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General Introduction 

 

Protein assembly 

In nature, protein assemblies play fundamental roles in biological processes of living 

organisms.1 Protein assemblies are constructed by the non-bonding interactions between protein 

subunits. These assemblies have unique properties and functions derived from the highly-

ordered structures. The various assembled structures of proteins such as fibers, rings, and cages 

are observed in biological systems (Figure 1). 

 

Figure 1. Examples of natural protein assemblies. (a) collagen (PDB: 1BKV), (b) actin filament 

(PDB: 3G37), (c) -clamp (PDB: 2POL), (d) gp4 helicase (PDB: 1E0K), (e)  exonuclease 

(PDB: 1AVQ), (f) virus capsid of Cowpea mosaic virus (PDB: 1NY7), (g) ferritin (PDB: 1FHA) 

For example, fibrous protein assemblies (or linear protein assemblies) such as collagen and 

actin filament support the structure of located tissues (Figure 1a,b). Collagen is found in the 

extracellular matrix and supports the cell assembled structure of each tissue.2 Actin filament, 

one of the cytoskeleton supporting components, regulates the morphology of eukaryotic cells 

and muscle contraction.3 The ring-shaped protein assemblies are often found in DNA-related 

enzymes such as DNA clamp,4 helicase,5 nuclease6 (Figure 1c–e). These ring-shaped enzymes 

can encircle the DNA strand and involve in fundamental processes of DNA replication, 

unpacking of double-stranded DNA, and DNA cleavage.4–6 The cage-like assembly of proteins 

often has the sphere-like capsule structures with the symmetry of icosahedrons (Figure 1f–h).7–

9 The protein cages have the spatial roles in biological processes to separate the specific 

molecules from the outer environment. These sphere-like capsule assemblies were often found 

in virus coat protein, virus capsids (Figure 1f).7 Virus capsids have robust structure to protect 

their genomic materials from the outer environment. Other representative protein cages are 
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ferritin8 and clathrin.9 They have crucial functions in biochemical and biological processes such 

as iron ion homeostasis and intracellular trafficking (Figure 1g). Thus, natural protein 

assemblies have unique functions derived from their assembled morphologies and protein 

assemblies are promising materials for future applications toward new types of functional 

biomaterials. 

 

Artificial protein assembly 

By mimicking the concept of natural protein assembly, lots of efforts to construct the artificial 

protein assembly are widely reported for the last decade.10 Similarly to the natural protein 

assemblies, the artificial protein assemblies often consist of natural monomeric proteins or small 

oligomeric proteins in order to construct the higher oligomeric assembly. The various strategies 

to make artificial protein assemblies are reported so far. These strategies can be classified into 

two strategies, biological strategy and chemical strategy (Figures 2 and 3). 

Biological strategy is a method to employ protein–protein interaction observed in the natural 

protein assembly. One of the ways to design protein assembly via this strategy is to utilize the 

natural symmetric protein oligomers as a building block.11 Yeates et al. have reported about the 

tetrahedral protein cage composed by the fusion protein of C3-symmetric trimer protein and C2-

symmetric dimer protein subunits (Figure 2a).11a Another way of this strategy is the 

computational design of de novo protein assembly.12 The rational design of protein subunits and 

protein–protein interface can be achieved by computational simulation in order to construct 

highly-ordered assembled structures (Figure 2b). 

 
Figure 2. Examples of artificial protein assembly designed by biological strategy: (a) natural 

symmetry-based assembly (ref. 11a), (b) computationally de novo designed assemblies (ref 12). 
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Figure 3. Examples of artificial protein assembly designed by chemical strategy: (a) 

cytochrome cb562 tetramer constructed by Zn2+ coordination (ref 13), (b) Glutathione S-

transferase nanowire designed by the host–guest interaction between FGG peptide and CB8 (ref 

14), (c) nanoring assembly of dihydrofolate reductase dimer and bis-methotrexate (bis-MTX) 

(ref 15). 

Chemical strategy utilizes the interactions between protein and compound such as metal 

coordination, host–guest, and protein–ligand (cofactor) interactions.13–15 For example, an 

introduction of the suitable metal coordination site into protein by site-directed mutagenesis 

drives the assembly upon addition of metal ions. Tezcan et al. have reported the cytochrome 

cb562 tetramers constructed using the metal coordination bond of Zn2+ with the His and Asp 

residues introduced by mutations (Figure 3a).13 Next, host–guest interaction between 

macrocyclic molecules and small peptides or compounds is also useful to produce the protein 

assembly. One of the examples in this approach is the interaction between cucurbit[8]uril (CB8) 

and FGG tripeptide.16 High binding affinity between CB8 and N-terminal FGG-tag sequence 

enables to form the protein assemblies (Figure 3b).14 Third method is achieved by employing 

the protein–ligand interaction or protein–cofactor interaction. Several types of proteins such as 



4 

 

enzymes have strong affinities with specific small compounds like ligands and cofactors. This 

interaction is suitable for the formation of the supramolecular protein assembly. For example, a 

genetic dimer of enzyme and synthetic dimer of the ligand easily afford the assembled structure 

(Figure 3c).15 

Although a variety of artificial protein assemblies with diverse structures are achieved, 

applications of the artificial protein assemblies have still been under investigations. Several 

researchers have reported the utilization of the artificial protein assemblies toward light 

harvesting systems, artificial enzymes, biomedical therapeutic materials and so on (Figure 

4).10,17–19 

Light harvesting system is an array of luminescent pigments to efficiently collect the sunlight 

with low energy density. The ordered structure of protein assembly is suitable for alignment of 

the pigment spatially. Liu et al. have reported the light harvesting protein assembly using SP1 

protein and quantum dots or micelles with pigment molecules.17 The artificial enzyme based on 

artificial protein assembly was demonstrated by Tezcan’s group. Optimized tetramer of 

cytochrome cb562 was found to show in vivo -lactamase activity.18 In the biomedical field, 

protein assemblies are considered as attractive nanomaterials due to its biocompatibility. To 

date, applications of artificial protein assemblies toward drug delivery, cell–cell interaction, cell 

recognition have been reported.19
  

 

Hemoprotein and its application 

Hemoprotein is a metalloprotein containing 

the iron porphyrin complex, heme, as a cofactor 

and widely exists from archaea to mammalian 

to play a crucial role in various biological events 

such as oxidation reactions, gas molecule 

bindings and electron transfers (Figure 4).20–22 

For instance, cytochrome P450 is a 

representative heme-containing oxidoreductase 

which utilizes the high-valent iron-oxo species 

of heme as an intermediate for the enzymatic 

reaction.20 Myoglobin is an O2-binding 

hemoprotein to store O2 molecules in muscle 

tissues.21 Cytochromes are a family of the 

Figure 4. Structure of heme (heme b) and 

representative hemoproteins. 
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heme-containing electron transporting proteins.22 The Fe2+/Fe3+ redox potentials of heme in 

cytochromes are important to achieve efficient electron transfer. These unique features are 

derived from the tuned physicochemical properties of heme by surrounding amino acid residues. 

One of the characters of hemoproteins is that heme in protein is replaceable with artificially 

designed cofactors by “reconstitution method”.23 This reconstitution method is one of the strong 

approaches to modify the function of hemoprotein. Major strategies to design the artificial 

prosthetic groups are modifications of peripheral substituents of protoporphyrin IX framework, 

redesign of macrocyclic structure, and substitution of metal ion center. Especially, modification 

of the propionate groups of protoporphyrin IX and the metal substitution are simple and 

effective methods to change the properties of hemoprotein. 

 

Figure 5. Chemical structures of redesigned cofactors and achieved functions of rMb using 

these cofactors. (a) rMb showing high peroxidase activity. (b) rMb–cytochrome c (Cyt c) 

complex. (c) Photosensitizer-containing rMb. (d) rMb catalyzing cyclopropanation of olefins. 

Examples of hemoprotein modification with reconstitution method are summarized in Figure 

5. Ogoshi and Hayashi et al. reported that the reconstituted myoglobin (rMb) with propionate 

group-modified heme b by eight carboxylate groups. The peroxidase activity for oxidation of 

guaiacol is enhanced by 13-fold compared to native myoglobin.24 They also demonstrated that 

this rMb forms a protein complex with cytochrome c (Cyt c) via electrostatic interaction. By 

the substitution of the Fe center with Zn ion, this artificial rMb–Cyt c complex can achieve the 

photoinduced electron transfer within the protein complex (Figure 5a,b).25 Gray et al. reported 
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that rMbs with Pd-mesoporphyrin and Pt-mesoporphyrin show intensive phosphorescence 

emissions and rapid excitation quenching with electron acceptor (Figure 5c).26 Other metal-

substituted rMb was studied by several groups. One of the recent efforts is artificial 

metalloenzyme catalyzing the cyclopropanation reaction based on myoglobin reconstituted with 

noble metal porphyrins (Figure 5d).27 Various hemoproteins and porphyrinoid cofactors have 

been applied to this strategy. Thus, this strategy is a promising method to modify the 

characteristics and reactivities of hemoprotein.23 

 

Artificial hemoprotein assemblies constructed by heme–heme pocket interaction 

Hemoproteins have been focused on as a component of a new biomaterial due to a wide 

variety of the functions. Especially, utilization of hemoprotein as a building block of protein 

assembly is considered to be effective in order to construct novel functional nanomaterials.13,28 

To form artificial hemoprotein assembly, the heme–heme pocket interaction is effective 

because of high binding affinity between heme and protein matrix (K > 108 M–1) and having 

replaceable heme with modified heme or other metalloporphyrin by reconstitution method (vide 

supra). Hayashi et al. previously demonstrated the formation of supramolecular hemoprotein 

assemblies by the strong heme–heme pocket interaction.29 In these previous works, the 

cysteine-introduced mutant of hemoprotein is covalently modified by synthetic heme through 

the selective reaction of cysteine thiol with a functional group such as maleimide. After the 

removal of intrinsic heme under acidic condition and following neutralization, successive 

reconstitution of the modified hemoprotein induces the formation of linear hemoprotein 

assemblies (Figure 6). This is based on the strategy for artificial protein assembly using protein–

cofactor interaction.  

As a monomer unit of this hemoprotein assembly, cytochrome b562 (Cyt b562) was chosen. 

Cyt b562 is one of the electron transporting proteins found in E. coli.30 It is a monomeric 

hemoprotein with a four-helix bundle structure containing 106 amino acid residues and one 

heme b cofactor. Heme b in Cyt b562 has a six-coordination low-spin state with Met7 and His102 

as axial ligands. In Cyt b562, the protein matrix shows a high binding affinity with heme (Kd = 

9 nM)30b and high stability against modification and organic solvents. Hayashi et al. reported 

the linear Cyt b562 assemblies constructed by H63C mutants (Figure 6).29 They also 

demonstrated the formation of 2D Cyt b562 network by the linear H63C Cyt b562 assembly and 

a heme triad.29b Modification of these assemblies to the inorganic materials such as assembly–

nanoparticle conjugate and assembly–electrode conjugate were reported so far.31
 Especially, the 
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electrode conjugated Cyt b562 assembly constructed by synthesized zinc porphyrin (ZnP) shows 

the photocurrent activity derived from the photosensitizer ability of ZnP. 

 

 

Figure 6. Preparation of Cyt b562 assembly using H63C mutant and synthetic heme. 

