru binding sites, designated RuaT, and RubT, per HEWL monomer 

with occupancies of 0.6 and 0.3, respectively (Figure 3a). The Ru complexes are located 

only at these sites found by the crystal structure analysis because the sum of the 

occupancies corresponds well to the quantitative analysis of the Ru/HEWL ratio 

estimated by ICP-OES. The Ru (benzene)Cl2•His15T1 moiety is located within the 
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largest of the solvent channels of the crystal (Figure 3b). The electron density of RuaT1 

was observed around His15 with an electron density expected to be a benzene ligand, 

and two chloride ions (Figure 3c). The observed bond length of RuaT1–NεHis15T1 is 2.5 

Å which is within the typical range of Ru–N bonds.
37, 41

 The angle of the benzene 

plane–RuaT1–NεHis15T1 is 127°. The angle appears to be restricted by participation of 

the ClaT1 atom in a hydrogen bonding network with a water molecule (Wat1T) and 

carboxylate of Asp7 (OAsp7T2) of the neighboring HEWL monomer (Figure 3c). 

Ru(benzene)Cl2•His15 moiety is stabilized by participating in hydrogen-bonding 

networks arranged in the solvent channels of Ru•T as reported for a Ru3O cluster in the 

hexagonal channel of myoglobin crystals (Figure 3c).
32

 These coordination parameters 

are essentially identical to those of Ru(p-cymene) fixed in a tetragonal-HEWL crystal as 

reported previously. The RubT atom, which is fixed within a narrow channel (Figure 3b), 

is bound to OδAsp101T1 at a distance of 2.2 Å, and does not have non-covalent 

interactions with neighboring residues. This implies that the lower occupancy of RubT 

relative to RuaT is due to Ru-OδAsp101 having less stable formation of coordination 

bondings. Lys13 forms an intermolecular cross-linked bond with Lys13 of the 

neighboring HEWL through glutaraldehyde conjugation as reported previously
40

. 

However, the cross-linking is expected not to influence the coordination structure of the 

Ru center bound to His15 because the side chain of Lys13 is 11 Å away from His15. 

In Ru•O, electron density of RuO was found only in the vicinity of His15O with ideal 

occupancy (0.7) (Figure 3d). The Ru(benzene)Cl2•His15O1 moiety is located within the 

largest solvent channel of Ru•O (Figure 3e). The Ru atom is bound to NHis15O1 at a 

distance of 2.2 Å and accompanied with a benzene group and two chloride atoms 

(Figure 3f). The angle of the benzene plane-Ru-NHis15O1 (113°) is restrained by 

intramolecular hydrogen bonding between ClO1 and Arg14O1 (Figure 3f).  
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Figure 1. X-ray diffractograms of Ru•T. 
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Figure 2.  The UV/Vis spectra of composites. (a) CL-T-HEWL (straight line), 

CL-O-HEWL (dashed line) and HEWL monomer in buffer solution (dotted line). 

(b) Ru•T (straight line), Ru•O (dashed line) and HEWL monomer in buffer 

solution (dotted line).  
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Table 1. Crystallographic data and refinement statistics of Ru•T and Ru•O. 

 Ru·T Ru·O 

PDB ID 3W6A 4J7V 

Data Collection Statistics   

X-ray wavelength (Å) 1.0000 1.0000 

Space group P43212 P212121 

Crystal cell, (Å)   

a 79.046 30.194 

b 79.046 55.572 

c 36.358 72.418 

α, β, γ 90.0, 90.0, 90.0 90.0, 90.0, 90.0 

Resolution Range 30.00-1.77 40.00-1.54 

 (1.82-1.77) (1.58-1.54) 

Completeness (%) 97.06 97.63 

 (99.34) (98.03) 

Rmerge (%) 4.7 5.2  

 (30) (73) 

I/σ  58.8 58.8 

 (76.9) (66.7) 

   

Refinement statistics   

Resolution range (Å) 27.95-1.77 25.94-1.54 

Reflection used 10839 17315 

R-factor (%) 20.2 19.5 

Rfree (%) 27.2 23.5 

Rms diviation from ideality   

Bonds (Å) 0.025 0.031 

Angle (° ) 2.338 3.497 

Ramachandan plot (%)   

Most favored 99.2 98.4 

allowed 0.8 1.6 

   

Values in parentheses are for the highest resolution shell. 
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Figure 3. Coordination structures of Ru•X for a monomer (a for Ru•T, and d for 

Ru•O), a lattice (b for Ru•T, and e for Ru•O), and active site structures with 

hydrogen-bonding networks (c for Ru•T, and f for Ru•O).  The coordination 

structures were magnified from the black square in the lattice structures. HEWL 
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monomers which are coordinated to Ru(benzene)Cl2 are assigned as T1 and O1, 

respectively.  The residues in T1 and O1 are green.  The next HEWL 

monomers are assigned as T2 (pink) and O2 (yellow), respectively. Anomalous 

difference Fourier maps at 3.0σ indicate the positions of individual Ru atoms 

colored with magenta. The selected 2 |Fo|-|Fc| electron-density maps at 1.0σ are 

colored with gray. Crystallographic images were produced by Pymol. 42 

 

 

Figure 4. B-factor of the coordination sites of (a) Ru•T and (b) Ru•O.   
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Catalytic reactions. 

The reduction reactions by hydrogen transfer of acetophenone and its derivatives were 

examined at 35 °C in the presence of Ru•T and Ru•O (Scheme 1c). After the reaction, 

the conversion and enantiomeric excess (ee) were determined by HPLC equipped with a 

Daicel Chiralcel OD-H column (Figure 5). No residual compounds were remained in 

Ru•X after catalytic reactions as confirmed by 
1
H NMR. All of the composites catalyze 

the hydrogen transfer reactions listed in Table 2. Ru•T exhibits the highest activity for 

propiophenone (2) with a conversion of 53% (entry 4). With respect to the ee value of 

the catalytic reactions, the reaction of isobutyrophenone (4) by Ru•O has the highest ee 

value; 36 % ee S (entry 11). The ee values for all of the other products obtained from 

Ru•O are greater than those of the products obtained from Ru•T. When control 

experiments were performed with Ru(benzene)Cl2-HEWL composite dissolved in a 

buffer solution (Ru•(HEWL)sol), the solution shows 4-8-fold lower conversions than 

those of Ru•T. (Table 2, entry 3, 6, 9, 12, and 15). In the absence of HEWL, or the 

presence of only L-histidine, the Ru complex shows no catalytic activity of the 

hydrogen transfer reaction. These results suggest that the coordination of His to the Ru 

complex is stabilized within the solvent channels of HEWL crystals as shown in Figure 

3.  

Next, recyclable performance of Ru•O was evaluated with the reaction of entry 

11, which showed the highest ee value (Table 3). The second–fifth runs maintained ca. 

78 – 57 % conversions of the first reaction. The tenth runs showed 70 % of conversion, 

71 % enantioselectivity, respectively, from the first reaction. The quantitative analysis 

of the Ru/HEWL ratio after the tenth run (0.49) was only 72 % of Ru•O before the 1
st
 

run (0.60).  It suggests that the decreases were mainly caused by partial disruption of 

the coordination structure of Ru(benzene) and leaching of Ru complexes during the 

recycle procedure.    
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Table 2. Catalytic reduction of acetophenone derivatives with Ru-HEWL 

compounds. a 

 

Entry Substrate Catalyst Conversion [%] ee [%] 

1 1 Ru•T 48 4 (R) 

2 1 Ru•O 44 7 (R) 

3 1 Ru•(HEWL)sol
b
 8 14 (S) 

4 2 Ru•T 53 8 (R) 

5 2 Ru•O 44 31 (R) 

6 2 Ru•(HEWL)sol
b
    8 7 (S) 

7 3 Ru•T 33 18 (R) 

8 3 Ru•O 21 20 (R) 

 9 3 Ru•(HEWL)sol
b
 4 3 (S) 

10 4 Ru•T 38 23 (R) 

11 4 Ru•O 46 36 (S) 

12 4 Ru•(HEWL)sol
b
 7 24 (R) 

13 5 Ru•T 46 8 (S) 

14 5 Ru•O 41 29 (R) 

15 5 Ru•(HEWL)sol
b
 12 12 (R) 

a. Hydrogen transfer reactions were carried out in borate buffer (0.3 M, pH 7.5) 

at 35 °C for 24 hr in the presence of a catalyst ([Ru] = 1.3 mM), substrate (11.3 

mM), and sodium formate (3.3 M).   

b. Hydrogenation reactions were carried out in borate buffer (0.3 M, pH 7.5) at 

35 °C for 24 hr in the presence of a [Ru(benzene)Cl2]2 (1.3 mM), substrate (11.3 

mM), HEWL (2.0mg/mL), and sodium formate (3.3 M).  
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Table 3.  Catalytic reduction of substrate 4 with Ru•O.a 

 

 Run Conversion [%] ee [%] 

1 46 36 (S) 

2 36 28 (S) 

3 31 27 (S) 

4 31 23 (S) 

5 26 23 (S) 

6 25 18 (S) 

7 22 15 (S) 

8 22 12 (S) 

 9 20 10 (S) 

10 14 11 (S) 

 

a. Hydrogen transfer reactions were carried out in borate buffer (0.3M pH 7.5) at 

35 ˚C for 24 hrs in the presence of substrate 4 (11.3 mM) and sodium formate 

(3.3M) and Ru•O which were filtered off from the previous run. 

 

 

 

To the best of our knowledge, this is the first example of a recyclable artificial 

metalloenzyme.Mechanism of selective catalytic reactions. 

As previously reported, the mononuclear half-sandwich Ru(ŋ
6
-arene)-N coordination is 

the key structure for the catalytic reaction.
43, 44

 Ru(benzene)Cl2•His15 is stabilized in 

Ru•T and Ru•O by hydrogen bonding networks while Ru(benzene)Cl2•His15 in 

Ru•(HEWL)sol is expected to have random coordination structure. This is because Ru 

complexes prefer to coordinate to phenylalanine and tyrosine residues to form sandwich 

complexes in solution.
37

 Ru•(HEWL)sol has lower activity than Ru•T and Ru•O because 

CL-HEWLs have few aromatic residues exposed on the surfaces of the large solvent 

channels because those residues are mostly involved in hydrophobic protein-protein 

interactions to maintain the crystal lattice.
37

 [Ru(benzene)Cl2]2 dissolved in a buffer 

solution in the absence of HEWL also lacks Ru(benzene)Cl2•His15 structure. Thus, 

Ru•T and Ru•O have higher reactivity relative to Ru•(HEWL)sol.  
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ee value obtained by Ru•T and Ru•O is usually higher than that of 

Ru•(HEWL)sol (Table 2). This result can also be interpreted by the stabilization of 

coordination bondings in the restricted space in solven t channels of Ru•T and Ru•O.   

In the case of previously reported artificial transfer hydrogenases with a Ru(η
6
-arene) 

moiety, when the first coordination sphere around the Ru atom is an achiral ligand, 

enantioselectivity is determined by the second coordination environment in proteins.
14, 

15
 The chiral environment of the second sphere in solution is affected only by the 

intramolecular interactions with neighboring residues. The reaction products obtained 

with Ru•T include the R-isomer, which is opposite from the product obtained with 

Ru•(HEWL)sol, except for 5 (entry 13), because the second coordination environment in 

the crystal is influenced by the adjacent HEWL monomer along the solvent channel. 

The direction of substrate access toward the active site of Ru•T is restricted because 

Ru(benzene)Cl2•His15 of Ru•T is located at the boundary with the adjacent HEWL 

monomer and the ClaT1 atom participates in a hydrogen bonding network with OAsp7T2 

through a water molecule (Figure 3c and Figure 6a). The absolute ee values of the 

products are lower than those produced with Ru•O. This appears to be due to the high 

flexibility of Arg14T1 which is indicated by the high B-factor value of the side chain 

(Figure 4a).  