Hayashi and co-workers have recently prepared a Cyt b562 assembly using a different mutant, 

N80C, where the synthesized heme (m–FeP) is attached to the protein surface at the 80th residue 

(Figure 7).32 This provides a structurally-defined assembly via the hydrogen bond interaction at 

the protein interface as a secondary interaction. The linear and periodic helical structure in a 

solution was characterized by atomic force microscopy (AFM) measurements and circular 

dichroism (CD) spectroscopy. Especially, CD spectrum of this linear assembly showed a split-

type Cotton effect around the wavelength of heme Soret band which is induced by the fixed 

orientation of heme in the assembly. A mutant assembly of D73A/N80C shows the flexible 

nature by AFM and CD spectrum due to the lack of secondary hydrogen bond interaction. 

Moreover, the CD spectrum of the R98A/N80C Cyt b562 assembly was found to exhibit an 

incomplete split-type Cotton effect induced by semi-rigid (or semi-flexible) structure by the 

weakened hydrogen bond interaction. Thus, the supramolecular structures of this N80C mutant-

based assembly can be changed by the simple mutation. 
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Figure 7. Preparation of three different Cyt b562 assemblies based on the N80C mutants, N80C 

(rigid assembly), R98A/N80C (semi-rigid assembly), and D73A/N80C (flexible assembly). 

 

In order to design the artificial protein assembly for the application to the functional 

biomaterial, it is necessary to understand the physicochemical properties of their assembling 

system. Especially, the effect of supramolecular structure to the characteristic of protein 

assemblies is important to design the sophisticated biomaterials which exhibit the modest 

properties for their application. Although a variety of artificial protein assemblies are reported 

hitherto, the protein assemblies which their supramolecular structure are changed by the 

mutation of their building block are still rare. Thus, the influence of supramolecular structure 

on the characteristics of protein assemblies is still ambiguous. The author has focused on 

investigating the influence of changes of supramolecular structure of N80C mutant-based Cyt 

b562 assemblies. 

To analyze the effect of mutation-induced rigidity changes, the photochemical properties of 

Cyt b562 assemblies were employed as an indicator because ZnP-containing Cyt b562 also 

provides unique protein assembly. The ZnP has two main photochemical features: (i) intensive 

fluorescence nature and (ii) long lifetime and high energy of triplet excited states. Therefore, 

the ZnP-containing Cyt b562 assemblies enable the evaluation of the effect of the supramolecular 

structure on physicochemical properties using these photochemical properties (Chapter 1, 2). 
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For the design of novel Cyt b562 assembly, it is effective to modulate the linker structure 

between heme (FeP) and maleimide.29a,33 Modulation of linker structure of Cyt b562 assemblies 

often affects the thermodynamic properties of protein assemblies such as the degree of 

polymerization and formation of cyclic or spherical supramolecular structures. The author was 

found the unique property of N80C Cyt b562 assembly by employing synthetic FeP with long 

linker moiety (m–FeP′) (Chapter 3). 
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Outline of this thesis 

 

Chapter 1: Photoinduced electron transfer within supramolecular cytochrome b562 co-

assemblies and heterodimers containing Fe and Zn porphyrins 

Long-range photoinduced electron transfer between Zn porphyrin and Fe porphyrin (heme) 

within N80C Cyt b562 co-assembly or heterodimer with a well-defined rigid structure. The 

photoinduced charge separation and subsequent charge recombination were observed in the 

rigid co-assembly and heterodimer. In contrast, no electron transfer events were observed in a 

flexible co-assembly and heterodimer. Moreover, analysis of the kinetic constants of electron 

transfer in heterodimers using Marcus theory suggests that a single-step electron transfer occurs 

in the system. 

 

Chapter 2: Multivalent effect of arginine residues for cellular uptake of cytochrome b562 

assembly 

Cellular uptake behaviors of N80C mutant-based Cyt b562 assemblies were investigated. 

Multiply arrayed oligoarginine tags, one of the cell-penetrating peptides, on the protein surfaces 

of the Cyt b562 assemblies improve the efficiency of cellular uptake into HeLa cells in a manner 

which depends on the number of arginine residues in the tags and rigidity of the Cyt b562 

assemblies. A rigid assembly with tetraarginine tag shows 10-fold higher cellular uptake 

efficiency than a corresponding rigid assembly without oligoarginine tags. 

 

Chapter 3: Thermodynamically controlled formation of ring-shaped trimer and linear 

assembly of cytochrome b562 

 

N80C Cyt b562 assembly constructed by the modification of heme with a moderately long 

linker exhibits the two equilibrium states: long linear oligomer under a high concentrated 

protein condition and ring-shaped trimer under a diluted protein condition. The ring-shaped 

trimer of Cyt b562 is thermodynamically more stable than linear assembly in a dilute condition. 

Moreover, the isolated ring-shaped trimer is kinetically trapped even in a concentrated solution. 
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Chapter 1 

 

Photoinduced electron transfer within supramolecular cytochrome b562 co-

assemblies and heterodimers containing Fe and Zn porphyrins 

 

1-1. Introduction 

 

The biochemical processes of respiration and photosynthesis both include numerous precise 

electron transfer (ET) processes mediated by lots of metalloproteins and cofactors.1–4 It is of 

particular interest that proteins provide a suitable medium to achieve efficient ET reactions over 

distances as long as 15 Å because of the efficient electronic coupling and low reorganization 

energy provided protein polypeptide chain.2 These long-range ET reactions via protein matrices 

are often found in natural protein complexes as well as artificially constructed systems 

containing two or more redox-active site.2,3,5,6 Generally, the kinetic constants of ET depend on 

the donor–acceptor distances.2,3,7 The distance decay constant () of electron tunneling in a 

protein is usually within the range of 1.0–1.3 Å–1 which is a much smaller range relative to 

tunneling ranges measured in aqueous solution. Long-range ET reactions with donor–acceptor 

distances greater than 25 Å in a protein are rare, with the exception of multistep electron 

hopping through intermediate redox-active aromatic residues (e.g. Tyr, Trp)5 and/orother redox-

active molecules.4,6 Therefore, a single-step ET over a 25 Å-distance requires a suitable protein 

scaffold and/or an appropriate protein–protein interface to achieve efficient electron coupling 

for interprotein ET reactions. Particularly, in the latter case, we recognized that an artificial 

metalloproteins complex or assembly would provide a useful tool to understand such long range 

ET processes within a unique protein–protein complex. Over the last two decades, functional 

modeling efforts using engineered metalloproteins complexes have been successful in 

elucidating the mechanisms of the ET events.8 In this respect, recent investigations of artificial 

metalloproteins assemblies such as hemoprotein assemblies9 are expected to contribute to the 

creation of new classes of ET systems. However, demonstrations of ET events occurring within 

these metalloproteins assemblies have been quite limited thus far. 

The previously reported hemoprotein assembly which is designed using N80C mutant of Cyt 

b562 and synthetic heme (m–FeP) exhibited the rigid and periodic assembly by the secondary 

hydrogen bond (H-bond) between protein matrices (vide supra).10 It is also reported that by the 

mutation of the residues which are related to the secondary H-bond interaction in this 
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assembling system resulted in the weakened interaction or depleted interaction to form semi-

rigid or flexible assembly, respectively. Thus, this N80C mutant-based assembling system is 

suitable to evaluate the effect of non-bonding interaction between protein matrices. Moreover, 

these Cyt b562 assemblies can be designed using artificial ZnP (m–ZnP), which the ZnP are often 

applied to the studies of photoinduced electron tunneling. 

Over the past two decades, several investigations of ET systems using Zn porphyrin have 

been conducted using synthetic molecules11 and hemoprotein complexes.8,12 In the latter case, 

Zn-substituted hemoprotein complexes have been investigated including: complexes of Cyt 

c/Zn-substituted cytochrome c peroxidase, cytochrome b5/Zn-substituted myoglobin, 

hemoglobin constructed by Zn porphyrin reconstituted -subunits, rMb with Zn porphyrin/Cyt 

c, and a co-crystal of Cyt c/Zn-substituted Cyt c, where ferric heme acts as the electron acceptor 

from photoexcited Zn porphyrin.8,12 In contrast, in the present work, the author has investigated 

the long-range and single-step photoinduced ET between the donor and acceptor with a 29-Å 

distance in the N80C-based Cyt b562 co-assemblies containing the heme (FeP) and the ZnP 

(Figure 1-1a). Furthermore, the photoinduced ET reactions are also investigated in a simple 

system using six different N80C-based Cyt b562 heterodimers (Fe-Zn dimers and Zn-Fe dimers; 

Figure 1-1b). 

 

Figure 1-1. Photoinduced ET in (a) three different N80C mutant-based Cyt b562 co-assemblies 

and (b) six different Cyt b562 heterodimers (Fe-Zn dimers and Zn-Fe dimers) 
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1-2. Results and Discussion 

 

Preparation and characterization of Cyt b562 assemblies, co-assemblies, and heterodimers. 

The Cyt b562 assemblies containing FeP ((N80C–FeP)n, (R98A/N80C–FeP)n, (D73A/N80C–

FeP)n) were prepared as previously reported.10 The Cyt b562 assemblies containing ZnP ((N80C–

ZnP)m, (R98A/N80C–ZnP)m, and (D73A/N80C–ZnP)m) were prepared in a reaction of N80C 

with maleimide-linked ZnP on the surface of the protein as shown in Figure 6. After 

denaturation by guanidine-HCl (GdmCl), heme and excess maleimide-linked ZnP were 

removed by extraction using 2-butanone and the aqueous solution was then neutralized. The 

obtained protein units were identified by ESI-TOF MS and UV-vis spectra. The CD spectrum 

of (N80C–ZnP)m exhibits the split-type Cotton effect in the range of 390–450 nm, which 

indicates that ZnP has a fixed orientation in the assembly (Figures 1-2) 

 

Figure 1-2. CD spectrum of (N80C–ZnP)m in 100 mM potassium phosphate buffer, pH 7.0, at 

20 °C. 

The Cyt b562 co-assemblies (co-assemblies 1, 2, and 3) were prepared by mixing the FeP-

containing assembly and the ZnP-containing assembly and the changes of the profiles in size 

exclusion chromatography (SEC) were reached within 10 h, indicating attainment of 

equilibrium. The resulting co-assemblies were identified by UV-vis spectra (Figures 1-3a, 1-4). 

The six different Cyt b562 heterodimers (Figure 1-1b) were also prepared by mixing of two 

proteins via maleimide-thiol conjugation (Figure 1-3b–d), and purified by SEC. The obtained 

heterodimers were identified by UV-vis spectra and SEC (Figure 1-5).   
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Figure 1-3. Preparation methods for (a) co-assembly 1, (b) dimer 4(Fe-Zn), and (c) dimer 

4(Zn-Fe), and (d) a schematic representation of the reaction between the protein scaffold and 

the maleimide-linked metalloporphyrin (m–MP: M = Fe or Zn) via maleimide–thiol conjugation. 

 

Figure 1-4. Characterization of co-assembly 1. Size exclusion chromatography traces of (a) 

(N80C–FeP)n (blue) and (N80C–ZnP)m (red), and (b, c) co-assembly 1 (n/m = 1/1) after mixing 

the assemblies for (b) 10 h and (c) 24 h at room temperature. These traces were monitored at 

418 nm (violet) and 430 nm (red), which are the max of Cyt b562 and ZnPWT, respectively. 

(d) UV-vis spectra of co-assembly 1 (n/m = 1/1, violet), (N80C–FeP)n (blue) and (N80C–ZnP)m 

(red). Condition: [N80C–ZnP] = 3 M and [N80C–FeP] = 3 M in 100 mM potassium 

phosphate buffer, pH 7.0, Superdex 200 10/300 GL. 
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Figure 1-5. Characterization of dimers 4(Zn-Fe) and 4(Fe-Zn). (a) UV-vis spectra of dimers 

4(Fe-Zn) (dash line) and 4(Zn-Fe) (solid line). (b) SEC traces of dimers 4(Fe-Zn) and 4(Zn-

Fe), and Cyt b562 (dotted line). Condition: Superdex 200 increase column. 

 

Evaluation of photoinduced ET in the co-assemblies 

Photoinduced ET reactions within the co-assemblies and heterodimers were investigated by 

observing transient absorption changes after ns-pulse laser flash photolysis. According to 

previous reports using ET systems containing hemoproteins with Zn and Fe porphyrins, the 

charge separation (CS) within co-assemblies and heterodimers should occur via the long-lived 

triplet excited states of ZnP (~10 ms), whereas the involvement of singlet excited states is ruled 

out owing to the short excitation lifetime (~1 ns) for their long donor–acceptor distance (29 

Å).2,8c Thus, the photochemical process after electronic excitation within these co-assemblies 

and heterodimers is proposed as shown in Scheme 1-1: (i) photoexcitation to generate the singlet 

state of the ZnP species (1ZnP); (ii) intersystem crossing to obtain the long-lived triplet excited 

state (3ZnP); (iii) CS between 3ZnP and the ferric FeP (Fe3+P) in the protein co-assemblies and 

heterodimers; (iv) charge recombination (CR) between the ZnP radical cation species (ZnP•+) 

and the ferrous FeP (Fe2+P) to recover the ground state. 
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Scheme 1-1. Photochemical process of oxidative ET in the co-assemblies and heterodimers 

First, flash photolysis transient absorption measurements of co-assembly 1, which has a rigid 

structure derived from the H-bond interaction was performed. The decay curves of the 460 nm 

absorption band of 3ZnP were monitored in co-assemblies 1 having various n/m ratios (n/m = 

1/1, 2/1, 3/1) and (N80C–ZnP)m (Figures 1-6a). Biexponential decay curves (eq 1) were 

observed for the co-assemblies, whereas the decay for (N80C–ZnP)m was found to generate a 

monoexponential decay curve (eq 2). 

∆Abs = α𝑒−𝑘𝑎𝑡 + 𝛽𝑒−𝑘𝑖𝑡                                    (1) 

∆Abs = 𝛽𝑒−𝑘𝑖𝑡                                            (2) 

These findings indicate that CS occurs within the co-assemblies. The biexponential fitting 

parameters include two kinetic constants, ki and ka: the former is the triplet decay constant 

without ET and the latter is the sum of the ki and kCS, a kinetic constant of CS. The obtained 

kinetic parameters are summarized in Table 1-1. The slower decays observed in the co-

assemblies correspond to the deactivation of 3ZnP in (N80C–ZnP)m (ki = 90 ± 3 s–1). The 

average kCS values of the co-assemblies were determined to be approximately 530 ± 40 s–1. 

Interestingly, the ki and kCS values were found to be mostly independent of the n/m ratio while 

the populations of decay components depend on the n/m ratio: an increase in the n/m ratio in 

the co-assembly provides a larger population of the faster decay component (/(+ )) as 

shown in Table 1-1. This finding appears to be reasonable because not all of the N80C–ZnP 

units in the co-assembly contribute to the ET reactions due to the successive alignment of 
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N80C–ZnP units. Additionally, the N80C–ZnP units with the successive alignments in the co-

assembly should statistically decrease with the increase of the ratio of n/m. 

 

Figure 1-6. Transient absorption decay of (N80C–ZnP)m (grey) and co-assembly 1 (n/m = 3/1, 

black). (a) Normalized transient absorption decay at 460 nm and (b) 680 nm. 

Table 1-1. Electron Transfer Kinetic Parameters for Co-assembly 1a 

aConditions: [N80C–ZnP] = 3 M and [N80C–FeP] = 0–9 M in 100 mM potassium 
phosphate buffer, pH 7.0, at 20 °C under an N2 atmosphere. bParameters were obtained from eq 
1. ckCR was obtained from eq 3. dTransient decay of (N80C–ZnP)m. eki was obtained from eq 2. 
fThe averaged kinetic constants of co-assembly 1 were calculated using all of the experimental 
results. 

The kinetic constants of CR in co-assembly 1 were also evaluated by monitoring the transient 

absorption changes of the ZnP•+ species which has a characteristic peak at 680 nm (Figures 1-

6b). The absorption of the co-assembly 1 at 680 nm after laser irradiation rapidly increase within 

1 ~ 2 ms and then undergoes fast decay within 3 ~ 5 ms and slow decay afterwards. Table 1-1 

shows the summary of kinetic parameters analyzed by eq 3. 

∆Abs = 𝑎1𝑒−𝑘𝑎𝑡 + 𝑎2𝑒−𝑘𝐶𝑅𝑡 + 𝑎3𝑒−𝑘𝑖𝑡                        (3) 

The kinetic constants of CR, kCR, are determined to be 930 ± 50 s–1 on average. Similar to the 

results inferred from the kCS values, no correlation was observed between the kinetic constants 

and the n/m ratio. 

n/m 
𝜶

𝜶+𝜷
b 

𝜷

𝜶+𝜷
b kCS (s–1)b kCR (s–1)c ki (s

–1)b 

0/1d –– –– –– –– 90 ± 3e 

1/1 0.25 ± 0.02 0.75 ± 0.02 530 ± 62 910 ± 90 81 ± 3 

2/1 0.31 ± 0.08 0.69 ± 0.08 510 ± 100 974 ± 120 94 ± 10 

3/1 0.44 ± 0.02 0.56 ± 0.02 520 ± 30 913 ± 120 91 ± 4 

averagef –– –– 530 ± 40 930 ± 50 87 ± 3 
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Next, an investigation of transient absorption spectral changes of co-assembly 2 with a semi-

rigid structure (vide supra) after the laser flash photolysis was carried out in the same manner 

used to investigate co-assembly 1 (Figures 1-7). The kinetic parameters are summarized in 

Table 1-2. The averaged values of kCS, kCR, and ki for co-assembly 2 were determined to be 300 

s–1, 430 s–1, and 88 s–1, respectively. The kCS and kCR values of the semi-rigid co-assembly are 

both smaller than those of the rigid co-assembly, whereas the ki values are close to each other. 

These results indicate two important characteristics of co-assembly 2: the photochemical 

properties of the 3ZnP of co-assembly 2 are almost same to those of co-assembly 1, while slower 

ET events in CS and CR were observed in co-assembly 2 compared with co-assembly 1. This 

indicates that the H-bond network in co-assembly 1 could be important for the ET events in 

terms of the population of the faster phasic decay in co-assembly 2. Furthermore, the increase 

of the n/m ratio enhances the population of the faster phasic decay in co-assembly 2. Although 

this relation is similar to the relation observed for co-assembly 1, the population of the faster 

phase in co-assembly 2 is smaller than that in co-assembly 1. This finding suggests that co-

assembly 2 is a mixture of the rigid and flexible structures which are formed by the weakened 

H-bond interaction relative to co-assembly 1. 

 

Figure 1-7. Transient absorption decays of co-assemblies (black solid line: co-assembly 1, grey 

dotted line: co-assembly 2, grey solid line: co-assembly 3, n/m = 3/1) at (a) 460 nm and (b) 680 

nm. 
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Table 1-2. Electron Transfer Kinetic Parameters for Co-assembly 2a 

n/m 
𝜶

𝜶+𝜷
b 

𝜷

𝜶+𝜷
b kCS (s–1)b kCR (s–1)c ki (s

–1)b 

0/1d –– –– –– –– 86 ± 5e 

2/1 0.17 ± 0.03 0.83 ± 0.03 300 ± 260 450 ± 130 86 ± 13 

3/1 0.23 ± 0.06 0.77 ± 0.06 310 ± 70 410 ± 20 90 ± 8 

averagef –– –– 300 ± 70 430 ± 40 88 ± 3 
aConditions: [R98A/N80C–ZnP] = 3 M and [R98A/N80C–FeP] = 0–9 M in 100 mM 

potassium phosphate buffer, pH 7.0, at 20 °C under an N2 atmosphere. bParameters were 
obtained from eq 1. ckCR was obtained from eq 3. dTransient decay of (R98A/N80C–ZnP)m. eki 
was obtained from eq 2. fThe averaged kinetic constants of co-assembly 2 were calculated using 
all of the experimental results. 

 

The transient absorption decays of co-assembly 3 with the flexible structure without the 

interprotein H-bond were evaluated. In contrast to the results observed for the co-assemblies 1 

and 2, the decay curve of 3ZnP in co-assembly 3 is fitted by the monoexponential equation to 

provide essentially the same kinetic constant as (N80C–ZnP)m (ki = 89 ± 1 s–1, Figure 1-7), 

clearly indicating that CS does not occur in the co-assembly 3. This could be caused by the 

longer distance between ZnP and FeP for the ET events and/or the lack of the H-bond network 

in the flexible structure. 

Both CS and CR in co-assembly 1 are significantly faster than in the other two co-assemblies. 

The major differences among these co-assemblies are the strength of the interprotein H-bond 

network and the related structural rigidity which should provide a shorter ZnP–FeP distance 

compared with a more flexible structure. Thus, these findings emphasize the importance of an 

interprotein H-bond interaction in providing a favorable ZnP–FeP distance and/or the pathway 

for ET in this system. 

 

Evaluation of photoinduced ET in heterodimers 

The ET event observed in each co-assembly includes a mixture of reactions with two possible 

directions as shown in Figure 1-1a. Since these properties would provide an obscure ET 

parameter, the exact kinetic parameters with defined directions were determined using six types 

of Cyt b562 heterodimers as shown in Figure 1-1b. The transient absorption changes of a series 

of heterodimers were monitored and analyzed in the same manner as co-assemblies (Figures 1-

8 – 1-10). The kinetic parameters are summarized in Table 1-3. Form the kinetic results, the 

following three characteristics were identified: (i) the most favorable ET reactions in both CS 

and CR were observed in the dimer 4(Zn-Fe) system; (ii) the kinetic parameters of the dimer 
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4(Fe-Zn) system clearly indicate slower ET events relative to the dimer 4(Zn-Fe); and (iii) the 

interprotein H-bond is important for ET events (this observation is consistent with the results 

observed in the co-assemblies). 

 

Figure 1-8. Transient absorption decays of dimers 4(Zn-Fe) (black) and 4(Fe-Zn) (grey) at (a) 

460 nm and (b) 680 nm. 

 

Figure 1-9. Transient absorption decays of dimers 5(Zn-Fe) (black) and 5(Fe-Zn) (grey) at (a) 

460 nm and (b) 680 nm. 
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Figure 1-10. Transient absorption decays of dimers 6(Zn-Fe) (black) and 6(Fe-Zn) (grey) at 

(a) 460 nm and (b) 680 nm. 