In the solvent channel of Ru•O, substrates 4 and 5 produce S-, and R-isomers, 

respectively, which are the opposite of those produced by Ru•T. The direction of 

substrate access is expected to be different from that of Ru•T because the adjacent 

HEWL monomer extends over the benzene ligand of the Ru binding site and ClbO1 

retains an intramolecular hydrogen bond with Arg14O1 (Figure 3f and Figure 6b). The 

B-factor of the first Ru coordination sphere is lower than that of Ru•T because of the 

influence of the consistent interaction (Figure 4b). The less flexible environment around 

Ru(benzene)Cl2 in the solvent channel of Ru•O gives higher ee values relative to that of 

Ru•T.   
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Figure 5.  Chiral phase HPLC trace of acetophenone (a), propiophenone (b), 

valerophenone (c), isobutyrophenone (d) and p-phenylacetophenone conversion 

with Ru•T showing the signals of (R)- and (S)-products, respectively. 
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Figure 6.  Proposed direction of substrate access in Ru•T (a) and Ru•O (b). 
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Conclusions 

 

 The author has successfully established a method for the construction of 

biohybrid catalysts by immobilizing organometallic complexes in solvent channels of 

cross-linked porous HEWL crystals. The improvement of catalytic activity is attained 

by stabilization of Ru(benzene)Cl2 coordination in the solvent channels of CL-HEWLs 

by hydrogen bonding networks across the neighboring HEWL monomers. The changes 

of the ee values and configurations can be explained by protein-substrate interactions in 

solvent channels as revealed by X-ray crystal structure analysis. This method represents 

a new approach for immobilization and activation of organometallic complexes using 

the environment of solvent channels in porous protein crystals. 

 

 solid materials 

Experimental Section 

 

Materials. Hen egg white lysozyme (HEWL) was purchased from Sigma-Aldrich. 

Other reagents were purchased from TCI, Wako, Nacalai Tesque, and Sigma–Aldrich 

and were used without further purification. 

 

Crystal Structure Analysis. CL-X-HEWLs were prepared by the hanging drop vapor 

diffusion method according to the reported procedure.
39, 45

 CL-T-HEWL and 

CL-O-HEWL were soaked in a 0.1 M acetate buffer (pH 6.1) containing 5.0 mM 

[Ru(benzene)Cl2]2 and 1.0 M NaCl for 24 hrs to obtain the crystals containing Ru 

complex. Prior to the data collection, crystals were continuously immersed in a 

precipitant solution containing 10 % (w/w) and 25 % glycerol and subsequently frozen 

in liquid nitrogen. X-ray diffraction data of each Ru•X were collected at 100 K at 

beamline BL38B1 at SPring-8 using X-ray wavelengths of 1.0 Å. The data were 

processed with the program HKL2000.
46

 

The crystal parameters and the data collection statistic are summarized in Table 

1. The structures were solved by molecular replacement with MOLREP
47

 using HEWL 

structures of tetragonal and orthorhombic forms (PDB ID: 193L and 1BGI, 

respectively). Refinement of the protein structure was performed using REFMAC5
48

 in 

the CCP4 suite
49

. Rebuilding was performed using COOT
50

 based on sigma weighted 

(2Fo-Fc) and (Fo-Fc) electron density maps. After rigid-body refinement, the 
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coordination structures of Ru binding sites were picked up according to anomalous 

Fourier difference maps and geometric parameters. Water molecules were positioned to 

fit residual (Fo-Fc) density peaks with a lower cut-off of 3σ. The models were subjected 

to quality analysis during the various refinement stages with omit maps and 

PROCHECK.
51

 The refinement statistics are summarized in Table 1. Atomic 

coordinates are deposited in the Protein Data Bank under accession numbers 3W6A and 

4J7V for Ru•T and Ru•O, respectively.  

 

ICP-OES measurement. Ru•X (5.0 mg) were ashed in 2 mL concentrated HNO3.  

The precipitate was dissolved in 0.1 M NHO3. Metal concentrations of the solution were 

determined by using an inductively coupled plasma optical emission spectrometer 

(Shimadzu ICPE-9000). Ru(NO3)3 in 0.1 M HNO3 (1.03 g/L) was used as calibration 

standard and Y(NO3)3 in 0.1 M HNO3 (1.03 g/L) was applied for an internal standard. 

 

Hydrogen transfer reactions by Ru•X. Hydrogen transfer reactions were carried out 

in borate buffer (0.3 M, pH 7.5) at 35 °C for 24 hrs in the presence of a catalyst ([Ru] = 

1.3 mM), substrate (11.3 mM), and sodium formate (3.3 M). After the reaction, the 

reaction mixture was filtrated to remove crystals and the substrates and products 

remaining were extracted with hexane three times. There were no residual compounds 

in Ru•X after this treatment by 
1
H NMR.  The solutions were analysed with HPLC 

equipped with a Daicel Chiralcel OD-H column installed on a HITACHI LC-9000 

system (1.0 mL/min, hexane: iPrOH = 95:5, column temperature 30˚C) (Figure 5).  

Recycling performance of Ru•O : Hydrogen transfer reactions were carried out in borate 

buffer (0.3 M, pH 7.5) at 35 °C for 24 hr in the presence of substrate 4 (11.3 mM), and 

sodium formate (3.3 M) and Ru•O which were filtered off from the 1
st
 run. After the 

reaction, the reaction mixture was filtrated to remove crystals for the next run.  

 

Typical Procedure for the synthesis of the HPLC standards. NaBH4 (0.71 g, 19 

mmol) dissolved in ethanol (20 mL) was stirred at 10˚C for 10 min. A solution of 

acetophenone (6.0g, 50mmol) in ethanol (10mL) was added dropwise and was refluxed 

for 20min. The mixture is placed in ice water bath and 5% HCl solution (20mL) is 

added dropwise to the mixture. After being stirred for 10min at 0 ˚C, a saturated NaCl 

solution (30mL) was added and the product was extracted with ethyl acetate (20 mL ×3). 

The extract is washed with Na2CO3 solution (30mL) and with NaCl solution (30mL) 
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and dried over with Na2SO4. Concentration of the filtrate with a rotary evaporator 

affords 1-phenylehanol (3.66 g, 30.1 mmol). The product is analyzed by 
1
H NMR 

(CDCl3, 500 MHz) and HPLC. The peak assignment was carried out with commercial 

(R)-1-phenylethanol. 
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Chapter 2 

 

Preparation of a Cross-linked Porous 

Protein Crystal containing Ru carbonyl 

complexes as a CO-releasing 

Extracellular Scaffold 

 

 

Abstract 

 

In the previous chapter, the author investigated the immobilization of reactive 

organoruthenium complexes in the solvent channels of cross-linked porous HEWL 

crystals (CL-HEWL). Herein, ruthenium carbonyls are another candidate for an 

immobilization in CL-HEWL (Ru•CL-HEWL) Ru•CL-HEWL retains a Ru carbonyl 

moiety that can release CO gas by the ligand liberation although a composite of Ru 

carbonyl-HEWL dissolved in buffer solution (Ru•HEWL) does not release CO. The 

culture of cells with Ru•CL-HEWL significantly increased nuclear factor kappa B 

(NF-κB) activity as a cellular response to CO gas. These results demonstrate that 

Ru•CL-HEWL has potential for use as an artificial extracellular scaffold suitable for 

transport and release of a signaling small molecule using organometallic complexes. 
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Introduction 

 

Protein assemblies are a class of highly organized composites that hold promise for 

development materials in a number of applications in biotechnology.
1-6

 One of the 

general methods is the encapsulation of non-natural metal cofactors within the scaffolds 

of protein assemblies.
7-12 

This method provides the means to construct bionanomaterials 

composed by artificial metalloproteins i.e. artificial metalloenzymes, drug delivery 

systems and imaging reagents.
13-15

 In particular, the design of composites of proteins 

and organometallic complexes represents one of the most challenging efforts because of 

the high reactivity of organometallic complexes.
15-18 

For example, proteins modified 

with organoruthenium or organorhodium complexes can catalyze selective reactions for 

organic synthesis.
  

One candidate for functional organometallic complexes is metal carbonyls. Iron 

carbonyls have been conjugated to proteins. 
19

 They are active for evolution of small 

molecules as H2. Metal carbonyls also serve as carbon monoxide (CO)-releasing 

molecules (CORMs). Delivery of CO into living cells using CORMs is useful because 

CO gas is a pleiotropic signaling gas molecule such as cytoprotection, modulation of 

inflammation, redox control and vasoactive response.
20-26

 Although bionanomaterials 

with CO-releasing ability have been prepared by immobilizing CORMs in inorganic 

particles, polymer, peptide gels and metal-organic frameworks (MOFs), their structure 

are not well clarified and their cellular application has been limited.
27-31

 As yet, several 

of these materials are utilized as extracellular scaffolds that can deliver CO into living 

cells to control cellular functions such as apoptosis and alleviation of oxidative stress.
27, 

29, 31
  

Protein crystals represent precise protein assemblies in solid state and are also 

appropriate candidates for development of robust bionanomaterials that immobilize 

CORMs.
8, 11, 32-38 

Each protein crystal has inner pores that act as solvent channels. Metal 

complexes are immobilized in solvent channels by the coordination bonding between 

amino acid residues.
32

 The structures of the solvent channels are usually retained by 

cross-linking treatment of protein crystals.
33

 Cross-linked protein crystals (CLPCs) have 

been adapted to serve as nanovessels for enzyme reactions and molecular separations.
39, 

40
 Post-engineering of CLPCs has recently been performed to deposit functional metal 

compounds in solvent channels.
 37, 38 

The success of these efforts indicates that protein 
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crystals have further potential to provide new structures of CORMs and improve the 

reactivity of CO-releasing.  

Herein, the immobilization of CORMs and release of CO gas using cross-linked 

HEWL crystals (CL-HEWLs) are demonstrated. Porous HEWL crystals have the 

capability to accommodate various metal carbonyls.
41-46

 Romão et al. reported 

composites from HEWL and Ru carbonyls although the composite was found to be 

incapable of releasing CO gas.
43, 45

 The immobilization of Ru carbonyls in porous 

CL-HEWLs induced the formation of [cis-Ru(CO)2X4]
2-

 (X = anionic ligands) to 

preserve CO gas in solvent channels and to release CO gas under physiological 

conditions. The CO molecules can activate nuclear factor kappa B (NF-κB). These 

results indicate that porous protein crystals have potential for use as extracellular 

scaffolds for the stable immobilization of bioactive organometallic compounds. 

 

 

Scheme 1. Schematic representation of the preparation of Ru•CL-HEWL (a) 

and CO release in the vicinity of cells (b). 
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Results and discussions 

 

Preparation and X-ray Crystal Structure Analysis. 

HEWL crystals were obtained using a batch crystallization method followed by a 

cross-linking treatment as reported in the previous chapter. CL-HEWL were soaked in 

acetate buffer solution containing 5.0 mM [Ru(CO)3Cl2]2, known as CORM-2, to 

immobilize the Ru carbonyls in CL-HEWLs (Ru•CL-HEWL). The ratio of Ru to the 

HEWL monomer, as determined by X-ray fluorescence spectroscopy, was 10.1±0.8:1 

for Ru•CL-HEWL. A scanning transmission electron microscopy-energy dispersive 

X-ray spectrum (STEM-EDX) showed that Ru complexes are fully distributed within 

Ru•CL-HEWL (Figure 1a). 

Ru•CL-HEWL was characterized by infrared (IR) spectroscopy (Figure 1b, solid 

line). The IR spectrum of Ru•CL-HEWL has four bands at 2,055, 2,025, 1,981 and 

1,940 cm
-1

. A pair of bands at 2,055 and 1,981 cm
-1

 is assigned to the CO stretching 

vibrations of the cis-Ru(CO)2(His) moiety in proteins.
43 

The other pair at 2,025 and 

1,940 cm
-1

 is expected to arise from the CO stretching vibrations of [cis-Ru(CO)2X4]
2-

 

(X = anionic ligands).
47-49

 The composite of HEWL and [Ru(CO)3Cl2]2 in buffer 

solution (Ru•HEWL) showed a pair of bands at 2,047 and 1,977 cm
-1

 that are assigned 

to cis-Ru(CO)2(His) moiety (Figure 1b, dotted line). The difference IR spectra between 

Ru•CL-HEWL and Ru•HEWL indicates that [cis-Ru(CO)2X4]
2-

 moieties can exist only 

in Ru•CL-HEWL. 

Ru carbonyls in Ru•CL-HEWL was characterized by X-ray crystal structure analysis 

at a resolution of 1.55 Å (Figure 2 and Table 1). The binding positions of the Ru atoms 

were distinguished by anomalous difference maps (Figure 2a-2b). Each Ru atom is 

bound to a coordinating residue such as His, Asp and Lys with a bond length of 2.2–2.5 

Å (Figure 2c-2h). All bond lengths are reasonable compared with the reported bond 

lengths between Ru and residues.
50, 51

 Rua is coordinated to His15 as reported for the 

other HEWL-organometallic complex composites.
43, 45, 50

 Rua has an occupancy of 0.7 

and adopts an octahedral structure with Nε of His15, two CO molecules in the cis- 

position, one water molecule, and two Cl ions to form the octahedral structure, 

[cis-Ru(CO)2(H2O)Cl2(His15)] (Figure 2c). This structure gives rise to IR bands of 

2,055 and 1,981 cm
-1

 according to the literature
43

.
 