Table 1-3. Kinetic Constants of Oxidative ET of Heterodimersa 

 kCS (s–1)b kCR (s–1)c ki (s
–1)b,f 

dimer 4(Zn-Fe) 600 ± 30 920 ± 30 120 ± 2 

dimer 4(Fe-Zn) 320 ± 40 580 ± 70 87 ± 2 

dimer 5(Zn-Fe) 370 ± 50 520 ± 20 100 ± 3 

dimer 5(Fe-Zn) 120 ± 10 180 ± 4 78 ± 1 

dimer 6(Zn-Fe) N.D.d N.D.d 100 ± 2e 

dimer 6(Fe-Zn) N.D.d N.D.d 80 ± 1e 
aConditions: About 3 M of heterodimer in 100 mM potassium phosphate buffer, pH 7.0, at 

20 °C under an N2 atmosphere. bParameters were obtained from eq 1. ckCR was obtained from 
eq 3. dNot-detected. eki was obtained from eq 2. fThese small differences of ki values are 
considered to be caused by the difference of degree of solvation of ZnP or protein-conjugated 
ZnP in the heterodimers.13, 14 

 

It is especially notable that Zn-Fe dimers mediate faster ET than the corresponding Fe-Zn 

dimers except for the dimers 6 which do not mediate ET. Also of interest is that the kinetic 

parameters depend on the ET direction, although both the Zn-Fe and the Fe-Zn dimers are 

expected to have similar structures. The structural differences are only derived from the position 

of ZnP and FeP and the chemical modification of the propionic acid of the protoporphyrin IX 

ligand. However, the effect of the propionic acid on the redox potential is considered to be 

negligible to induce this significant change.15 Thus, the kinetic difference should be caused by 

the position of the FeP and ZnP. 
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Reductive ET in dimers 4(Fe-Zn) and 4(Zn-Fe) 

The reductive ET events from the viewpoint of Marcus theory (vide infra) in the dimers 4 

were also examined to evaluate the properties of the ET reactions. The reductive quenching of 

3ZnP by ferrous FeP (Fe2+P) provides the ZnP radical anion (ZnP•–) as a chare separation species 

(Scheme 1-2).12b,16 The driving force for this ET reaction is completely different from the 

oxidative ET as shown in Scheme 1. Evaluating the kinetic constants of the reductive ET give 

important insights into the properties of the ET reaction using Marcus theory. 

 

Scheme 1-2. Photochemical process of reductive ET in the co-assemblies and heterodimers 

The transient absorption changes of the reduced dimers 4 were recorded after the flash 

photolysis. The 3ZnP decays of both dimers 4(Fe-Zn) and 4(Zn-Fe) measured at 460 nm follow 

biexponential kinetics, indicating that the ET reaction proceeds from Fe2+P to 3ZnP (Figure 1-

11a, Table 1-4). The CR process of the ET reactions was evaluated using the observed 

triexponential transient decay at 700 nm (Figure 1-11b, Table 1-4).16 Faster CS and CR values 

were observed in dimer 4(Zn-Fe) compared with dimer 4(Fe-Zn) and this result is consistent 

with the oxidative ET. 
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Figure 1-11. Transient absorption decays of reduced dimers 4(Zn-Fe) (black) and 4(Fe-Zn) 

(grey) at (a) 460 nm and (b) 680 nm. 

Table 1-4. Reductive Electron Transfer Kinetics of Dimers 4(Zn-Fe) and 4(Fe-Zn)a 

 kCS (s–1)b kCR (s–1)c ki (s
–1)b 

dimer 4(Zn-Fe) 140 ± 10 14 ± 8 78 ± 2 

dimer 4(Fe-Zn) 53 ± 15 5 ± 3 69 ± 2 
aConditions: About 3 M of reduced heterodimers in 100 mM potassium phosphate buffer, 

pH 7.0, at 20 °C under an N2 atmosphere. bParameters were obtained from eq 1. ckCR was 
obtained from eq 3. 

 

Evaluation of physical properties of ET 

According to Marcus theory, the kinetic constant of non-adiabatic ET is given by 

𝑘𝐸𝑇 = √
𝜋

ℎ2𝜆𝑘𝐵𝑇
𝐻𝐴𝐵

2 𝑒𝑥𝑝 {−
(Δ𝐺° + 𝜆)2

4𝜆𝑘𝐵𝑇
} 

= 𝑘0𝑒𝑥𝑝 {−
(Δ𝐺° + 𝜆)2

4𝜆𝑘𝐵𝑇
}                                 (4) 

where the kinetic constant of ET (kET) depends on the driving force for ET (–G°), the 

reorganization energy (), and the electronic coupling matrix element (HAB) or k0 which 

represents the kinetic constant of ET at G° = –.2 Applying the kinetic constants observed in 

the dimers 4 to eq 4 confirms whether the major factor for the kinetic difference between dimers 

4(Zn-Fe) and 4(Fe-Zn) is derived from the electronic coupling matrix element or the 

reorganization energy. 
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Table 1-5. Driving Forces (–Go) for the Oxidative and Reductive CSs and CRs for the 

Heterodimers 

 Charge separation, –Go (eV) Charge recombination, –Go (eV) 

Oxidative ET 0.97 0.73 

Reductive ET 0.33 1.37 

 

Table 1-6. Redox Potentials of FeP in Wild-type Cyt b562 and ZnP in the Reconstituted Protein 

Which Were Used to Estimate the Go Values for CS and CR. 

Half-reaction Redox potential vs. NHE 

ZnP•+/ZnP 0.9 Va 

ZnP/ZnP•– -1.2Vb 

Fe3+P/Fe2+P 168 mVc 
aData was taken from ref 8b. bThis value was estimated from the redox potential of 

ZnTPP/ZnTPP•– with a pyridine-derivative ligand in ref 17. cData was taken from ref 18. 

 

Table 1-7. The Excited-State Energies for ZnPWT. 

 Excited-state energy (eV) 

1ZnP 2.08a 
3ZnP 1.70b 
aEnergy of S1 band obtained from ZnPWT fluorescence emission band at 596 nm. bEnergy 

of T1 band obtained from ZnPWT phosphorescence emission band at 730 nm.19 

 

The driving force was estimated from the redox potentials of each species which appears 

during the ET reaction (Tables 1-5 – 1-7). The experimental kET values for CS and CR of the 

dimers 4 were plotted as a function of –G° (Figure 1-12). The plots were fitted to eq 4 using 

a nonlinear least squares analysis, yielding the values of k0, HAB, and  for both dimers 4(Fe-

Zn) and 4(Zn-Fe) (Table 1-8). The reorganization energies of both dimers are similar ( ≈ 0.76 

eV) while the HAB and k0 values are different. These results indicate that the difference between 

the ET kinetic constant of the Zn-Fe dimer and the Fe-Zn dimer is not derived from the 

reorganization energy but from the electronic coupling matrices of these heterodimers. 
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Figure 1-12. Driving-force dependence of the ET kinetics in dimers 4(Zn-Fe) (black) and 4(Fe-

Zn) (grey). 

Table 1-8. Parameters of ET Reactions of the Heterodimers Obtained from Equation 4 

 k0 (s
–1) HAB (cm–1)  (eV) 

dimer 4(Zn-Fe) 950 ± 40 1.80 × 10–3 0.77 ± 0.02 

dimer 4(Fe-Zn) 580 ± 4 1.40 × 10–3 0.75 ± 0.01 

 

Furthermore, because eq 4 from Marcus theory is based on a single-step ET, the close fitting 

of the ET kinetic constants to eq 4 provides evidence for the single-step ET occurring in the 

heterodimers. Additionally, the redox potentials of the aromatic residues in Cyt b562 (Tyr101, 

Tyr105, Phe61, and Phe65) are much higher than the redox potential of ZnP in the heterodimers 

(TyrOH•+/TyrOH: E0 ≥ 1.4 V,20 Phe•+/Phe: E0 ≥ 2.0 V,21 ZnP•+/ZnP: E0 ≈ 0.9 V8b,22) to achieve 

multistep electron transfer although these residues are located near the heme-binding site. 

Additionally, the electron hopping through TyrO•/TyrOH (E0 = 0.93 V23) is implausible due to 

the lack of suitable proton acceptor nearby the Tyr residues to decrease the activation barrier of 

the concerted oxidation and deprotonation. Hence, it is suggested that the single-step ET occurs 

in the system.24 
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Structure-dependent ET pathway and the role of the interprotein H-bond network in the 

heterodimers 

The kinetic constant of electron tunneling (k0) generally depends on the donor–acceptor 

distance as equation below 

𝑘0 = 1013𝑒𝑥𝑝{−𝛽(𝑟 − 𝑟0)}                                   (5) 

where r0 is the close contact distance (r0 = 3 Å).2 In the previous work, the structure of the dimer 

of FePN80C–FeP with WT, FePN80C–FePWT was estimated from a molecular dynamics 

(MD) simulation and validated by AFM and CD spectroscopy measurement.10 It is reported that 

the quantum calculation of ET in protein using MD-simulated donor–acceptor distance mostly 

reproduces the experimental results.25 Thus, the MD-simulated heme–heme distance of 

FePN80C–FePWT (29 Å) was employed as the donor–acceptor distance for ET. The k0 

value calculated using this distance and the  value in the protein was determined to be less 

than 51 s–1, which is much slower than the k0 value obtained from transient absorption 

measurements of the heterodimers. Beratan et al. have analyzed the ET pathway in 

hemoproteins, especially in Cyt b562.
25 It was found that two tunneling pathways are available 

for the ET reaction in Cyt b562: one pathway crosses the edge of the heme molecule, and the 

other pathway includes the heme-axial ligand. The former pathway is solely dependent on the 

protein structure. In contrast, the latter tunneling pathway strongly depends on the protein 

structure and the kET value is usually different from the value predicted from the donor–acceptor 

distance and distance decay constant. Thus, it can be hypothesized that the rapid ET reactions 

in the heterodimers and co-assemblies are caused by the structure-dependent tunneling pathway. 

It is known that in most cases, the ET reaction in Cyt b562 occurs through the distance-

dependent pathway. It has been reported that the Asp73 residue is involved in the structure-

dependent ET pathway.26 The MD-optimized structure of FePN80C–FePWT indicates that 

the interprotein H-bond network is linked from the His102 residue (axial ligand) to the Asp73′ 

residue (Figure 1-13) and these two residues are related to the structure-dependent ET pathway. 
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Figure 1-13. MD-optimized structure of FePN80C–FePWT. The His102 residue is linked 

to the carbonyl group of the Arg98 main chain by an H-bond, which is related to the H-bond 

network between proteins. The Asp73′ residue is also related to the structure-dependent ET 

pathway. 

 

Figure 1-14. Proposed ET tunneling pathway in dimer 4(Zn-Fe). The red line in the model 

dimer structure shows the tunneling pathway. 

As mentioned above, mutation of Arg98 or Asp73′ to Ala causes a significant deceleration 

of the ET reactions. These results provide strong evidence that the interprotein H-bond network 

is related to the tunneling pathway. Therefore, a plausible ET pathway in dimers 4 is shown in 

Figure 1-14: from donor ZnP (or FeP) to acceptor FeP (or ZnP) through the coordinating His102, 

the interprotein H-bond network including Arg98 and Asp73′, and Met7′. Intraprotein pathway 

from Asp73′ to heme moiety via the coordinating Met7′ is reported by Beratan et al.26 Support 

for this hypothesis is provided by observations of ET reactions in the flexible or semi-rigid co-

assemblies and heterodimers where H-bonds were eliminated. In this case, the ET pathway 
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between protein matrices will be weakened or disappeared by the mutation of residues 

contributing to the interprotein H-bond interaction, resulting in the weak or extinct electron 

coupling. Furthermore, the structure of the protein matrix in the MD-optimized dimers is 

slightly distorted compared to the wild-type Cyt b562 monomer (WT: RMSD = 1.64 Å, N80C: 

RMSD = 1.47 Å). Hence, it is possible that these structural changes induce the rapid ET reaction. 