This moiety is surrounded by Oδ of 

Asp87 and Oγ of Thr89 and participating in hydrogen bonding networks. An additional 

nine anomalous densities assigned to Ru ions were identified near the carboxylate of 
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Asp18, Asp52, Asp101, Asp119, and the C-terminal (Leu129) and (Figure 2d-2h). 

These moieties are expected to have IR bands at 2,025 and 1,940 cm
-1

 according to the 

literature.47-49 The anomalous difference maps of Rub and Ruc imply that each forms 

individual mono-nuclear Ru carbonyl moiety coordinated to each Oδ atom of Asp18 

because the occupancy level for each of these Ru ions was estimated to be 0.5 (Figure 

2d). Although anomalous difference maps were observed in Rud-Ruj (Figure 2e-2h), 

carbonyl ligands could not be observed around these Ru ions because of low occupancy 

of Rud-Ruj whose value is below 0.5.  
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Figure 1. (a) STEM-EDX images of Ru•CL-HEWL: STEM Bright-field image 

(upper left), elemental mapping images of C-K (upper right), S-K (bottom left) 

and Ru-K (bottom right). (b) Infrared spectra: Ru•CL-HEWL (KBr method, solid 

line), Ru•CL-HEWL after releasing CO in the Mb assay (KBr method, chained 

line) and Ru•HEWL in 10mM HEPES buffer (pH 7.0) (ATR method, dotted line).  
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Figure 2. Coordination structures of Ru complexes (Rua-Ruj) in Ru•CL-HEWL 

for a monomer (a), lattice (b) and the magnified structures of coordination sites 

of His15 (c), Asp18 (d), Asp52 (e), Asp101 (f), Asp119 (g) and C-terminal 

(Leu129) (h). The residues of the neighboring HEWL monomer are shown in 

light blue. Hydrogen bonds are indicated by red dashed lines. These images 

were produced by Pymol.52  
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Table 1. Crystallographic data and refinement statistics of Ru•CL-HEWL and 

that of after the Mb assay.   

 Ru•CL-HEWL Ru•CL-HEWL  

after the Mb assay 

PDB ID 4W94 4W96 

Data Collection Statistics   

X-ray wavelength (Å) 1.0000 1.0000 

Space group P43212 P43212 

Crystal cell, (Å)   

a 79.034 79.011 

b 79.034 79.011 

c 36.920 36.994 

α, β, γ 90.00 90.00 

Resolution Range 35.00 - 1.55 35.00-1.50 

 (1.59 - 1.55) (1.54- 1.50) 

Completeness (%) 99.06 93.50 

 (99.76) (99.14) 

   

Refinement statistics   

Resolution range (Å) 30.80-1.55 30.84-1.50 

Reflection used 16476 17128 

R-factor (%) 18.24 19.45 

Rfree (%) 21.43 22.66 

Rms diviation from ideality   

Bonds (Å) 0.025 0.025 

Angle (° ) 2.218 2.154 

Ramachandan plot (%)   

Most favored 98.4 97.6 

allowed 1.6 2.4 

   

Values in parentheses are for the highest resolution shell. 
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CO release assay. 

The CO-releasing functions of Ru•CL-HEWL into the aqueous medium was evaluated 

by a spectrophotometric assay based on conversion of deoxy-myoglobin (Mb) to 

carboxy-Mb (MbCO).
20

 Ru•CL-HEWL was suspended in a buffer solution containing 

Mb and sodium dithionite (Na2S2O4). Ru carbonyls are expected to liberate CO gas by 

ligand exchange reactions with nucleophiles or anions such as S2O4
2-

 and then 

coordinate with them.
53

 The conversion from Mb to MbCO was quantified by UV/Vis 

measurements. In the presence of Ru•CL-HEWL, the MbCO peaks at 542 nm and 578 

nm increased during the reaction while the Mb peak at 556 nm decreased with 

isosbestic points at 550, 571, and 586 nm (Figure 3a). The amount of CO released from 

Ru•CL-HEWL was 0.38±0.02/Ru. The half-life (t1/2) of the CO releasing reaction was 

found to be 19.4±0.8 min. The t1/2 value was about 10-fold greater than the t1/2 value of 

[Ru(CO)3Cl2]2 (1.9±1.4 min) estimated using the same assay. The solvent channels in 

Ru•CL-HEWL are expected to affect the restricted diffusion of these anions eventually 

to extend the t1/2 value of Ru•CL-HEWL.
34, 54, 55

 

The ratio of Ru to the HEWL monomer in Ru•CL-HEWL after the Mb assay 

was 10.4±1.1:1. This ratio is similar to that of Ru•CL-HEWL before the assay 

(10.1±0.8:1). The IR spectrum of Ru•CL-HEWL after the Mb assay showed that the 

bands at 2,025 and 1,940 cm
-1

 disappear while the bands at 2,055 and 1,981 cm
-1

 

assigned to [cis-Ru(CO)2(H2O)Cl2(His15)] are retained (Figure 1b, chained line). Thus, 

[cis-Ru(CO)2X4]
2-

 is the CO-releasing site in Ru•CL-HEWL. This is supported by the 

X-ray crystal structural analysis of Ru•CL-HEWL after the Mb assay. Electron 

densities of the CO ligands of Rua are preserved after the Mb assay although the 

electron densities of CO and Cl ligands of Rub and Ruc disappear (Figure 4). This is 

expected that [cis-Ru(CO)2(H2O)Cl2(His15)] is stabilized by steric hindrance of 

surrounding amino acid residues. This effect prevents the access of trigger molecules 

(Figure 2c). Ru•HEWL dissolved in buffer solutions was found to be incapable of 

releasing CO because [cis-Ru(CO)2X4]
2-

 cannot be formed in Ru•HEWL.
 43

 Moreover, 

the Mb assay could not be confirmed because Ru•HEWL precipitates as a dark red 

aggregate. 
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Figure 3. (a) Detection of CO release by monitoring the changes of the Q-band 

region of the UV/Vis spectra of Mb (35 μM) in the presence of Ru•CL-HEWL (Ru 

= 0.025 μmol) and Na2S2O4 (10 mM) in 500 μL PBS buffer at 25˚C. The arrows 

indicate the change in absorption intensity at 542 nm during the course of the 

assay (t = 0 , 5 , 10, 15, 20, 25 , 30, 35, 40, 45, 50, 55, 60, 90, 120,  and 240 

minute). (b) The prot of the formation of MbCO. The conversion of Mb to MbCO 

was monitored with a spectrophotometer. After the calculation of the equivalents 
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of CO/Ru, t1/2 was determined by fitting to first-order kinetics. The experiments 

were performed three times and the data represent mean ± SEM. 

 

 

 

Figure 4. The coordination structures of Ru carbonyls at His15 (a) and Asp18 (b) 

in Ru•CL-HEWL after the Mb assay. Hydrogen bonds are represented with 

indicated by red dashed lines. These images were produced by Pymol.52 
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Cellular assay. 

To assess the function of CO-releasing from Ru•CL-HEWL as an extracellular scaffold, 

the activity of nuclear factor kappa-B (NF-κB) in living cells was evaluated. Exposure 

to the exogenous CO gas is known to activate NF-κB in the presence of tumor necrosis 

factor-α (TNF-α).
56, 57

 HEK293/κB-Fluc cells were cultured with Ru•CL-HEWL 

(2.0×10
5
 crystals, the total amount of Ru is 0.50×10

-3
 μmol) and 1.0 ng/mL of TNF-α 

(Figure S2). After incubation for 24 hours, the luciferase level in the cells were 

quantified by adding a luminescent substrate.
58

 The control assay was carried out using 

[Ru(CO)3Cl2]2 solution (2.5 μM, the total amount of Ru is 0.50×10
-3

 μmol), Ru•HEWL 

(the total amount of Ru is 0.50×10
-3

 μmol) and CL-HEWL (2.0×10
5
 crystals). Figure 5a 

shows the bioluminescence intensity of the cell lysate. In the presence of 

Ru•CL-HEWL, a 20% increase of NF-κB activity was observed relative to the control 

(assay). The results suggest that the activation is caused by (1) effective delivery of CO 

from Ru•CL-HEWL with cell surface adhesion and (2) slower release of CO from the 

solvent channels of Ru•CL-HEWL as reported previously.
26, 59

 In the previous report 

using CORMs, dozen μM levels of CORMs induce activation of NF-κB in the presence 

of LPS, but this effect is accompanied by the cytotoxicity of high concentration of metal 

ions that decreases cellular viability.
21

 For assays with Ru•CL-HEWL or other probes 

discussed above, there is no difference of the cell viability for the cultivation as revealed 

by the trypan blue tests because Ru•CL-HEWL releases no metal ions (Figure 6). It 

appears that Ru•CL-HEWL is a suitable tool for CO-releasing bionanomaterials that 

can investigate biofunctions of CO gas. 
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Figure 5. Bioluminescence intensity in the luciferase reporter assay for the 

evaluation of NF-κB activity of HEK293/κB-Fluc cells in the presence of 1.0 

ng/mL TNF-α after incubation with Ru•CL-HEWL, CL-HEWL, Ru•HEWL, 

[Ru(CO)3Cl2]2 and medium only (as control) for 24 hours. Each sample was 

incubated with HEK293/κB-Fluc cells under 5% CO2 at 37 ˚C. *P < 0.05 vs. 

control. The experiments were performed three times under each set of 

conditions. The data represent mean ± SEM.  
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Figure 6. Effects on cell viability of each sample. The viability was evaluated by 

cell populations after incubation for 24 hours. *P < 0.05 vs. control. Each 

experiment was performed three times in triplicate and the data represent mean 

± SEM. 
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Conclusions 

In summary, a CO-releasing extracellular scaffold was successfully constructed by 

immobilizing Ru carbonyls in cross-linked porous HEWL crystals. The CO-releasing 

reaction was achieved by immobilization of [cis-Ru(CO)2X4]
2-

 moieties preserved only 

within Ru•CL-HEWL. We used Ru•CL-HEWL as a CO-releasing extracellular 

scaffold to induce the activation of NF-κB. This approach represents a method for 

obtaining a bioactive oragnometallic complex using a specific environment in porous 

protein crystals. Since organometallic complexes are used in biofunctions such as gas 

release, and in applications such as development of metallodrugs and bioimaging, it is 

expected that this method will provide a useful tool for molecular biology research 

using organometallic complexes. 
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Experimental Section 

 

Materials. Hen egg white lysozyme (HEWL) was purchased from Sigma–Aldrich. 

Other reagents were purchased from TCI, Wako, Nacalai Tesque, and Sigma–Aldrich 

and were used without further purification. The expression and purification of sperm 

whale myoglobin were performed according to reported procedure.
60

 

 

Preparation of the composite of CL-HEWL with Ru carbonyl (Ru•CL-HEWL). 

HEWL crystals were obtained using a batch crystallization method followed by a 

cross-linking treatment using 100 mM acetate buffer (pH 7.0, 1.0 mL) containing 1.0 % 

glutaraldehyde and 1.0 M NaCl according to the previously reported procedure. 

CL-HEWL crystals (150 mg) were soaked in 100 mM acetate buffer (pH 7.0, 1.0 mL) 

containing 5.0 mM [Ru(CO)3Cl2]2 and 1.0 M NaCl at room temperature for 24 hours to 

immobilize the Ru complexes in the CL-HEWL crystals. The composite of CL-HEWL 

with Ru carbonyl (Ru•CL-HEWL) was obtained as dark yellow crystals. 

 

Preparation of Ru•HEWL dissolved in buffer solutions. HEWL solutions (10 

mg/mL) prepared in 10 mM HEPES buffer (pH 7.0) were incubated at room 

temperature for 24 hours with [Ru(CO)3Cl2]2 (3.5 mM) and DMF (5 vol%). Dialysis of 

the samples was performed at room temperature with a desalting column with 10 mM 

HEPES buffer (pH 7.0) to obtain Ru•HEWL. 

 

Elemental Analysis. The atomic ratio of Ru and S in Ru•CL-HEWL were determined 

using a Rigaku EDXL-300 X-ray fluorescence spectrometer. 

 

STEM-EDX measurement. High-resolution images of Ru•CL-HEWL were obtained 

using a scanning transmission electron microscope (STEM, JEOL JEM-2200FS) 

equipped with a field-emission gun at 200 kV. After ultra-sonication of a water 

suspension of Ru•CL-HEWL, a drop containing thin pieces of Ru•CL-HEWL was 

fixed on an electron microscope microgrid with Cu mesh. The locations of Ru, C, O, S 

in Ru•CL-HEWL were determined using a Rigaku ZSX-100S energy dispersive X-ray 

fluorescence spectrometer. 
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ICP-OES measurement. Metal concentrations of the buffer solutions were determined 

using an inductively coupled plasma optical emission spectrometer (Shimadzu 

ICPE-9000). Ru(NO3)3 in 0.1 M HNO3 (1.03 g/L) was used as calibration standard and 

Y(NO3)3 in 0.1 M HNO3 (1.03 g/L) was applied for an internal standard. 

 

 

Crystal Structure Analysis. T-HEWLs were prepared by the hanging drop vapor 

diffusion method according to the reported procedure.
62

 T-HEWL was soaked in 100 

mM acetate buffer (pH 7.0) containing 5.0 mM [Ru(benzene)Cl2]2 and 1.0 M NaCl for 1 

day to obtain the crystals containing Ru complex (Ru•CL-HEWL). For the snapshot 

analysis of CO release, crystals were immersed in PBS buffer (pH 7.4) containing 35.0 

μM myoglobin and 10.0 mM Na2S2O4 for 2 hours. Prior to data collection, crystals were 

continuously immersed in the precipitant solutions containing 10% (w/w) and 25% 

glycerol and subsequently frozen in liquid nitrogen. X-ray diffraction datasets for each 

Ru•CL-HEWL sample were collected at 100 K at beamline BL38B1 at SPring-8 using 

X-ray wavelengths of 1.0 Å. The data were processed with the program HKL2000.
63

 

The crystal parameters and the data collection statistics are summarized in Table S1. 

The structures were solved by molecular replacement with MOLREP
64

 using HEWL 

structures (PDB ID: 193L). Refinement of the protein structure was performed using 

REFMAC5
65

 in the CCP4 suite.
66

 Rebuilding was performed using COOT
67

 based on 

sigma-weighted (2Fo-Fc) and (Fo-Fc) electron density maps. After rigid-body refinement, 

the coordination structures of Ru binding sites were determined using anomalous 

Fourier difference maps and geometric parameters. Water molecules were positioned to 

fit residual (Fo-Fc) density peaks with a lower cut-off of 3σ. The models were subjected 

to quality analysis during the various refinement stages with omit maps and 

PROCHECK.
68

 The refinement statistics are summarized in Table S1. Atomic 

coordinates are deposited in the Protein Data Bank under accession numbers 4W94 and 

4W96 for Ru•CL-HEWL, Ru•CL-HEWL after the Mb assay, respectively. 

 

Myoglobin (Mb) assay. The Mb assay was performed as previously reported with 

slight modificaton.
21, 61

 For the CO release assays of Ru•CL-HEWL, Ru•CL-HEWL 

(Ru = 0.025 μmol) was dispersed in PBS buffer (pH 7.4) at 25 °C for 4 hours in the 

presence of myoglobin (35 μM) and sodium dithionite (10.0 mM). This solution was 

quickly transferred to a cuvette at each measurement point and visible spectra were 
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measured at room temperature using a JASCO FP-8500 diode array spectrophotometer, 

measuring between 700 nm and 350 nm at 2 nm steps. Quantification of CO release was 

calculated from the spectra. The concentration of MbCO was calculated as described 

previously.
21

 The experiments were performed in triplicate and the data represent mean 

± SEM. The calculated dataset was fitted to first-order kinetics by using Excel and 

Solver.
61

 For the control assays, [Ru(CO)3Cl2]2 or Ru•HEWL (Ru = 0.025 μmol) were 

dissolved in PBS buffer (pH 7.4) at 25 °C for 1 hour in the presence of myoglobin (35.0 

μM), and sodium dithionite (10.0 mM).  

 

HEK293/κB-Fluc cell experiment. κB-Fluc reporter-transfected human embryonic 

kidney 293 (HEK293/κB-Fluc) cells were seeded in a 96-well plate (1.0 × 10
4
 cells/well 

in 100 µL DMEM medium containing 5% heat-inactivated FBS) and incubated for 15 

hours in 5% CO2 incubator at 37˚C. Then, 15 µL of Ru•CL-HEWL suspension (2.0 × 

10
5
 crystals/well, the total amount of Ru is 0.50×10

-3
 μmol) or 15 µL of a PBS buffer 

solution containing Ru•HEWL, [Ru(CO)3Cl2]2 (the total amount of Ru is 0.50×10
-3

 

μmol μM) was added to each well and the cells were cultured for 1 hour in an incubator 

under 5% CO2 at 37˚C. Then, 5.0 µL of 12 μg/mL TNF-α solution was added to each 

well with additional culture for 23 hours. The components of the luciferase assay kit 

(WAKO PicaGene MelioraStar-LT Luminescence Reagent) were added to each well. 

Photoluminescence spectroscopy was measured with an ATTO AB-2100 luminometer.  

An assessment of cell viability was undertaken using a solution of 0.5% trypan blue 

stain (Nacalai Tesque). The amounts of live cells were determined after collecting cells 

from a 96-well plate. The experiments were performed in triplicate and the data 

represent mean ± SEM. Statistical analyses were carried out with a Student’s t-test. 

Values of P < 0.05 were considered statistically significant. 
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Chapter 3 

 

Design of a CO-releasing Extracellular 

Scaffold using in-vivo Protein Crystals 
 

 

Abstract 

 

Crystalline protein assemblies of cypovirus polyhedra were engineered to develop 

carbon monoxide (CO) releasing extracellular scaffolds by immobilizing ruthenium 

carbonyls. The molecular design of PhC includes introduction of a hexahistidine moiety 

(His-tag) to the C-terminus and provides immobilization of about 2-fold more Ru 

carbonyls per protein monomer compared to wild-type PhC. His-tagged PhC with Ru 

carbonyls effectively releases three times more CO for activation of nuclear factor 

kappa B (NF-κB) in living cells relative to wild-type PhC.  
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Introduction 

 

Significant efforts are underway to design hybrid materials of proteins and metal 

complexes to obtain systems for drug delivery or artificial metalloenzymes in the fields 

of bioinorganic chemistry and protein engineering.
1-3

 Protein assemblies are a member of 

highly organized biomolecules which have potential for use as bionanomaterials.
4-6

 

Among them are protein crystals that are hierarichical protein assemblies in solid state.
7
 

Protein crystals are an appropriate candidate for bionanomaterials which can immobilize 

metal ions, particles and complexes.
8-13

 

The author discussed function of metal carbonyls for biological application as carbon 

monoxide (CO) releasing molecules (CORMs).
14-20

 The bioactivity of CO gas is evident 

because CO gas exerts multiple effects in living cells, such as anti-inflammatory, 

anti-apoptotic and anti-proliferative activities. Thus, CO gas protects cells against 

hypoxia or injury. Although recently many CORMs are reported as metal carbonyls, 

there are only a few examples of CO-releasing bionanomaterials.
21-25

 HEWL crystals 

serve as a carrier of metal carbonyls because they have porous structure and immobilize 

organometallic complexes inside the solvent channels.
26-29

 This suggests the potential of 

protein crystals for CO-releasing bionanomaterials by immobilizing CORMs. Moreover, 

fine tuning may be possible by making mutations to immobilize a large amount of 

CORMs.  

Polyhedra crystals (PhC), which are produced in insect cells infected by cypovirus, 

are candidates to develop a bionanomaterial based on protein crystals.
30-32

 PhCs have 

very high stability against acid, detergents and various solvents without a cross-linking 

treatment. PhC can be converted to extracellular scaffold that can deliver proteins into 

living cells. This system is constructed by immobilizing exogenous proteins genetically 

fused with an H1 α-helix tag via co-expression in insect cells.
33, 34

 This suggests that 

PhC can be designed as an extracellular scaffold immobilizing and releasing other 

synthetic molecules using a suitable tag.  

In this chapter the author demonstrates the design of a PhC mutant for immobilization 

of Ru carbonyls for control of CO releasing reactions (Figure 1a). PhC with a 

hexahistidine tag (His-tag) at the C-terminus (HTPhC), which is expected to be a metal 

immobilization site, was prepared in insect cells (Figure 1b). HTPhC with Ru carbonyls 

(Ru•HTPhC) immobilizes 2-fold more Ru carbonyls than polyhedra without His-tag 

(wild-type PhC, WTPhC). Ru•HTPhC was used as an extracellular scaffold for 
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delivery of CO gas into living cells to achieve the 6-fold higher activity of nuclear 

factor kappa B (NF-κB) compared with Ru•WTPhC. These results indicate that PhC 

has potential for use in development of extracellular scaffolds for storage and release of 

biomolecules at biologically significant levels by immobilizing organometallic 

compounds. 

 

 

 

 

Figure 1. An addition of His-tag into C-terminal of PhM to form HTPhC and 

immobilization of ruthenium carbonyls (a) and the amino acid sequence of 

HTPhC (b).  
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Results and discussions 

 

Preparation and characterization. 

Hexahistidine tag (His-tag) was fused to a polyhedrin monomer (PhM) at the 

C-terminus of wild-type polyhedrin monomer that has nine original histidines. The 

fusion PhM was crystallized in insect cells and obtained as distorted crystals (HTPhC). 

The MALDI-TOF mass spectrum of the crystals showed a mass increment of 913 Da , 

which is assigned to His-tag moiety (calculated 937 Da), from wild-type PhC (WTPhC) 

(Figure 2). [Ru(CO)3Cl2]2 (CORM-2), known as a CO-releasing molecule, was 

immobilized in HTPhC by soaking in a solution of [Ru(CO)3Cl2]2 to obtain Ru•HTPhC. 

The ratio of Ru to a PhM, as determined by X-ray fluorescence spectroscopy, was 

12.3±1.6:1 for Ru•HTPhC. Scanning transmission electron microscopy-energy 

dispersive X-ray spectrum (STEM-EDX) showed that the Ru atoms are fully dispersed 

in Ru•HTPhC (Figure 3a). The IR spectrum of Ru•HTPhC has five bands at 2,053, 

2,026, 1,995, 1,979 and 1,945 cm
-1

 (Figure 4, solid line). Pairs of bands at 2,053 and 

1,995 or 1,979 cm
-1

 are assigned to the CO stretching vibrations of a cis-Ru(CO)2(His) 

moiety immobilized in proteins.
28

 The split of the band into 1,995 cm
-1

 and 1,979 cm
-1

 

indicates a loss of symmetry upon coordination to histidine residues at the different 

positions in PhM.
27

 The other pair of bands at 2,026 and 1,945 cm
-1

 is expected to arise 

from the negatively charged [cis-(CO)2X4]
2-

 (X = anionic ligands) that are expected to 

coordinate to a carboxylate group of Asp or Glu in PhC.
35, 36

 Ru•WTPhC was prepared 

by the same procedure (Figure 3b, Figure 4 dashed line). The ratio of Ru per PhM was 

6.6±1.8:1 for Ru•WTPhC, which is almost half value of the ratio determined for 

Ru•HTPhC. For Ru•HTPhC, the relative peak intensity of cis-Ru(CO)2(His) is larger 

than that of [cis-(CO)2X4]
2-

 . This ratio opposite to that of Ru•WTPhC suggests that 

cis-Ru(CO)2(His) are retained in Ru•HTPhC effectively at the His-tag fragment.  
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Figure 2. Characterization of HTPhC. MALDI-TOF mass spectra of HTPhC (a), 

and WTPhC (b). 
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Figure 3. (a) STEM-EDX images of Ru•HTPhC. STEM Bright-field (BF) image 

(upper left), elemental mapping images of C-K (upper right), S-K (bottom left) 

and Ru-K (bottom right). (b) STEM-EDX images of Ru•WTPhC. STEM BF image 

(upper left), elemental mapping images of C-K (upper right), S-K (bottom left) 

and Ru-K (bottom right).  

 

 

Figure 4. Infrared spectra of Ru•HTPhC (solid line), Ru•WTPhC (dashed line), 

Ru•HTPhC after CO releasing in the Mb assay (chained line) and Ru•WTPhC 

after CO releasing in the Mb assay (dotted line).  
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CO release assay. 