It is also possible that the change of rigidity affects the kinetics of ET. Even in this case, the 

interprotein H-bond network, which affects the rigidity of co-assemblies and heterodimers, is 

considered as the plausible ET pathway to achieve this long-range ET in co-assemblies and 

heterodimers. This is because that only the interprotein H-bond network can surves the 

structure-dependent ET pathway, which is essential to conduct faster ET than predicted from 

ET distance. Therefore, it is considered that the rigidity itself does not have significant effect 

on the kinetics of ET, but the change of the strength and distance of H-bond network affects the 

kinetics of ET significantly. 

The reason for the different ET kinetics between Zn-Fe and Fe-Zn dimers is rationalized by 

this plausible ET pathway. It is known that substitution of heme with other metalloporphyrins 

such as Zn porphyrin provides partial structural changes.27 Especially, the Zn porphyrin 

substitution will elongate the distance between the metal center in porphyrin and the S atom of 

the axial Met ligand, which is experimentally observed in cytochrome c. The tunneling pathway 

in the heterodimers and co-assembly could be very sensitive to structural changes occurring in 

the proteins. Especially, the axial Met ligand in heterodimer is a part of plausible ET pathway. 

Therefore, the slightly deviated positioning of the cofactor and residues will affect the ET 

kinetics in the Zn-Fe and Fe-Zn dimers. 

 

 

1-3. Summary 

 

The author demonstrates long-range ET reactions in Cyt b562 N80C mutant-based co-

assemblies and heterodimers containing Fe and Zn porphyrin. Although the plausible donor–

acceptor distance (29 Å) in structurally-defined heterodimers and co-assemblies is generally 

quite long with respect to single-step ET in proteins, the experimental kinetic constants of the 

ET in the present systems are much larger than the predicted k0 value from the donor–acceptor 

distance and the reported protein distance decay constant (). Taken together with the finding 

that the interprotein H-bond network connected to the axial ligand residue of FeP and ZnP is 
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essential for rapid long-range ET, it is hypothesized that the single-step ET reaction occurs via 

a structure-dependent tunneling pathway. This plausible ET pathway is also supported by the 

larger kinetic constants of the Zn-Fe dimer relative to those of the Fe-Zn dimer, which have 

slight structural differences. However, the discussion of the precise pathway should be 

considered after performing quantum-mechanics level calculations which would provide 

additional information of the effect of protein structure and residues.28 These findings will give 

us the new insight not only into the modulation of donor–acceptor distance2 or reorganization 

energy of protein29 but also into the fine-tuning of the protein structure and electron transfer 

pathway which are effective to control the ET kinetics in hemoprotein. Although the fine-tuning 

of these factors requires distinct computational simulation, this strategy will be an effective tool 

to design an artificial system to replicate the efficient ET in photosynthetic proteins. 

 

 

1-4. Experimental Section 

 

Materials and methods 

ESI-TOF MS analyses were performed with a Bruker Daltonics micrOTOF II mass 

spectrometer. UV-vis spectra were measured with a Shimadzu UV-3150 or UV-2550 double-

beam spectrometer or JASCO V-670 spectrophotometer. Circular dichroism (CD) spectrum 

was recorded with a JASCO J-820S spectrometer. Luminescence spectra were measured with 

a JASCO FP-8600 fluorescence spectrometer. Size exclusion chromatographic (SEC) analyses 

were performed using an ÄKTApurifier system (GE Healthcare) at 4 °C. The pH measurements 

were carried out with an F-52 Horiba pH meter. Air-sensitive manipulations were performed in 

a UNILab glove box (MBraun, Germany). The equipment used for flash photolysis experiments 

is described below. 

Iron and zinc protoporphyrin IX complexes (FeP, ZnP) with a maleimide group provided at 

one of the propionate side chains via a linker molecule (m–FeP, m–ZnP) were prepared 

according to previous reports.24 ZnP was synthesized using a conventional procedure.25 FeP and 

other reagents and chemicals were purchased and used as received. Cytochrome b562 (Cyt b562) 

and its mutants were expressed in the TG1 strain of E. coli and purified as previously reported.26 

Apo-forms of the proteins (wild-type Cyt b562 (WT), N80C, R98A, and D73A/N80C) were 

prepared by Teale’s conventional 2-butanone method.27  
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Preparation of Cyt b562 assemblies containing ZnP 

The synthesized maleimide-linked Zn porphyrin, m–ZnP, (1 mg) in a DMF solution (400 L) 

was added to 222 M of reduced N80C Cyt b562 in 50 mM Tris-HCl buffer (pH 8.0, 1.5 mL). 

The mixture was then gently stirred at room temperature for 4 h under an N2 atmosphere. Then, 

a mixture of 4 M guanidine-HCl and 200 mM histidine-HCl in 50 mM Tris-HCl buffer (pH 7.3, 

2 mL) was added to the protein solution for denaturation. The native heme and unreacted m–

ZnP cofactors were removed from the aqueous phase by performing a 2-butanone extraction 

five times. The solution was dialyzed against 1 L of 100 mM potassium phosphate buffer (pH 

7.0). The obtained assembly, (N80C–ZnP)m, was then concentrated using an Amicon Ultra 

(Merck Millipore) concentrator and stored at –80 °C. The obtained protein units were 

characterized by ESI-TOF MS and UV-vis spectroscopic measurements. Other assemblies, 

(R98A/N80C–ZnP)m and (D73A/N80C–ZnP)m were prepared according to the same procedure 

used for preparation of (N80C–ZnP)m and characterized by ESI-TOF MS: N80C–ZnP (m/z 

calcd: 1044.1 (z = 12+), found: 1044.08), R98A/N80C–ZnP (m/z calcd: 1037.02 (z = 12+), 

found: 1036.98), D73A/N80C–ZnP (m/z calcd: 1040.44 (z = 12+), found: 1040.30). 

 

Preparation of cytochrome b562 co-assemblies 

The N80C Cyt b562 co-assembly containing FeP and ZnP (co-assembly 1, (N80C–FeP)n–

(N80C–ZnP)m) was prepared by mixing the (N80C–FeP)n and (N80C–ZnP)m assembly (n/m = 

1/1, 2/1, 3/1, [N80C–ZnP] = 3 M) and allowing it to equilibrate for more than 10 hours under 

an N2 atmosphere. The equilibration was confirmed by size exclusion chromatography using 

Superdex 200 10/300 GL (GE Healthcare). Other co-assemblies, co-assembly 2 and co-

assembly 3, were prepared according to the same procedures used to prepare co-assembly 1. 

 

Preparation of cytochrome b562 Fe-Zn heterodimers 

Reconstituted wild-type Cyt b562 with maleimide-linked ZnP (m–ZnPWT, 50 nmol) and 

N80C Cyt b562 (FePN80C, 150 nmol) were added to 4 mL of 100 mM phosphate buffer 

solution (pH 8.0). The mixture was stirred for 1 h at 4 °C. After the reaction, 2 mg of 

dithiothreitol (DTT) was added and the reaction mixture was purified by gel filtration 

chromatography using a Superdex 200 Increase 10/300 GL column (GE Healthcare). The 

obtained dimeric protein, dimer 4(Fe-Zn), FePN80C–ZnPWT, was oxidized by potassium 

ferricyanide or reduced by DTT and purified again using a HiTrap desalting column (GE 
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Healthcare). The same procedure was used to prepare and characterize dimer 5(Fe-Zn) and 

dimer 6(Fe-Zn). 

 

Preparation of cytochrome b562 Zn-Fe heterodimers 

Reconstituted wild-type Cyt b562 with maleimide-linked FeP (m–FePWT, 50 nmol) and 

reconstituted N80C Cyt b562 with ZnP (ZnPN80C, 150 nmol) were added to 4 mL of 100 mM 

phosphate buffer solution (pH 8.0). The mixture was stirred for 1 h at 4 °C. After the reaction, 

2 mg of DTT was added and the reaction mixture was purified by gel filtration chromatography 

using a Superdex 200 Increase 10/300 GL column (GE Healthcare).  The obtained dimeric 

protein, dimer 4(Zn-Fe), ZnPN80C–FePWT, was oxidized by potassium ferricyanide or 

reduced by DTT and purified again using a HiTrap desalting column (GE Healthcare). The 

same procedures were used to prepare and characterize dimer 5(Zn-Fe) and dimer 6(Zn-Fe). 

 

Kinetic analysis 

The ET kinetic parameters from transient absorption changes were determined as described 

below. To simplify the kinetic model, we omitted the nanosecond dynamics such as direct 

deactivation of the singlet state (S1) by fluorescence and intersystem crossing (~ 1 ns). The 

kinetics scheme is shown in Scheme 1-3a.  Here, A and B correspond to a triplet species (T1) 

of ET-active ZnP and a CS species, respectively. 

 

Scheme 1-3. (a) Kinetic model of the charge separation (CS) and charge recombination (CR) 

processes by an ET-active ZnP species in Cyt b562 co-assemblies or heterodimers. The CS 

process provides CS species (B) from T1 species (A), then the CS species (B) returns to the 

ground state. (b) Kinetic model of the photochemical reaction in an ET-inactive ZnP species 

within co-assemblies and heterodimers. The T1 species (C) is only deactivated to the ground 

state. 
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The differential equations describing the ET processes are shown in eqs 6 and 7. 

𝑑[𝐴]

𝑑𝑡
= −(𝑘𝐶𝑆 + 𝑘𝑖)[𝐴] (6) 

𝑑[𝐵]

𝑑𝑡
= 𝑘𝐶𝑆[𝐴] − 𝑘𝐶𝑅[𝐵] (7) 

[A] and [B] are the concentrations of A and B, respectively.  

The concentration of B at t = 0 is zero: 

[𝐵]0 = 0 (8) 

Therefore, the time-dependent concentration changes of A and B are represented as: 

[𝐴] = [𝐴]0𝑒−𝑘𝑎𝑡 (9)                                                                 

[𝐵] =
𝑘𝐶𝑆

𝑘𝐶𝑅 − 𝑘𝑎

[𝐴]0(𝑒−𝑘𝑎𝑡 − 𝑒−𝑘𝐶𝑅𝑡) (10) 

𝑘𝑎 = 𝑘𝐶𝑆 + 𝑘𝑖 (11) 

In this system, some fractions of ZnP in co-assemblies and heterodimers do not contribute to 

the ET reactions due to the presence of the repeating sequence of the ZnP-modified proteins in 

co-assemblies and the structurally-undefined assembling units in H-bond eliminated co-

assemblies and heterodimers. The photochemical reaction of these fractions is shown in Scheme 

1-3b and C is defined as a T1 species of ET-inactive ZnP. The differential equation of the non-

ET process (eq 12) leads to the time-dependent concentration changes of C as shown in eq 13. 

𝑑[𝐶]

𝑑𝑡
= −𝑘𝑖[𝐶] (12) 

[𝐶] = [𝐶]0𝑒−𝑘𝑖𝑡 (13) 

The T1 species (3ZnP) has a specific absorption band at 460 nm. When the extinction coefficient 

of the T1 species at 460 nm is defined as 1, the transient absorption at 460 nm is represented 

by eq 14. 