The myoglobin (Mb) assay was carried out to investigate the CO-releasing functions of 

Ru•HTPhC and Ru•WTPhC (Figure 5).
14, 16

 Ru carbonyls are known to release CO 

gas by ligand exchange reactions with nucleophiles or anions such as S2O4
2-

 and then 

the nucleophiles coordinate with Ru centers.
37, 38

 The released amount of CO per PhM 

of Ru•HTPhC was found to be 6.2±0.9 (Figure 5, solid line). The half-life (t1/2) of the 

CO release was found to be 27.7±1.6 min. The t1/2 value is about 4-fold greater than that 

of [Ru(CO)3Cl2]2 (6.9±2.8 min) obtained under the same assay conditions (Figure 5, 

dotted line). The amount of CO released per PhM of Ru•WTPhC is about 1/3 of that of 

Ru•HTPhC (2.2±0.1) while the t1/2 is similar (26.8±1.2 min) (Figure 5, dashed line). 

The number of Ru ions per PhM retained in Ru•HTPhC after the Mb assay is 11.7±2.0. 

This value is similar to the corresponding value determined before the assay (12.3±1.6). 

The IR spectra of the composites after the Mb assay has peaks at 2,060 and 1,995 cm
-1

 

(Ru•HTPhC, Figure 4, chained line), 2,059 and 1,996 cm
-1

 (Ru•WTPhC, Figure 4, 

dotted line), respectively, These peaks are assigned to portions of the cis-Ru(CO)2(His) 

moieties.
28

 In both cases, four peaks assigned to [cis-(CO)2X4]
2-

 (2,026 and 1,945 cm
-1

) 

and a portion of cis-Ru(CO)2(His) moiety (2,053 and 1,979 cm
-1

) were disappeared. 

Thus, these coordination sites were used to release CO gas.  
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(a) 

 

 

 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. (a) The concentration of MbCO vs. time. UV/Vis spectra of Mb (8.0 

μM) in 500 μL PBS buffer containing Na2S2O4 (10 mM) was monitored at room 

temperature in the presence of Ru•HTPhC (solid line, 1.0×106 crystals, the Ru 

content determined by ICP-OES is 2.0×10-3 μmol), Ru•WTPhC (dashed line, 

1.0×106 crystals, the Ru content is 1.0×10-3 μmol) or [Ru(CO)3Cl2]2 (the Ru 

content is 2.0×10-3 μmol, dotted line), respectively. The experiments were 

performed three times and the data represent mean ±SEM. (b) Detection of CO 

release by monitoring the changes of the Q-band region of the UV/Vis spectra of 

Mb (8.0 μM) in the presence of Ru•HTPhC (2.0×105 crystals, the Ru content is 
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2.0×10-3 μmol) and Na2S2O4 (10 mM) in 500 μL PBS buffer at 25˚C. The arrows 

indicate the change in absorption intensity at 542 nm during the course of the 

assay (t = 0 , 5 , 10, 15, 20, 25 , 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 140, 

160 and 180 minutes). 

 

 

 

Cellular assay. 

Ru•HTPhC and Ru•WTPhC were utilized as extracellular scaffolds to observe the 

activity of nuclear factor kappa-B (NF-κB) in living cells. CO gas at a concentration of 

about 250 ppm is known to activate NF-κB in the presence of tumor necrosis factor-α 

(TNF-α).
39, 40

 The activity of NF-κB was evaluated using κB-Fluc-transfected HEK293 

(HEK293/κB-Fluc) cells cultured with Ru•HTPhC or Ru•WTPhC and TNF-α.
41

 The 

assay was also carried out using HTPhC, WTPhC or [Ru(CO)3Cl2]2 solution. The 

activity of NF-κB was estimated by the bioluminescence intensity of cells after a 16 

hours incubation period (Figure 6). In the presence of Ru•HTPhC, a 24% increase of 

NF-κB activity was observed compared with the assay with HTPhC. Ru•WTPhC 

activated NF-κB about 4% under the same conditions compared with that of WTPhC. 

This suggests that three times more CO gas from Ru•HTPhC is available for effective 

activation of NF-κB, as observed by the intracellular release of CO using ferritin 

mutants with vaious amounts of Ru carbonyls.
20

 [Ru(CO)3Cl2]2 showed less NF-κB 

activation not only than Ru•WTPhC but also than WTPhC. The effect of WTPhC will 

be clarified with further investigations. The cell viability was also evaluated with trypan 

blue and indicated that all composites are not cytotoxic (Figure 7). 
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Figure 6. Bioluminescence intensity of the luciferase reporter assay. To 

evaluate NF-κB activity, HEK293/κB-Fluc cells were incubated in the presence 

of 1.0 ng/mL TNF-α after incubation for 16 hours with Ru•HTPhC (2.0×105 

crystals/well, the Ru content was 4.0×10-4 μmol), HTPhC (2.0×105 crystals/well), 

Ru•WTPhC (2.0×105 crystals/well, the amount of Ru ion is 2.0×10-4 μmol), 

WTPhC (2.0×105 crystals/well) and [Ru(CO)3Cl2]2 (the amount of Ru ion was 

4.0×10-4 μmol) compared with control (medium only). *P < 0.05 vs. control. The 

experiments were performed three times under each set of conditions. The data 

represent mean ± SEM. 
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Figure 7. Effects on cell viability of each sample. Each sample was incubated 

with HEK293/κB-Fluc cells under 5% CO2 at 37˚C. The viability was evaluated 

by cell populations. Each experiment was performed in triplicate and the data 

represent mean ± SEM. 
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Conclusions 

 

A method for constructing a CO-releasing extracellular scaffold by immobilizing Ru 

carbonyls in PhC was established. With the genetically-added His-tag, twice the amount 

of Ru carbonyl was immobilized in Ru•HTPhC compare to Ru•WTPhC. We used 

Ru•HTPhC as a CO-releasing extracellular scaffold to induce the activation of NF-κB 

and achieved six-fold more effective activation compared to Ru•WTPhC. Recent 

research indicates the intracellular CO release from ferritin containing CORMs. 

Comparison of exogenous and endogenous CO release by extracellular scaffolds and the 

direct delivery system, respectively, provides a greater understanding of CO functions 

as a signal molecule. Based on our approach, the addition of functional groups to 

in-vivo protein crystals can be used to construct extracellular scaffolds containing 

foreign molecules. The immobilization of functional molecules in PhC is useful with the 

aim of controlling biological systems.  
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Experimental Section 

 

Materials: Reagents were purchased from TCI, Wako, Nacalai Tesque, and Sigma–

Aldrich and were used without further purification. The expression and purification of 

sperm whale myoglobin was performed as previously reported.
42

 

 

Preparation of WTPhC. The Spodoptera frugiperda PLB-Sf21-AE (Sf21) cell was 

maintained in tissue culture flasks in Grace’s medium (Gibco-BRL) at 27˚C with 10% 

fetal bovine serum (MP Biomedicals. Inc.), 2.6 mg/mL tryptose broth, 100 U/mL 

penicillin, and 100 µg/mL streptomycin.
30

 Primers for site-directed mutagenesis were 

obtained from Gene Design Inc. PCR was performed using the QuickChange® 

Site-Directed Mutagenesis Kit (Stratagene). The LR reaction was performed using the 

Gateway® LR Clonase® Enzyme mix (Life Technologies).  

 

Preparation of HTPhC. The mutant plasmid DNAs of HTPhM were prepared using 

the QuikChange Site-Directed Mutagenesis Kit (Stratagene).
33

 To produce transfer 

vectors encoding HTPhC, the open reading frame cloned between attL1 and attL2 sites 

in the entry vectors was transferred to destination vectors (pDEST) via LR ClonaseTM 

reactions. The resulting transfer vectors were cotransfected into Sf21 cells with 

linearized Baculogold Baculovirus DNA (BD Pharmingen), and replication-competent 

baculovirus was rescued by recombination between the transfer vector and the 

linearized viral DNA and ultimately harvested from the supernatant. Expression and 

purification of HTPhC were performed by the same procedures with WTPHC. 

 

Immobilization of Ru carbonyls in PhC. HTPhC (7.8×10
7
 crystals) were soaked in 10 

mM HEPES buffer (pH 7.0, 500 μL) containing 5.0 mM [Ru(CO)3Cl2]2 (CORM-2) and 

10 vol% dimethylformamide (DMF) at room temperature for 24 h to obtain Ru•HTPhC. 

After washing the crystals at least three times with distilled water, Ru•HTPhC was 

obtained as light yellow crystals. Ru•WTPhC was obtained according to the same 

procedure. 

 

Elemental Analysis. The atomic ratios of Ru and S in Ru•HTPhC and Ru•WTPhC 

were determined using a Rigaku EDXL-300 X-ray fluorescence spectrometer. 
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STEM-EDX measurement. High-resolution images of Ru•HTPhC and Ru•WTPhC 

were obtained using a scanning transmission electron microscope (STEM, JEOL 

JEM-2200FS) equipped with a field-emission gun at 200 kV. After ultra-sonication of a 

water suspension of Ru•HTPhC, a drop containing thin pieces of Ru•HTPhC was 

fixed on an electron microscope microgrid with Cu mesh. The locations of Ru, C, S in 

Ru•HTPhC were determined using a Rigaku ZSX-100S energy dispersive X-ray 

fluorescence spectrometer. 

 

ICP-OES measurement. Metal concentrations of the buffer solutions were determined 

using an inductively coupled plasma optical emission spectrometer (Shimadzu 

ICPE-9000). Ru(NO3)3 in 0.1 M HNO3 (1.03 g/L) was used as calibration standard and 

Y(NO3)3 in 0.1 M HNO3 (1.03 g/L) was used as the internal standard. 

 

Myoglobin (Mb) assay. The Mb assay was performed as previously reported with a 

slight modification.
14, 16

 For the CO release assays of Ru•HTPhC, Ru•HTPhC 

(1.0×10
6
 crystals, the immobilized Ru ion determined by ICP-OES is 2.0×10

-3
 μmol) 

was dispersed in PBS buffer (pH 7.4) at 25 °C for 3 h in the presence of myoglobin (8.0 

μM) and sodium dithionite (10.0 mM). This solution was quickly transferred to a 

cuvette at each measurement point and visible spectra were measured at room 

temperature using a JASCO FP-8500 diode array spectrophotometer, measuring 

between 700 nm and 400 nm at 2 nm steps. Upon release of CO, the corresponding 

UV/Vis spectra showed the formation of the MbCO adduct with peaks at 542 nm and 

578 nm. Quantification of CO release was calculated from the spectra. The 

concentration of MbCO was calculated as described previously. The experiments were 

performed in triplicate and the data represent mean ± SEM. The calculated dataset was 

fitted to first-order kinetics using Microsoft Excel and Solver.
43

 The same assay was 

carried out using Ru•WTPhC (1.0×10
6
 crystals, the immobilized Ru ion determined by 

ICP-OES is 1.0×10
-3

 μmol) and [Ru(CO)3Cl2]2; the concentration of Ru ion was 

2.0×10
-3

 μmol). 

 

HEK293/κB-Fluc cell experiment. κB-Fluc reporter-transfected human embryonic 

kidney 293 (HEK293/κB-Fluc) cells were seeded in a 96-well plate (1.0×10
4
 cells/well 

in 100 µL DMEM medium containing 5% heat-inactivated FBS) and incubated for 22 

h under 5% CO2 in an incubator at 37˚C. 15.0 µL of Ru•HTPhC suspension was added 
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to each well and the cells were cultured for 1 h (with 2.0×10
5
 crystals/well, the amount 

of Ru ion is 4.0×10
-4

 μmol). Then 5.0 µL of 24 μg/mL TNF-α solution was added to 

each well to a final concentration of 1.0 ng/mL with additional culture for 15 h. The 

assay for HTPhC, Ru•WTPhC or WTPhC (with 2.0×10
5
 crystals/well each) was 

carried out using the same procedure. An assay for [Ru(CO)3Cl2]2 (CORM-2), 15 µL of 

a PBS buffer solution containing [Ru(CO)3Cl2]2 (13.3 µM) with 0.04 % DMF was 

added to each well. The components of the luciferase assay kit (Promega ONE-GRO) 

were added to each well. Photoluminescence spectra were measured with a Promega 

GLOMAX MULTI+DETECTION SYSTEM. An assessment of cell viability was 

undertaken using a solution of 0.5% trypan blue stain (Nacalai Tesque). The quantity of 

live cells was determined after collection of cells from a 96-well plate. The experiments 

were performed in triplicate and the data represent mean ± SEM. Statistical analyses 

were carried out with a Student’s t-test. Values of P < 0.05 were considered statistically 

significant. 
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Chapter 4 

 

Light-triggered CO releasing from an 

extracellular scaffold constructed by in-vivo 

protein crystals 
 

 

Abstract 

 

Carbon monoxide (CO)-releasing extracellular scaffolds have been successfully 

established by the immobilization of Ru carbonyls in the solvent channels of protein 

crystals although they spontaneously release CO and the rate cannot be altered. To 

overcome these limitations, molecular design toward a light-triggered CO releasing 

system is an interesting alternative. In this chapter, cypovirus polyhedra crystals (PhC) 

were engineered to CO releasing extracellular scaffolds by immobilizing manganese 

(Mn) carbonyls. Fac-Mn(CO)3(H2O)2(His) moiety immobilized in PhC have a function 

of light-triggered CO releasing. The light irradiation contributes to release three-fold 

larger amount of CO per protein monomer to effectively activate nuclear factor kappa B 

(NF-κB) in living cells compared with a Mn carbonyls-incorporated PhC without light 

irradiation. 



 

92 

 

Introduction 

 

As shown in the previous chapters, recently carbon monoxide (CO) has been 

well-established as a small signal molecule biological effecter in living systems. 
1, 2

 

Metal carbonyl complexes, known as CO releasing molecules (CORMs) are promising 

compounds to achieve safe and controlled delivery of CO for therapeutic applications.
3-6

 

CO releasing materials have achieved significant attention in the last several years for 

the purpose of extracellular scaffolds.
7-11

 It is reported that the amount and rate of CO 

critically effect for controlling cellular functions. In the previous chapter, the author 

discussed the introduction of a hexahistidine tag to the C-terminus of cypovirus 

polyhedra crystals (PhC) to obtain HTPhC and the immobilization of about two-fold 

larger number of Ru carbonyls per protein monomer than that of wild type PhC 

(WTPhC). This composite effectively released three times larger number of CO than the 

composite of WTPhC to induce the activation of NF-κB in living cells. This method 

represents that the control of CO amount delivered into living cells is essential for 

cellular functions. However, the CO release from Ru carbonyls is triggered by ligand 

exchange reactions with nucleophiles in aqueous medium.
12

 Thus, CO release is 

spontaneously initiated and cannot be interrupted although immobilization of CORMs 

in protein crystals makes them stable. It shows that CO releasing from protein crystals 

with a specific timing and amount is still difficult. To overcome these limitations, 

molecular design for a light-induced CO releasing system is an interesting 

alternative.
13-17

 This method would provide more information of cellular events 

depending on signal molecules rather than a spontaneous CO releasing, i.e. a CO 

response at a specific time point in the cellular proliferation. 

Manganese carbonyl complexes are known to release CO upon irradiation with 

a UV or visible light.
13-17

 Light-triggered CORMs, such as Mn(CO)3(2,2’-bipyridine) 

and Mn(CO)3(trispyrazolylmethane) are made from Mn(CO)5Br and organic ligands.
16, 

17
 These Mn complexes are stable in the dark and in the absence of nucleophiles that 

triggers ligand exchange reactions. Cavazza et al. reported a progress in immobilizing 

manganese tricarbonyls (Mn(CO)3) in HEWL crystals and analyzing their crystals 

structure although this compound have no CO-releasing function.
18

 This conjugation 

technique would provide an insight into a preparation of a light-triggered CO releasing 

bionanomaterial based on protein crystals. In this chapter, Mn carbonyls were 

immobilized in Polyhedra crystals (PhC), which are produced in insect cells infected by 
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cyopovirus. The immobilization of Mn carbonyls in PhC was supported by the 

extremely high stability of PhC against the immobilization reaction and the application 

as extracellular scaffolds.
19-21

 PhC with hexahistidine tag (His-tag) at the C-terminal of 

polyhedrin monomer (HTPhC), which has a high activity for immobilizing Ru 

carbonyls, were also used in this chapter. HTPhC involving Mn carbonyls 

(Mn•HTPhC) immobilizes larger number of Mn carbonyls compared with WTPhC 

involving Mn carbonyls (Mn•WTPhC). Mn•HTPhC is capable of an extracellular 

scaffold that can release CO gas into living cells to activate nuclear factor kappa B 

(NF-κB) with the light irradiation. These results indicate that researches on the cellular 

response to CO gas stress can be observed using a light-triggered CO releasing system 

at the various amount and rate of CO releasing profiles. 
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Results and Discussion 

 

Preparation and Characterization. 

PhC with a hexahistidine (His-tag) moiety (HTPhC) was obtained from Sf21 cells as 

shown in the previous chapter. Mn(CO)5Br was immobilized in HTPhC by soaking 

HTPhC into buffer solution containing 1.0 mM Mn(CO)5Br and 5.0 vol% acetonitrile 

(Mn•HTPhC). Quantitative elemental analysis of Mn•HTPhC by X-ray fluorescence 

showed that the number of Mn per PhM is 5.6±1.2. The Mn complexes are fully 

dispersed in Mn•HTPhC as revealed by a scanning transmission electron 

microscopy-energy dispersive X-ray spectrum (STEM-EDX). The IR spectrum of 

Mn•HTPhC has three bands at 1,913, 1,927 and 2,029 cm
-1

. They are assigned to the 

CO stretching vibrations of fac-Mn(CO)3(H2O)2(His) moiety in protein crystals.
22

 The 

split of bands (1,913 cm
-1

 and 1,927 cm
-1

) indicates the loss of symmetry upon 

coordination to proteins.
22

 The composite were also prepared using WTPhC by the same 

procedure (Mn•WTPhC). The number of Mn per PhM in Mn•WTPhC (2.6±0.3) was 

almost 1/2 of Mn•HTPhC. The IR spectrum and peak values were almost similar to 

that of Mn•HTPhC. 

  

Figure 1. STEM-EDX images of Mn•HTPhC (a): STEM Bright-field (BF) image 

(upper left), elemental mapping images of C-K (upper right), S-K (bottom left) 

and Mn-K (bottom right). STEM-EDX images of Mn•WTPhC (b): STEM BF 

image (upper left), elemental mapping images of C-K (upper right), S-K (bottom 

left) and Mn-K (bottom right). 
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Figure 2. Infrared spectra: Mn•HTPhC (solid line), Mn•WTPhC (dashed line), 

Mn•HTPhC after releasing CO in the Mb assay with a light irradiation (chained 

line) and without a light irradiation (dotted line). 
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CO release assay. 

The CO-releasing property of Mn•HTPhC was evaluated using the myoglobin (Mb) 

assay.
1, 3

 Mn•HTPhC (3.0×10
6
 crystals, the immobilized Mn ion determined by 

ICP-OES is 0.60×10
-3

 μmol) was dispersed in a PBS buffer containing myoglobin (5.4 

μM) and sodium dithionite (10.0 mM). The reaction was accompanied with light 

irradiation at 465 nm for 1 hour using a blue LED light (15 W, RelyOn Ltd., Japan) 

positioned perpendicular to a glass vial at a distance of 5 cm (Figure 3). This solution 

was quickly transferred to a quartz cell at each measurement point and visible spectra 

were measured at room temperature (Figure 4, solid line). The released amount of CO 

per polyhedrin monomer (PhM) of Mn•HTPhC was 3.3±0.4 with light irradiation. This 

value is about 2.8 times higher than that with Mn•HTPhC without light irradiation 

(1.2±0.3) (Figure 4, dotted line). The half-life (t1/2) of the CO release from Mn•HTPhC 

was found to be 19.3±2.0 min and 28.4±1.3 min (with and without the light irradiation, 

respectively). These results suggest that more CO molecules can be rapidly liberated by 

the light irradiation. In both case the t1/2 value is much longer than that of Mn(CO)5Br 

(less than 1 min) obtained under the same assay conditions (Figure 4, chained line). The 

released amount of CO per PhM of Mn•WTPhC with light irradiation (1.8±0.6) was 

almost a half of that of Mn•HTPhC. The t1/2 (6.5±1.3 min) is shorter than that of 

Mn•HTPhC (Figure 4, dashed line). The number of Mn ions per PhM retained in 

Mn•HTPhC after the Mb assay was 5.8±1.0, whose value is similar to the 

corresponding value before the assay (5.6±1.2). The IR spectrum of Mn•HTPhC after 

the Mb assay with light irradiation have the no bands of CO stretching (Figure 2, dotted 

line). In case of Mn•HTPhC after the Mb assay without light irradiation, the bands at 

1,911, 1,928 and 2,029 cm
-1

 (Figure 2, chained line), which are assigned to a part of 

fac-Mn(CO)3(H2O)2(His) moieties.
22
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Figure 3. Detection of CO gas using the Mb assay with the photo-irradiation. 

 

 

Figure 4. Detection of CO release by plotting the concentration of MbCO. 

UV/Vis spectra of Mb (5.4 μM) in 500 μL PBS buffer containing Na2S2O4 (10 

mM) was monitored at room temperature for Mn•HTPhC (solid line, 3.0×106 

crystals, the amount of Mn determined by ICP-OES is 0.60×10-3 μmol) with and 

without light irradiation (solid line and dotted line, respectively). Mn•WTPhC with 

light irradiation (dashed line, 3.0×106 crystals, the amount of Mn determined by 

ICP-OES is 0.21×10-3 μmol), and Mn(CO)5Br with light irradiation (chained line, 

the amount of Mn is 0.60×10-3 μmol). The experiments were performed three 

times and the data represent mean ± SEM. 
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Cellular Assay. 

Mn•HTPhC was applied as an extracellular scaffold to evaluate the activity of nuclear 

factor kappa-B (NF-κB) by CO gas stress.
23, 24

 It is well known that the amount and the 

rate of CO induction into living cells are essential for the activation of NF-κB.
25

 Thus, 

the activity of NF-κB is expected to be controlled by Mn•HTPhC in the presence or the 

absence of light irradiation.
26

 The activity of κB-Fluc transfected HEK293 

(HEK293/κB-Fluc) cultured with Mn•HTPhC and TNF-α is assessed by the 

bioluminescence intensity of HEK293 cells after 16 hours incubation (Figure 5). The 

assay was also carried out using HTPhC and Mn(CO)5Br. In the presence of 

Mn•HTPhC, a 17% increase of NF-κB activity was observed compared to the assay 

with HTPhC by light irradiation (Figure 5a). Mn•HTPhC activated NF-κB 9% under 

the same condition without light irradiation (Figure 5b). This effect is observed by the 

difference in the amount of CO gas released from Mn•HTPhC in these assays.
27

 There 

is no activation effect to NF-κB in the presence of HTPhC and Mn(CO)5Br (Figure 5a 

and 5b). Mn(CO)5Br is expected to release CO before the cellular uptake because 

Mn(CO)5Br have a fast CO-releasing function (t1/2 < 1 min). The cell viability test with 

the trypan blue showed no cytotoxicity of Mn•HTPhC as well as other composites 

(Figure 6). 
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Figure 5. Luminescent intensity in the luciferase reporter assay for the 

evaluation of NF-κB activity of HEK293/κB-Fluc cells in the presence of 1.0 

ng/mL TNF-α after incubation for 16 hours with Mn•HTPhC, HTPhC, and 

Mn(CO)5Br and PBS buffer (control) with the light irradiation (a) and without the 

light irradiation (b). *P < 0.05 vs. control. The experiments were performed three 

times under each set of conditions. The data represent mean ± SEM. 
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Figure 6. Effects on cell viability of each sample. Each sample was incubated 

with HEK293/κB-Fluc cells under 5% CO2 at 37˚C. The viability was evaluated 

by cell populations after incubation for total 16 hours. Each experiment was 

performed in triplicate and the data represent mean ± SEM.  
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Conclusion 

 

To summarize, a light-triggered CO releasing extracellular scaffold by immobilizing 

Mn(CO)5Br in PhC were successfully developed. About two times larger amount of CO 

gas was released from Mn•HTPhC with a light irradiation with a three-time extension 

of half-life time of CO releasing. We used Mn•HTPhC as a CO-releasing extracellular 

scaffolds to induce the activation of NF-κB. The opposite tendency of 

activation/inactivation of NF-κB was observed that would be depended on the rate and 

amount of CO releasing. This result would suggest that the quantitative analysis of 

cellular response vs biomolecules can be carried out using extracellular scaffolds 

constructed by PhC because previous research indicated that PhC is also useful for 

controlled protein releasing.
28, 29

 Co-encapsulation of various biomolecules from gases 

to proteins and releasing them at the same time would provide the information of their 

relationship for cellular functions.
30-32
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Experimental Section 

 

Materials: Reagents were purchased from TCI, Wako, Nacalai Tesque, and Sigma–

Aldrich and were used without further purification. The expression and purification of 

sperm whale myoglobin were performed according to reported procedure.
33

 

 

Preparation of WTPhC. The Spodoptera frugiperda PLB-Sf21-AE (Sf21) cell was 

maintained in tissue culture flasks in Grace’s medium (Gibco-BRL) at 27˚C with 10 % 

fetal bovine serum (MP Biomedicals. Inc.), 2.6 mg/mL tryptose broth, 100 U/mL 

penicilin, and 100 µg/mL streptomycin.
19

 Primers for site-directed mutation were 

ordered to Gene Design Inc. PCR was done by using QuickChange® Site-Directed 

Mutagenesis Kit (Stragagene). LR reaction was done by Gateway® LR Clonase® 

Enzyme mix (Life Technologies).  