∆Abs = 𝜀1([𝐴] + [𝐶]) = 𝜀1([𝐴]0𝑒−𝑘𝑎𝑡 + [𝐶]0𝑒−𝑘𝑖𝑡) (14) 

Therefore, the transient absorption at 460 nm can be fitted by eq 1.  

∆Abs = 𝛼𝑒−𝑘𝑎𝑡 + 𝛽𝑒−𝑘𝑖𝑡 (1) 

In the case of the charge separation state, the CS species (ZnP•+ and ZnP•–) has the absorption 

band at ~690 nm (680 nm and 700 nm, respectively). However, the T1 species also has an 

absorption in the vicinity of this wavelength, and the transient absorption of this region is the 

sum of A, B and C. When the extinction coefficient of T1 and the charge separation species at 

~690 nm are defined as 2 and 3 respectively, the transient absorption are represented by eq 15. 

∆Abs = 𝜀2[𝐴]0𝑒−𝑘𝑎𝑡 +
𝑘𝐶𝑆

𝑘𝐶𝑅 − 𝑘𝑎
𝜀3[𝐴]0(𝑒−𝑘𝑎𝑡 − 𝑒−𝑘𝐶𝑅𝑡) + 𝜀2[𝐶]0𝑒−𝑘𝑖𝑡 
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= [𝜀2 +
𝑘𝐶𝑆

𝑘𝐶𝑅 − 𝑘𝑎
𝜀3] [𝐴]0𝑒−𝑘𝑎𝑡 −

𝑘𝐶𝑆

𝑘𝐶𝑅 − 𝑘𝑎
𝜀3[𝐴]0𝑒−𝑘𝐶𝑅𝑡 + 𝜀2[𝐶]0𝑒−𝑘𝑖𝑡 (15) 

Assuming that kCR > ka, the second term of eq 15 is a negative value. Thus, the fitting 

equation is: 

∆Abs = 𝛼′𝑒−𝑘𝑎𝑡 − 𝛽′𝑒−𝑘𝐶𝑅𝑡 + γ′𝑒−𝑘𝑖𝑡 (16a) 

In contrast, assuming that ka > kCR > ka – (3/2)kCS, the first term of eq 15 is a negative 

value, and therefore, 

∆Abs = −𝛼′𝑒−𝑘𝑎𝑡 + 𝛽′𝑒−𝑘𝐶𝑅𝑡 + γ′𝑒−𝑘𝑖𝑡 (16b) 

Furthermore, in the case of ka – (3/2)kCS > kCR, 

∆Abs = 𝛼′𝑒−𝑘𝑎𝑡 + 𝛽′𝑒−𝑘𝐶𝑅𝑡 + γ′𝑒−𝑘𝑖𝑡 (16c) 

 

Laser flash photolysis 

The nanosecond laser flash photolysis studies were carried out using a Q-switched Nd:YAG 

laser, which delivers 6-ns pulses at 532 nm. The probe source was a continuous 150-W Xenon 

arc lamp passed through a monochromator. The protein co-assembly solutions (3–12 M) in 

degassed 100 mM phosphate buffer (pH 7.0) were prepared in a glovebox in a 10-mm quartz 

cell. The protein dimer solutions (~ 3 M) in degassed 100 mM potassium phosphate buffer 

(pH 7.0) were also prepared in the glovebox in the 10-mm quartz cell. The temperature was 

maintained at 20 °C during the laser irradiation. The transient absorption changes for the ZnP 

triplet excited states in the protein assemblies and heterodimers (3ZnP) were monitored at 460 

nm. The transient absorption changes for the ZnP radical cation (ZnP•+) and radical anion 

(ZnP•–) in the protein assemblies and heterodimers were monitored at 680 nm and 700 nm, 

respectively. Signals were detected in transmission using a photomultiplier (Unisoku), and the 

transient signals were digitized using a Tektronix TDS3012 oscilloscope. Signals were 

averaged from 128-3072 repeated measurements. The data were collected in the 0–100 ms range, 

and then, transferred to a computer for further data analysis. UV-vis spectra of the protein 

solutions were measured before and after flash photolysis studies to confirm that the sample 

remained resistant to significant photodegradation. 

The obtained transient absorption decay data were fitted using KaleidaGraph (Version 4.00, 

Synergy Software). The transient absorption changes of 3ZnP (460 nm) in Cyt b562 co-

assemblies and heterodimers can be represented by eq 1, whereas the 3ZnP decay in non-ET 

protein oligomers can be fitted using eq 2, 

where ki is the kinetic constant of 3ZnP deactivation without ET, and ka is the sum of the kinetic 

constant of charge separation (CS: kCS) and ki. 
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The transient absorption decay of ZnP•+ (680 nm) and ZnP•– (700 nm) can be analyzed by eq 

3, 

where kCR is the kinetic constant of charge recombination (CR). When kCR is higher than ka, a2 

has a negative value. On the other hand, assuming that ka is almost equal to or slightly higher 

than kCR, a1 becomes negative (See SI). 

 

 

 

Driving force of the ET reaction 

The driving force (–G°) of both the oxidative and reductive ET reactions can be calculated 

from the difference of the redox potential in each chemical species (Table 1-6) and the energy 

of the excited states of ZnP, relative to the ground state. The 1ZnP and 3ZnP energies were 

obtained by the fluorescence and phosphorescence of reconstituted wild-type Cyt b562 with ZnP 

(ZnPWT, Figure 1-15, Table 1-7). 

The fluorescence spectrum of ZnPWT shows two major emission bands, S(0,0) and S(0,1). 

The S1 energy can be determined from the emission energy of S(0,0) band (2.1 eV). Meanwhile, 

the phosphorescence measurement of ZnPWT exhibits an additional emission band with 

fluorescence emission bands. The additional emission peak near 730 nm is derived from the 

T(0,0) band (1.7 eV).19 
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Chapter 2 

 

Multivalent effect of arginine residues for cellular uptake of 

cytochrome b562 assembly 

 

2-1. Introduction 

 

Artificially-constructed protein assembling systems are promising materials for biological 

application.1 Over the last decade, great efforts of chemists and biologists have demonstrated 

several approaches for preparing the protein assemblies using biological and/or chemical 

strategies. Various structures and sizes of protein assemblies are now available. Nevertheless, 

applications of these artificial protein assemblies have still been under investigation. Several 

researchers reported the utilization of the artificial protein assemblies toward light harvesting 

systems,2 artificial enzymes,3 biomedical therapeutic materials,4 and so on. 

Especially, it is expected to apply protein assemblies to biomedical fields such as drug 

delivery due to their general biocompatibility and sub-micrometer size range.5 In the case of 

natural protein assemblies, the cage-like protein assemblies such as viral-like particles and 

ferritin are attractive nanocarrier to deliver the drug molecules which are attached covalently or 

encapsulated inside the cavity. It is known that these cage protein assemblies often have high 

cellular uptake ability. Thus, various groups have been reported to employ these natural protein 

cages to deliver their cargo molecules into the cell.6,7 While the various biomedical applications 

of natural protein assemblies are widely studied, application of artificial protein assemblies to 

the biomedical fields are still limited to date. Some researchers reported the application of the 

artificial protein assemblies to the drug delivery system.8 However, artificial protein assemblies 

are usually designed without considering the cellular uptake ability. Therefore, it is necessary 

to increase the cellular uptake ability of protein assemblies in order to apply them to the drug 

delivery system. 

In this context, the author has focused on the oligoarginine (Rn) tag, one of the cell-

penetrating peptide, in order to deliver the artificial protein assemblies inside the cells.9 It is 

known that a sequential alignment of Arg residues, can induce cell penetration. It is also known 

that an octaarginine (R8) tag acts as a modest cell penetrating peptide among the Rn tag to 

deliver various types of cargo into cells. The cellular uptake ability of the Rn tag is derived from 

the cluster effect of Arg residues concentration. Thus, it is revealed that the branched-chain R8 
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tag can also have high cellular uptake ability.9b 

From these characteristics, the author proposed that an Arg cluster formed in an artificial 

protein assembly would allow constructing a unique system for cellular uptake.10 While a 

protein monomer with a small Rn tag would not be taken up by cells, an assembly of the protein 

units would provide the Arg cluster for the cell penetration. In this study, the author investigated 

the cellular uptake of both N80C mutant-based rigid and flexible Cyt b562 assemblies11 with Rn 

tags where the diarginine (R2) or tetraarginine (R4) tag is attached onto each protein surface. 

The R2 and R4 tags generally do not provide the ability to penetrate cells. It was believed that 

the rigid assembly would be efficiently penetrated into the cells due to a multivalent interaction 

between Arg residues and the cell surface. The multivalent effect provided by pre-organized 

Arg residues displayed on the same sides of the linear assembly is schematically shown in 

Figure 2-1. 

 

Figure 2-1. Schematic representations of (a) the rigid/flexible Cyt b562 assemblies and (b) 

cellular uptake of Cyt b562 assemblies to the HeLa cells. 
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2-2. Results and Discussion 

 

Preparation of Rn tag attached Cyt b562 assemblies 

The R4 and R2 tags were fused genetically to the C-terminal of the N80C Cyt b562 via glycine 

trimers as a linker to obtain N80C-R4 and N80C-R2 respectively. The preparation of Cyt b562 

assemblies is achieved using m–ZnP instead of m–FeP in order to utilize the fluorescence of 

ZnP as the probe for monitoring the cellular uptake events. The reaction of m–ZnP with N80C-

R4, N80C-R2, and N80C mutants afforded ((N80C-R4)–ZnP)m, ((N80C-R2)–ZnP)m, and 

(N80C–ZnP)m, respectively. After the purification, size exclusion chromatography (SEC) and 

UV-vis/CD spectroscopy experiments (Figures 2-2–2-4)12 indicated the formation of the 

((N80C-R4)–ZnP)m, ((N80C-R2)–ZnP)m, and (N80C–ZnP)m as shown in Figure 2-1. The CD 

spectra of the assemblies (Figure 2-4) are particularly useful because they show split-type 

Cotton effects at the Soret band absorptions, which indicates the formation of rigid assembly as 

described in the previous report. 

 
Figure 2-2. SEC traces of (a) ((N80C-R4)–ZnP)m, (b) ((N80C-R2)–ZnP)m, (c) (N80C–ZnP)m, 

(d) ((D73A/N80C-R4)–ZnP)m, (e) ((D73A/N80C-R2)–ZnP)m, and (f) (D73A/N80C–ZnP)m. (g) 

SEC traces of the authentic proteins (ferritin, albumin, ovalbumin, and chymotrypsin A). 

Conditions: [monomer unit] = 20 M, eluent: PBS, temperature: 4 ºC, detection: absorbance at 

430 nm. 
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The flexible assemblies, ((D73A/N80C-R4)–ZnP)m, ((D73A/N80C)–ZnP)m, and 

(D73A/N80C–ZnP)m were prepared in a similar manner and characterized (Figures 2-1–2-4). 

Especially, the CD spectra of these flexible assemblies are similar to the CD spectrum of ZnP 

reconstituted Cyt b562 monomer, indicating the formation of flexible assemblies. 

 

Figure 2-3.  UV-vis spectra of (a) ((N80C-R4)–ZnP)m, (b) ((N80C-R2)–ZnP)m, (c) (N80C–

ZnP)m, (d) ((D73A/N80C-R4)–ZnP)m, (e) ((D73A/N80C-R2)–ZnP)m, and (f) (D73A/N80C–

ZnP)m in PBS. 