 

Preparation of HTPhC. The mutant plasmid DNAs of His-tagged polyhedron 

monomer was prepared using a QuikChange Site-Directed Mutagenesis Kit 

(Stratagene).
28

 To produce transfer vectors encoding HTPhC, the open reading frame 

cloned between attL1 and attL2 sites in the entry vectors was transferred to destination 

vectors (pDEST) via LR ClonaseTM reactions. The resulting transfer vectors were 

cotransfected into Sf21 cells with linearized Baculogold Baculovirus DNA (BD 

Pharmingen), and replication-competent baculovirus was rescued by recombination 

between transfer vector and the linearized viral DNA and ultimately harvested from the 

supernatant. Expression and purification of HTPhC were performed by same procedures 

with WTPHC. 

 

Immobilization of Mn carbonyls in PhC. HTPhC (7.8×10
7
 crystals) were soaked in 

10 mM HEPES buffer (pH7.0, 500 μL) containing 1.0 mM Mn(CO)5Br and 10 vol% 

acetonitrile (MeCN) at room temperature for 24 hours to obtain Mn•HTPhC.  After 

washing the crystals at least three times with distilled water, Mn•HTPhC were obtained 

with light yellow crystals. Mn•WTPhC were obtained in the same prodecure. 

 

Elemental Analysis. The atomic ratio of Mn and S in Mn•HTPhC and Mn•WTPhC 

were determined using a Rigaku EDXL-300 X-ray fluorescence spectrometer. 
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STEM-EDX measurement. High-resolution images of Mn•HTPhC and Mn•WTPhC 

were obtained using a scanning transmission electron microscope (STEM, JEOL 

JEM-2200FS) equipped with a field-emission gun at 200 kV. After ultra-sonication of a 

water suspension of Mn•HTPhC, a drop containing thin pieces of Mn•HTPhC was 

fixed on an electron microscope microgrid with Cu mesh. The locations of Mn, C, S in 

Mn•HTPhC were determined using a Rigaku ZSX-100S energy dispersive X-ray 

fluorescence spectrometer. 

 

ICP-OES measurement. Metal concentrations of the buffer solutions were determined 

using an inductively coupled plasma optical emission spectrometer (Shimadzu 

ICPE-9000). MnCl2 in 1.0 M HCl2 (1.03 g/L) was used as calibration standard and 

Y(NO3)3 in 0.1 M HNO3 (1.03 g/L) was applied for an internal standard. 

 

Myoglobin (Mb) assay. The Mb assay was performed as previously reported with the 

slight modification.
1, 3

 Mn•HTPhC (3.0×10
6
 crystals, the immobilized Mn ion 

determined by ICP-OES is 0.60×10
-3

 μmol) was dispersed in PBS buffer (pH 7.4) at 

25 °C for 1 hour in the presence of myoglobin (5.4 μM) and sodium dithionite (10.0 

mM) under Ar atmosphere with light irradiation at 465 nm using a blue LED light (15 

W, RelyOn Ltd., Japan) positioned perpendicular to the cuvette at a distance of 5 cm 

(Figure 3). This solution was quickly transferred to a quartz cell at each measurement 

point and visible spectra were measured at room temperature (Figure 4, straight line). 

This solution was quickly transferred to a quartz cell at each measurement point and 

visible spectra were measured at room temperature using a JASCO FP-8500 diode array 

spectrophotometer, measuring between 700 nm and 400 nm at 2 nm steps. Upon CO 

releasing, the corresponding UV/Vis spectra showed the evolution of the MbCO adduct 

at the peak of 542 nm and 578 nm. Quantification of CO release was calculated from 

the spectra. The concentration of MbCO was calculated as described previously.
34

 The 

experiments were performed in triplicate and the data represent mean ± SEM. The 

calculated dataset was fitted to first-order kinetics by using Microsoft Excel and 

Solver.
34

 The same assay was carried out using Mn•WTPhC (3.0×10
6
 crystals, the 

immobilized Mn ion determined by ICP-OES is 0.21×10
-3

 μmol) and Mn(CO)5Br (Mn 

ion is 0.60×10
-3

 μmol). 
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HEK293/κB-Fluc cell experiment. κB-Fluc reporter-transfected human embryonic 

kidney 293 (HEK293/κB-Fluc) cells were seeded in a 96-well plate (1.0×10
4
 cells/well 

in 100 µL DMEM medium containing 5% heat-inactivated FBS) and incubated for 22 

hours in 5% CO2 incubator at 37˚C. 15.0 µL of Mn•HTPhC suspension (1.0×10
5
 

crystals/well, the amount of Mn ion is 2.0×10
-5

 μmol) was added to each well and the 

cells were cultured for 1 h. Light irradiation was carried out for 30 min at 465 nm with a 

Blue LED desklight (15 W, RelyOn Ltd., Japan) positioned perpendicular to the plate at 

a distance of 10 cm for 1 hour. Then 5.0 µL of 24 μg/mL TNF-α solution was added to 

each well (final concentration: 1.0 ng/mL) with additional culture for 15 hours. The 

assay for HTPhC was carried out in the same procedure. An assay for Mn(CO)5Br, 15 

µL of a PBS buffer solution containing Mn(CO)5Br was added to each well. The 

components of the luciferase assay kit (WAKO PicaGene MelioraStar-LT 

Luminescence Reagent) were added to each well. Photoluminescence spectroscopy was 

measured with an ATTO AB-2100 luminometer. An assessment of cell viability was 

undertaken using a solution of 0.5% trypan blue stain (Nacalai Tesque). The amounts of 

live cells were determined after collecting cells from a 96-well plate. The experiments 

were performed in triplicate and the data represent mean ± SEM. Statistical analyses 

were carried out with a Student’s t-test. Values of P < 0.05 were considered statistically 

significant. 
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Chapter 5 

 

In–vivo Crystal Engineering for 

Reconstruction of Porous Protein 

Frameworks 
 

 

Abstract 

 

Porous protein crystals have been utilized as templates in the development of solid 

protein materials.  The properties and reactivity of exogenous molecules are affected 

by the environments of solvent channels in porous protein crystals.  Chemical 

characters of inorganic nanoparticles and organometallic complexes can be controlled 

when they are immobilized in cross-linked HEWL crystals in several crystal systems 

such as tetragonal and orthorhombic as shown in chapter 1.  However, it is difficult to 

design porous environments without using different crystal systems.  Here, the author 

describes a reconstitute of solvent channels in in-vivo protein crystals of cypovirus 

polyhedra (PhC).  Amino acid residues located on the intermolecular contact region 

are engineered by replacement and deletion of the amino acid residues to enlarge 

solvent channels with retaining the original crystal lattice structures.  The PhM 

mutants allow the crystalline assemblies to increase solvent contents from 19% to 24%, 

and to adsorb 16-fold larger amounts of organic fluorescent dyes than wild-type PhC 

(WTPhC) by increasing the diffusion pathway of the exogenous molecules in solvent 

channels in the lattice structure due to decreasing non-covalent intra- and 

inter-molecular interactions. 
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Introduction 

 

Protein assemblies with highly ordered nano structures have attracted a great deal of 

interest for molecular templates in materials science and bionanotechnology.
1-4

  

Nano-sized chemical environments of protein assemblies such as cages, tubes and 

two-dimensional arrays can be modified with functional compounds for immobilization 

of metal complexes and organic molecules with catalytic, magnetic and optical 

properties.  Recently, many researchers reported rational design of the interfaces 

between protein monomers in efforts to construct specific unique protein assemblies 

including large cages, two-dimensional layers and three-dimensional crystals.
5-9

    

 Protein crystals can be regarded as solid protein materials because they present 

highly ordered 3D arrangements of protein molecules with inner pores called solvent 

channels.
10, 11

 The porous environments are obtained by the lattice structures of protein 

subunits. Solvent channels are utilized as nanovessels to immobilize functional 

molecules by metal coordination and chemical conjugation for applications in 

preparation of inorganic materials, heterogeneous catalysis and drug delivery 

systems.
12-15

  Porous protein crystals can form various polymorphic structures by 

changing crystallization conditions, indicating that we can modulate the chemical 

environments of solvent channels using several crystal systems.  For examples, the 

diffusion and adsorption of organic molecules, water, and ions in different crystal 

systems of hen egg white lysozyme (HEWL), tetragonal, orthorhombic, and monoclinic 

crystals, were experimentally and theoretically investigated.
16-18

  These observations 

suggest that solvent channels of protein crystal systems can affect the diffusion and 

adsorption of the small guest molecules due to different pore size, hydrophobicity and 

electrostatics.  Magnetic properties of CoPt nanoparticles synthesized in the solvent 

channels of protein crystals were also controlled by using different crystal systems of 

HEWL, indicating that the properties of inorganic nanoparticles can be controlled by 

chemical environments of solvent channels with depending on crystal systems.
15

  

However, it is difficult to reconstitute porous environments without using different 

crystal systems. 

 Recently, crystallization of proteins in living cell has been investigated in the 

fields of structural biology and nanotechnology.
19-21

  Cypovirus (cytoplasmic 

polyhedrosis virus, CPV) produces polyhedrin monomer (PhM) in the infected cell.
22, 23

  

The crystalline assemblies of PhM known as polyhedra are produced in the replication 
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cycle to embed the viruses in the crystals.  Polyhedra crystal (PhC) is extremely stable 

against concentrated urea, acid and detergents because PhM is densely interacted with 

neighboring molecules.  The condense packing of PhM provides low solvent contents 

(19%) and no continuous porous structures.
22

 PhC can encapsulate exogenous proteins 

by co-crystallization in insect cells.
23

   

 Here, the author demonstrates design of solvent channels that allow adsorption 

of organic molecules by replaced and deletion of amino acid residues located on the 

intermolecular contact region with retaining crystal lattice structures.  The genetically 

engineered PhM allows the crystalline assemblies to increase solvent contents from 

19 % to 24 %. These engineered PhC adsorb maximally 16-fold larger amounts of 

organic fluorescent dyes than wild-type PhC (WTPhC) using the diffusion pathway of 

the exogenous molecules in solvent channels due to decreasing non-covalent intra- and 

inter-molecular interactions.  It is possible to construct porous architectures by 

replacement and deletion of amino acid residues located on the contact positions of 

building blocks.   
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Results and discussion 

 

Preparation and X-ray crystal structure analysis. 

The crystal structure of WTPhC shows that PhMs form PhTs to retain highly organized 

crystalline structures (Figure 1a, 1b).
22

  The dense packing of PhTs provides narrow 

solvent channels.  If the contact between PhTs can be reduced with retaining the 

original crystal system of PhC, it is expected that porous structures are extended, and 

small organic compounds can be adsorped within the PhC.  The amino acid residues of 

Val191-His195 located at the contact interface between PhTs were interacted with 

neighboring PhT by hydrogen bonding networks (Figure 1d).  To decrease the 

interactions at the interfaces between PhTs in the crystals, three mutants, Δ1-PhC,  

Δ2-PhC and Δ3-PhC, in which amino acid residues in L4 loop located on the interface 

of PhTs were replaced or deleted, were prepared.  Δ1-PhC was prepared with deletion 

of Ala194 from the original PhM and replacement of Ser193 to Gly. Δ2-PhC and 

Δ3-PhC were prepared with deletion of Ser193-Ala194, and Gly192- Ala194 from the 

original PhM, respectively.  All three mutants were successfully crystallized in insect 

Sf21 cells as well as WTPhC.  The MALDI-TOF mass spectrum of the crystals 

showed mass decrement, which are assigned to deletion or replacement of amino acid 

residues (Figure 2). 

 The crystal structures of Δ1-PhC, Δ2-PhC and Δ3-PhC were refined with the 

resolution of 1.93, 2.15, and 2.18 Å (Figure 3, table 1 and table 2).  These structures 

have the same space group with WTPhC (I23), indicating that crystal lattice structures 

were retained after deletion of amino acid residues at intermolecular contact regions of 

PhTs.  The Δ1-PhC structure is identical to that of WTPhC with small 

root-mean-square deviations (rmsd) of 1.76 Å even after deletion of Ala194 in L4 loop.  