 
Figure 2-4. CD spectra of (a) rigid assemblies (black: ((N80C-R4)–ZnP)m, dark grey: ((N80C-

R2)–ZnP)m, light grey:  (N80C–ZnP)m) and (b) flexible assemblies (black: ((D73A/N80C-

R4)–ZnP)m, dark grey: ((D73A/N80C-R2)–ZnP)m, light grey:  (D73A/N80C–ZnP)m) in PBS. 
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Preparation of Rn tag attached reconstituted Cyt b562 with ZnP 

As a control sample for the analysis of the multivalent effect, the ZnP reconstituted wild-type 

Cyt b562 (rCyt b562), R4 and R2-attached variants, rCyt b562-R4, rCyt b562-R2 were prepared by 

the removal of heme from protein and subsequent addition of Zn-protoporphyrin IX. 

 

Preparation of fluorescein-labeled Cyt b562 assemblies and monomers 

The fluorescein-labeling of Cyt b562 assemblies, FITC-((N80C-R4)–ZnP)m, and FITC-

((D73A/N80C-R4)–ZnP)m were prepared by the conjugation of fluorescein isothiocyanate 

(FITC) to the amine group of protein matrices. The apparent ratio of FITC to the ZnP in the 

assembly is approximately 1/5 (Figure 2-5). The fluorescein-labeling of Cyt b562 monomers, 

Flu-rCyt b562-R4, and Flu-rCyt b562, were carried out by the conjugation of ZnP reconstituted 

N80C mutant monomers with fluorescein-5-maleimide at the C80 positions. 

 

Figure 2-5. UV-vis spectra of (a) FITC-((N80C-R4)–ZnP)m and (b) FITC-((D73A/N80C-R4)–

ZnP)m. Absorbance around 490 nm corresponds to the max of fluorescein. 

 

Cellular uptake of Cyt b562 assemblies and monomers to the HeLa cell 

Cellular uptake events of both of the rigid and flexible assemblies were investigated using 

HeLa cells and characterized by fluorescence confocal microscopy. The culture medium (OPTI-

MEM) containing the assemblies was added to cells adhered to a glass-bottom dish and the cells 

were incubated for 30 min at 37 °C. Fluorescence confocal microscopy measurements of the 

cells were made after washing with phosphate buffered saline (PBS). Figures 2-6a–f and 2-11 

show the fluorescence confocal micrographs. Interestingly, fluorescence intensity detected in 

the range of 570–620 nm, indicating fluorescence from ZnP, was observed in all cases, 

indicating uptake of all of the assemblies. The fluorescence intensities measured for the cells 

treated with ((N80C-R4)–ZnP)m, ((D73A/N80C-R4)–ZnP)m, and ((D73A/N80C-R2)–ZnP)m 

are stronger than those observed in the case of assemblies without Rn tags.13 These results 
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indicate that cellular uptake efficiency is qualitatively enhanced by the introduction of R4/R2 

tags onto the protein surface compared to the corresponding assemblies without Rn tags. In 

contrast, surprisingly, the strong fluorescence was observed in the cells treated with 

corresponding monomers, rCyt b562-R4 and rCyt b562-R2 (Figures 2-6g,h, 2-12a,b). The strong 

fluorescence was also detected with rCyt b562 despite the absence of the Rn tag (Figures 2-6i, 

2-12c). Here, the author doubted that the ZnP itself was removed from the protein matrix and 

incorporated because ZnP is non-covalently bound in the heme pocket via the reversible 

interactions (Kd = 500 nM in rCyt b562).
14 To confirm this possibility, the cellular uptake of 

fluorescein-labeled monomers and assemblies were performed. 

 

Figure 2-6. The overlaid fluorescence bright field images of HeLa cells incubated with (a) 

((N80C-R4)–ZnP)m, (b) ((N80C-R2)–ZnP)m, (c) (N80C–ZnP)m, (d) ((D73A/N80C-R4)–ZnP)m, 

(e) ((D73A/N80C-R2)–ZnP)m, (f) (N80C)–ZnP)m, (g) reconstituted Cyt b562-R4 with ZnP (rCyt 

b562-R4), (h) rCyt b562-R2, (i) rCyt b562. ex = 488 nm for assemblies or 561 nm for rCyt b562. 

obs = 570–620 nm.  
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Cellular uptake of fluorescein-labeled Cyt b562 assemblies and monomers to the HeLa cell 

The fluorescein-labeled monomer Cyt b562, Flu-rCyt b562-R4 and Flu-rCyt b562, were 

incubated to the cells to evaluate the cellular uptake using fluorescence confocal microscopy. 

Figure 2-7a,b shows no green fluorescence from fluorescein moiety in the cells treated with 

Flu-rCyt b562-R4 and Flu-rCyt b562, whereas strong red fluorescence was observed from ZnP. 

This finding clearly indicates that no incorporation of the protein matrices into the cells occurred 

in the case of Flu-rCyt b562-R4 and Flu-rCyt b562, and only the ZnP which has dissociated from 

the heme pocket was internalized into the cells. On the other hand, the incorporation of the 

protein moieties in the assembling systems was confirmed using fluorescein-labeled assemblies, 

FITC-((N80C-R4)–ZnP)m and FITC-((D73A/N80C-R4)–ZnP)m (Figure 2-6c,d). The co-

localization of both red and green fluorescence from fluorescein and ZnP were observed, which 

indicates the internalization of the whole assembling system.15 In contrast to the R8 tag, the R4 

and/or R2 tags did not provide adequate cell penetration. However, the multivalent effect 

induced by the assembly to provide sufficient cell-penetrating ability.16 
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Figure 2-7. Bright field and fluorescence microscopic images of HeLa cells incubated with (a) 

Flu-rCyt b562-R4, (b) Flu-rCyt b562, (c) FITC-((N80C-R4)–ZnP)m, and (d) FITC-((D73A/N80C-

R4)–ZnP)m. ex = 561 nm (for monomers) and 488 nm (for assemblies). 

 

Analysis of relative cellular uptake efficiencies of Cyt b562 assemblies 

Relative cellular uptake efficiencies of the protein assemblies were evaluated by measuring 

the fluorescence spectra of the cell lysates (Figures 2-8 and 2-9). The fluorescence intensities 

derived from ZnP were analyzed by peak fitting as shown in Figure 2-10. Figure 2-8 shows the 

cellular uptake efficiencies of ((N80C-R4)–ZnP)m, ((N80C-R2)–ZnP)m, ((D73A/N80C-R4)–

ZnP)m, ((D73A/N80C)–ZnP)m, and (D73A/N80C–ZnP)m relative to (N80C–ZnP)m obtained 

from peak fitting. Introduction of the R4/R2 tags significantly increases the cellular uptake 

efficiencies: in the rigid assemblies, 2.0-fold and 10-fold increases in ((N80C-R2)–ZnP)m and 

((N80C-R4)–ZnP)m were observed respectively relative to (N80C–ZnP)m, and in the flexible 
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assemblies, the 1.4-fold and 2.6-fold increase in ((D73A/N80C-R2)–ZnP)m and ((D73A/N80C-

R2)–ZnP)m were observed respectively compared to (D73A/N80C–ZnP)m. In a comparison of 

the rigid and flexible assemblies, the rigid R4 tag assembly exhibits the 2.9-fold higher 

efficiency than the corresponding flexible assembly although there are almost no differences in 

the case of assemblies without Rn tags. These findings suggest that the pre-organized R4 tags 

in the rigid assembly provide more effective cellular uptake than the randomly positioned R4 

tags in the flexible assembly. 

 

Figure 2-8. Relative cellular uptake efficiencies based on fluorescence intensities of the lysate 

of the cell treated with the assemblies. 
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Figure 2-9. Fluorescence spectra of lysate of the cells treated by (a) ((N80C-R4)–ZnP)m, (b) 

((N80C-R2)–ZnP)m, (c) (N80C–ZnP)m, (d) ((D73A/N80C-R4)–ZnP)m, (e) ((D73A/N80C-R2)–

ZnP)m and (f) (D73A/N80C–ZnP)m.  (g) Control fluorescence spectra of lysate of cells 

incubated without any proteins under the same condition as the cellular uptake experiments. 
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Figure 2-10. Plots of fluorescence intensity against fluorescence emission energy and the peak 

fitting results of lysate of the cells treated with (a) ((N80C-R4)–ZnP)m, (b) ((N80C-R2)–ZnP)m, 

(c) (N80C–ZnP)m, (d) ((D73A/N80C-R4)–ZnP)m, (e) ((D73A/N80C-R2)–ZnP)m, and (f) 

(D73A/N80C–ZnP)m. (g) Control fluorescence intensity of lysate of cells incubated without any 

proteins under the same conditions used in the cellular uptake experiment. The baseline was 

assigned using the quartic function (green). The fluorescence of Zn porphyrin moiety (594 nm, 

2.091 eV, red) and the cell-intrinsic fluorescence (583 nm, 2.127 eV, cyan) were evaluated with 

the Gaussian distribution. The fitting results are indicated with an orange line with the R2 value. 

 

2-3. Summary 

 

Cellular uptake efficiencies of rigid and flexible Cyt b562 assemblies with ZnP and R4/R2 

tags were investigated. It is found that the combination of the R4 tag and the rigid assembly 

provides the best cellular uptake efficiency among them. Although the R8 is the best Rn tag for 

internalization of its cargo molecules, the multivalent effect of shorter Rn tags in the assembly 

provides enhanced cellular uptake ability. Especially, the present rigid Cyt b562 assembly can 

induce the efficient multivalent effects by the pre-organized Rn tags on the helical structure. 

These findings are expected to contribute to the development of artificial protein assemblies for 

use in cellular delivery applications based on the multivalent effect. 
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2-4. Experimental Section 

 

Materials and methods 

Instruments: ESI-TOF and MALDI-TOF MS analyses were performed with a Bruker Daltonics 

micrOTOF II spectrometer and an Autoflex III mass spectrometer, respectively.  UV-vis 

spectra were measured with a Shimadzu BioSpec-nano spectrophotometer or Shimadzu UV-

3150 double-beam spectrophotometer. Circular dichroism (CD) spectra were recorded with a 

JASCO J-820S spectrophotometer. Size exclusion chromatographic (SEC) analyses were 

performed using a Superdex 200 10/300 Increase GL column (GE Healthcare) with an 

ÄKTApurifier or ÄKTA Pure 25 systems (GE Healthcare) at 4 ºC. pH measurements were made 

with an F-72 Horiba pH meter.  Fluorescence micrographs were obtained using a Nikon A1+ 

laser microscope system equipped with a Nikon CFI Plan Apo VC 20 (NA: 0.75, WD: 1.00) 

objective lens. Image analysis was performed using the ImageJ software (Version 1.51j8).  

Fluorescence spectra were recorded with a Shimadzu RF-6000 spectrofluorophotometer. 

Materials: Maleimide-tethered Zn porphyrin, m–ZnP and Zn protoporphyrin IX, ZnP, were 

prepared according to previously reported procedures. Unless mentioned otherwise, all protein 

solutions were dissolved in a phosphate buffered saline (PBS). Other reagents and chemicals 

were purchased and used as received. Deionized water was prepared using a Millipore Integral3 

apparatus.   