Matthew’s coefficient and the solvent content of Δ1-PhC is 1.52 Å
3
/Da and 19%, 

respectively, which are identical to those of WTPhC (1.52 Å
3
/Da and 19%).

22, 24
  These 

results suggest that deletion of Ala194 is not affected to retaining the original lattice 

structure, although several hydrogen bonding networks are broken compared to those of 

WTPhC (Figure 4a anf 4b).  The crystal structure of Δ2-PhC shows that the structures 

of N-terminal (ACE1-Asn9), L2 and H3 (Leu68-Asn103), L3 (Asn128-Asp134), and L4 

(Ser187-Tyr189) and hydrogen bonding networks could not be determined due to 

disordered density (Figure 3c and 4c).  Matthew’s coefficient and solvent content of 

Δ2-PhC are 1.62 Å
3
/Da and 24%, respectively.  As for Δ3-PhC, we could not 
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determine the structure of N-terminal (ACE1-Ser8), L2 and H3 (Leu68-Asn103), L3 

(Ala129-Asp134), and L4 (Pro186-Asn196) because the corresponding electron 

densities were disordered (Figure 3d and 4d).  The crystal data of Δ3-PhC exhibits the 

Matthew’s coefficient (1.60 Å
3
/Da) and solvent content (23%) are almost the same as 

those of Δ2-PhC.  These results indicate that the solvent contents of PhC are increased 

by the deletion of two or three residues of the L4 loop.  In addition, the amino acid 

residues of N-terminal, L2, H3, L3, and L4 are expected to exhibit high flexibility in 

Δ2-PhC and Δ3-PhC.  In fact, the observable amino acid residues in Δ2-PhC and 

Δ3-PhC show also high flexibility as high B-factors are observed in the crystals (Figure 

3). 

 

 

 

Figure 1. Crystal structure of WTPhC.  Molecular assembling of PhT in a unit 

cell of WTPhC taken from PDB ID: 2OH6.22 One PhT in the unit cell is shown as 

a sphere (a). Crystal structure of PhT (b) and PhM (c).  The intramolecular 

interactions in L4 loop and intermolecular interactions between PhMs (d). 

  



 

114 

 

 

 

 

Figure 2. Characterization of HTPhC. MALDI-TOF mass spectra of WTPhC (a), 

Δ1-PhC (b), Δ2-PhC (b) and Δ3-PhC (c). 
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Figure 3. Crystal structures (top) and B-factor (bottom) of WTPhC (a), Δ1-PhC 

(b), Δ2-PhC (c) and Δ3-PhC (d). The bottom figures are represented by a color 

spectrum extending from red to blue for large to small B-factor values of each 

atom. 
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Figure 4. The intramolecular interactions of L4 loop and intermolecular 

interactions between PhMs of WTPhC (a), Δ1-PhC (b), Δ2-PhC (b) and Δ3-PhC 

(c). H3 helixes in neighboring PhMs are shown in green and blue. Hydrogen 

bondings are shown in yellow dotted lines. 
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Table 1. Crystallographic data 

Data collection Δ1-PhC Δ2-PhC Δ3-PhC 

Space group I32 I32 I32 

Crystal cell (Å)    

a = b = c 102.997 105.024 104.421 

Resolution range (Å) 
32.0-1.93 

(1.96-1.93) 

40.0-2.15 

(2.19-2.15) 

30.0-2.18 

(2.22-2.18) 

Observations 65374 33072 48801 

Unique reflections 24568 17978 19075 

Completeness (%) 92.5 (96.4) 88.5 (89.1) 99.1 (97.9) 

I/σ 6.2 (2.1) 9.2 (2.1) 8.8 (2.1) 

Rmerge 16.3 (44.0) 12.0 (44.9) 13.2 (49.8) 

Redundancy 2.8 (2.7) 2.2 (2.2) 2.6 (2.6) 

 Values in parentheses are for the highest-resolution shell. 

 

Table 2. Refinement statistics. 

 Δ1-PhC Δ2-PhC Δ3-PhC 

Resolution range (Å) 27.53 – 1.93 37.13 – 2.15 27.9 – 2.18 

Reflection used 12732 10019 9583 

R-factor (%) 14.8 18.2 19.2 

Free R-factor (%) 20.0 25.0 28.1 

 R.m.s. deviations 

from ideal 

   

Bond length (Å) 0.0199 0.0170 0.0166 

Angle (°) 2.0006 1.8725 1.8753 

Ramachandran plot 

(%) 

   

most favored 96.3 96.7 97.8 

allowed 3.7 3.3 2.2 
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Adsorption of organic compounds. 

To assess adsorption of exogenous organic compounds within mutant PhC, PhCs (1×10
6
 

crystals) were soaked in a 100 μM HEPES buffer (pH 7.0) containing fluorescent dyes 

(10 μM) for 1day (Figure 5a).  Eosin Y, rose bengal, rhodamine B, and rhodamine 6G 

were used as fluorescent dyes.  The numbers of adsorbed fluorescent dyes within the 

crystals were determined based on the fluorescence intensities of the supernatant 

solution after reaction of PhCs with fluorescent dyes for 1day (Figure 5b).  The 

analyses show that the adsorbed amounts of Eosin Y per PhMs of Δ1-PhC, Δ2-PhC and 

Δ3-PhC are 1.3-, 12.5-, 13.1-fold larger amounts than that of WTPhC, respectively.  In 

the case of rose bengal, the number of dyes per PhMs of Δ1-PhC, Δ2-PhC and Δ3-PhC 

are 10.2-, 15.2-, and 16.5-fold larger amounts than WTPhC, respectively, which is same 

tendency as Eosin Y.  The amounts of adsorbed rhodamine B and 6G within the 

crystals exhibit no large difference among the all mutants of PhCs.  These results 

indicate that Δ2-PhC and Δ3-PhC can adsorb larger amounts of anionic fluorescent dyes 

in the crystals than WTPhC, although cationic fluorescent dyes were not adsorbed 

within the crystals.  

 Overall, Porous structures of PhC can adsorb anionic fluorescent dyes by 

deletion of two or three amino acid residues of contact interfaces of PhTs.  This is to be 

expected because PhTs possess positive environment inside of trimer structure, where 

Lys53, Lys58, Lys73 and Arg209 are located (Figure 6).  The contact interfaces of 

PhTs in Δ2-PhC and Δ3-PhC exhibit larger flexibility than WTPhC and Δ1-PhC because 

the structures of the amino acid residues of contact regions could not be determined due 

to disordered electron density.  Therefore, these positive amino acid residues in 

Δ2-PhC and Δ3-PhC are exposed on the solvent channels, and are expected to interact 

with anionic dyes.  On the other hand, cationic fluorescent dyes were not adsorbed due 

to both the size-effect and the electrostatic effect.  Thus, it is expected that deletion of 

amino acid residues at contact interfaces affect not only extension of porous structures, 

but also adsorption of exogenous organic molecules.  Further investigation is ongoing 

to determine diffusion of the organic molecules in the crystals. 
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Figure 5. (a) Chemical structure of fluorescent dyes used in the adsorption study. 

(b) Adsorption efficiency of fluorescent dyes in PhC crystals. The value 

represents the number of fluorescent dyes per PhM.  The experiments were 

performed three times under each set of conditions. The data represent mean ± 

SEM.  
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Figure 6. The trimer structure of WTPhC with the surface electrostatic potential.  

The electrostatic potential is represented by a color spectrum extending from red 

to blue indicating negative to positive charges for each residue. 
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Conclusion 

 

In conclusion, the author demonstrated the enlargement of solvent channels in PhC by 

the replacement and deletion of amino acid residues of contact interfaces of PhT.  The 

genetically engineered PhCs increase their solvent contents from 19% to 24% with 

retaining the original lattice structure.  These engineered PhCs can adsorb maximally 

16-fold large amounts of fluorescent dye because the amino acid residues of contact 

interfaces of PhT have high flexibility due to decreasing non-covalent intra- and 

inter-molecular interactions.  Moreover, they selectively adsorbed the anionic dyes 

probably due to the electrostatic interactions between amino acid residues newly 

exposed on solvent channels.  This result provides simple method to reconstitute 

different porous environments without using different crystal systems of protein crystals.  

The engineered solvent channels can be obtained from various protein crystals 

with/without porous structures.  They have a potential for further chemical reactions 

such as selective catalysis and separation of exogenous molecules.  The author 

believes that this method will provide attractive bionanomaterials having unnatural 

reaction spaces. 
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Experimental Section 

 

Materials. Reagents were purchased from TCI, Wako, Nacalai Tesque, and Sigma–

Aldrich and were used without further purification.  The Spodoptera frugiperda cell 

line IPLB–Sf21–AE (Sf21) was maintained in tissue culture flasks in Grace’s medium 

(Gibco–BRL) at 27˚C with 10% fetal bovine serum (MP Biomedicals. Inc.), 2.6 mg/mL 

tryptose broth, 100 U/mL penicillin, and 100 µg/mL streptomycin.  Primers for site–

directed mutagenesis were obtained from Gene Design Inc. PCR was performed using 

the QuickChange® Site–Directed Mutagenesis Kit (Stratagene). The LR reaction was 

performed using the Gateway® LR Clonase® Enzyme mix (Life Technologies). 

 

Preparation of WTPhC and Mutant PhC.  Expression and purification of 

recombinant wild-type Bombyx mori CPV polyhedra (WTPhC) in insect cells were 

performed according to a previous literature.
25

  The plasmid DNAs of Δ1-PhC (–

V191GGH195–), Δ2-PhC (–V191GH195–) and Δ3-PhC (–V191H195–) were prepared using 

the Quick Change Site–Directed Mutagenesis Kit (Stratagene).  To produce transfer 

vectors encoding mutant PhC, the open reading frame cloned between attL1 and attL2 

sites in the entry vectors was transferred to destination vectors (pDEST) via LR 

ClonaseTM reactions.  The resulting transfer vectors were co-transfected into Sf21 

cells with linearized Baculogold Baculovirus DNA (BD Pharmingen), and replication–

competent baculovirus was rescued by recombination between the transfer vector and 

the linearized viral DNA and ultimately harvested from the supernatant.  Expression 

and purification of mutants were performed by the same procedures with WTPhC.
25

 

 

X-ray Crystal Structure Analysis.  Prior to the data collection, Δ1-PhC, Δ2-PhC and 

Δ3-PhC were immersed in a buffer solution containing 50 % (w/w) ethylene glycol and 

were spread on MicroMesh and subsequently frozen in liquid nitrogen.  X-ray 

diffraction data of Δ1-PhC, Δ2-PhC and Δ3-PhC were collected at 100 K at beamline 

BL32XU at SPring-8 using X-ray wavelength of 1.00 Å.  The data were processed 

with the program HKL2000.
26

  The crystal parameters and the data collection statistic 

are summarized in Table 1.  The structures were solved by molecular replacement with 

MOLREP using polyhedrin structure (PDB ID : 2OH6).
27

  Refinement of the protein 

structure was performed at resolutions of 1.93, 2.15, and 2.18 Å for Δ1-PhC, Δ2-PhC 

and Δ3-PhC, respectively, using REFMAC5
28

 in the CCP4 suite.
29

  Rebuilding was 
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performed using COOT
30

 based on sigma weighted (2Fo-Fc) and (Fo-Fc) electron 

density maps.  Residues ACE1-Asn9, Leu68-Asn103, Asn128-Asp134, and 

Ser187-Tyr189 for Δ2-PhC, and ACE1-Ser8, Leu68-Asn103, Ala129-Asp134, and 

Pro186-Asn196 for Δ3-PhC were decided model because electron densities 

corresponding to these residues are missing.  The models were subjected to quality 

analysis during the various refinement stages with omit maps and RAMPAGE.
31

  The 

refinement statistics are summarized in Table 2.   

 

Adsorption of exogenous organic compounds. PhCs (1.0×106 crystals) were soaked 

in a 100 μM HEPES buffer (pH 7.0) solution containing fluorescent dyes (10 μM) at 

room temperature for 24 hours to adsorb the fluorescent dyes into PhCs.  Eosin Y, rose 

bengal, rhodamine B, and rhodamine 6G were used as fluorescent dyes.  The amounts 

of adsorbed dyes in the PhCs were determined by supernatant fluorescence intensities 

using HITACHI F-7000 fluorescence spectrometer.  The experiments were performed 

three times under each set of conditions.  The data represent mean ± SEM.  The 

amounts were also determined by elemental analysis using X-ray fluorescence.  
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