 

Protein Sequence of Cytochrome b562 and its Mutants 

wild-type Cyt b562 

ADLEDNMETLNDNLKVIEKADNAAQVKDALTKMRAAALDAQKATPPKLEDKSPDSP

EMKDFRHGFDILVGQIDDALKLANEGKVKEAQAAAEQLKTTRNAYHQKYR 

 

wild-type Cyt b562-R2 

ADLEDNMETLNDNLKVIEKADNAAQVKDALTKMRAAALDAQKATPPKLEDKSPDSP

EMKDFRCGFDILVGQIDDALKLANEGKVKEAQAAAEQLKTTRNAYHQKYRGGGRR 

 

wild-type Cyt b562-R4 

ADLEDNMETLNDNLKVIEKADNAAQVKDALTKMRAAALDAQKATPPKLEDKSPDSP

EMKDFRCGFDILVGQIDDALKLANEGKVKEAQAAAEQLKTTRNAYHQKYRGGGRRR

R 
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N80C 

ADLEDNMETLNDNLKVIEKADNAAQVKDALTKMRAAALDAQKATPPKLEDKSPDSP

EMKDFRHGFDILVGQIDDALKLACEGKVKEAQAAAEQLKTTRNAYHQKYR 

 

N80C-R2 

ADLEDNMETLNDNLKVIEKADNAAQVKDALTKMRAAALDAQKATPPKLEDKSPDSP

EMKDFRHGFDILVGQIDDALKLACEGKVKEAQAAAEQLKTTRNAYHQKYRGGGRR 

 

N80C-R4 

ADLEDNMETLNDNLKVIEKADNAAQVKDALTKMRAAALDAQKATPPKLEDKSPDSP

EMKDFRHGFDILVGQIDDALKLACEGKVKEAQAAAEQLKTTRNAYHQKYRGGGRRR

R 

 

N80C/D73A 

ADLEDNMETLNDNLKVIEKADNAAQVKDALTKMRAAALDAQKATPPKLEDKSPDSP

EMKDFRHGFDILVGQIADALKLACEGKVKEAQAAAEQLKTTRNAYHQKYR 

 

N80C/D73A-R2 

ADLEDNMETLNDNLKVIEKADNAAQVKDALTKMRAAALDAQKATPPKLEDKSPDSP

EMKDFRHGFDILVGQIADALKLACEGKVKEAQAAAEQLKTTRNAYHQKYRGGGRR 

 

N80C/D73A-R4 

ADLEDNMETLNDNLKVIEKADNAAQVKDALTKMRAAALDAQKATPPKLEDKSPDSP

EMKDFRHGFDILVGQIADALKLACEGKVKEAQAAAEQLKTTRNAYHQKYRGGGRRR

R 

 

Preparation of Cytochrome b562 and its Mutants 

The gene expression systems used to obtain wild-type cytochrome b562, Cyt b562, and its 

mutants, N80C and N80C/D73A, were reported in our previous paper.17 The insertion of C-

terminal peptide-tag gene sequences into the Cyt b562 expression plasmids was performed by 

the polymerase chain reaction (PCR) using the KOD-Plus-Neo kit (Toyobo Life Science) 

according to the protocol of the manufacturer. The wild-type Cyt b562 and N80C/D73A mutant 
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genes cloned into pUC118 were used as a template. The primer sequences used to insert the 

peptide-tag are shown in Table 2-1. 

After PCR, the template DNA plasmids were digested with Dpn I (Thermo Fisher Scientific). 

Then, self-ligation of PCR products was carried out by Ligation high Ver.2 and T4 

polynucleotide kinase (Toyobo Life Science) to obtain the desired plasmid DNAs. E. coli DH5 

competent cells were transformed with the plasmids. After cell culture, the plasmids were 

purified using the PureLink™ Quick Plasmid Miniprep Kit (Thermo Fisher Scientific). DNA 

sequencing was performed to verify each correct mutation in the gene sequence. The peptide-

tag fused Cyt b562 mutants were overexpressed in the E. coli strain BL21 and purified using 

cation exchange and gel filtration column chromatography as previously described.17 The 

obtained peptide-tag fused Cyt b562 mutants were characterized by SDS-PAGE and MALDI-

TOF MS, and stored at –80 ˚C. 

The expression plasmids of peptide-tag fused N80C variants were prepared using the plasmid 

of peptide-tag fused Cyt b562 genes and primers used for N80C mutants reported in our previous 

paper.17 

 

Table 2-1. The primers for the preparation of peptide-tag sequence insertion to template plasmid 

DNA. 

Protein Primer 

wild-type Cyt b562-R4 

and D73A/N80C-R4 

Forward: 

GGTGGCGGTCGTCGCCGTCGCTAATTCCTCATTTCCC

TGTTGCCT 

Reverse: 

ACGATACTTCTGGTGATAGGCGTTGCGGGTCGTTTTC

AGTTGCTC 

wild-type Cyt b562-R2 

and D73A/N80C-R2 

Forward: 

TAATTCCTCATTTCCCTGTTGCCTGCACTCAGGTAAC

AGGGAACT 

Reverse: 

GCGACGACCGCCACCACGATACTTCTGGTGATAGGC

GTTGCGGGT 
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Surface Modification Reaction of Cytochrome b562 Mutants 

The m–ZnP (0.1 mg) in a DMSO solution (100 L) was added to 191 M of reduced N80C-

R4 in 100 mM potassium phosphate buffer (pH 8.0, 350 L). The mixture was then gently 

stirred at room temperature for 4 h under an N2 atmosphere. Then, 1 mL of 7 M guanidine-HCl 

and 0.2 mL of 200 mM histidine-HCl were added to the protein solution for denaturation. The 

native heme and unreacted m–ZnP were removed from the aqueous phase by 2-butanone 

extraction performed five times. The solution was dialyzed against 1 L of PBS three times. The 

obtained assembly, ((N80C-R4)–ZnP)m was then concentrated using an Amicon Ultra 

concentrator (Merck Millipore) and stored at –80 °C. The obtained protein units were 

characterized by ESI-TOF MS and UV-vis spectroscopic measurements. Other assemblies, 

((N80C-R2)–ZnP)m, (N80C–ZnP)m, ((D73A/N80C-R4)–ZnP)m, ((D73A/N80C-R2)–ZnP)m, 

and (D73A/N80C–ZnP)m were prepared according to the same procedure for preparation of 

((N80C-R4)–ZnP)m and characterized by ESI-TOF MS: N80C-R4–ZnP (m/z calcd: 1110.40 (z 

= 12+), found: 1110.24), N80C-R2–ZnP (m/z calcd: 1084.38 (z = 12+), found: 1084.23), N80C–

ZnP (m/z calcd: 1044.11 (z = 12+), found: 1043.88), D73A/N80C-R4–ZnP (m/z calcd: 1106.73 

(z = 12+), found: 1106.55), D73A/N80C-R2–ZnP (m/z calcd: 1080.71 (z = 12+), found: 

1080.48), D73A/N80C–ZnP (m/z calcd: 1040.44 (z = 12+), found: 1040.30) 

 

Reconstitution of Cytochrome b562 with Zn Protoporphyrin IX 

The solution of histidine-HCl (200 mM, 1 mL) was added to the solution of wild-type Cyt 

b562 (50 M, 10 mL in 100 mM potassium phosphate buffer, pH 7.0). The solution mixture was 

acidified using 1 M HCl for denaturation and the native heme was removed from the aqueous 

phase by performing a 2-butanone extraction five times. The solution was dialyzed against 1 L 

of PBS to obtain the apo-form of Cyt b562. Then, a solution of ZnP (2 mM, 375 L in DMSO) 

was added to protein solution and the mixture was stirred overnight at 4 °C in the dark. The 

resultant solution was purified by anion exchange chromatography with a DEAE Sepharose 

Fast Flow column (GE healthcare). The obtained protein, rCyt b562 was concentrated using an 

Amicon Ultra (Merck Millipore) concentrator and stored at –80 °C. The reconstituted protein 

was characterized by UV-vis spectroscopy. Other reconstituted proteins including Cyt b562, rCyt 

b562-R4, rCyt b562-R2, were prepared according to the same procedure used for the preparation 

of rCyt b562 and characterized by UV-vis spectroscopy.  Reconstituted N80C-R4 and N80C 

with were prepared in the same manner to afford rN80C-R4, rN80C, respectively. 
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Modification of Cytochrome b562 Assemblies with Fluorescein  

FITC (6.1 mM 3.86 L in DMSO) was added to a solution of ((N80C-R4)–ZnP)m (140 M) 

in 100 mM of bicarbonate buffer (pH 9.0, 110 L). Then, the mixture was gently stirred at room 

temperature for 3 h. The resultant solution was purified by gel filtration chromatography with 

a Sephadex G-25 column, concentrated using an Amicon Ultra (Merck Millipore) concentrator 

and stored at –80 °C to obtain FITC-((N80C-R4)–ZnP)m. The obtained protein assembly was 

characterized by UV-vis spectroscopy. The FITC-((D73A/N80C-R4)–ZnP)m assembly was 

prepared according to the same procedure used for the preparation of FITC-labelled FITC-

((N80C-R4)–ZnP)m. 

 

Preparation of Fluorescein Attached Cytochrome b562 

The fluorescein-5-maleimide (7.1 mM, 32 L) in DMSO was added to a solution of reduced 

rN80C-R4 (150 M) in 100 mM of potassium phosphate buffer (pH 8.0, 0.5 mL). Then the 

mixture was gently stirred at room temperature for 3 h. The reaction mixture was then purified 

by the gel filtration chromatography using the Sephadex G-25 column and concentrated using 

an Amicon Ultra (Merck Millipore) concentrator and stored at –80 °C. The obtained protein, 

Flu-rCyt b562-R4, was characterized by UV-vis spectroscopy. Another fluorescein-labeled Cyt 

b562 monomer, rCyt b562, was prepared according to the same procedure using rN80C. 

 

SEC Analysis   

For SEC analysis, PBS was used as an eluent. The analysis was performed with a flow rate 

of 0.5 mL/min at 4 ºC with monitoring of the absorbance at 430 nm and 280 nm for detection. 

The column was validated using the following reagents (Gel Filtration Calibration kits HMW 

and LMW, GE Healthcare): ferritin (440 kDa), albumin (67 kDa), ovalbumin (44.0 kDa), 

chymotrypsin A (25.7 kDa) (Figure 2-2g). 

 

Fluorescence Imaging for Cellular Uptake 

HeLa cells (ca. 4.0 × 104 cells/mL) were seeded to a 35 mm glass bottom dish (14 mm glass 

diameter, FC14-10N) and incubated at 37 °C in a humidified CO2 atmosphere (5%) for 24 h. 

The medium was replaced with OPTI-MEM containing Cyt b562 assemblies (13 M as 

monomers, 600 L), and the cells were incubated for 30 min. The cells were then washed with 
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PBS and soaked in DMEM-FBS (600 L). Then, the dish was mounted on the stage of a 

fluorescence microscope for fluorescence imaging (Figures 2-6, 2-7, 2-11, 2-12). 

 

Figure 2-11. Bright field and fluorescence microscopic images of HeLa cells incubated with 

(a) ((N80C-R4)–ZnP)m, (b) ((N80C-R2)–ZnP)m, (c) (N80C–ZnP)m, (d) ((D73A/N80C-R4)–

ZnP)m, (e) ((D73A/N80C-R2)–ZnP)m and (f) (D73A/N80C–ZnP)m. ex = 488 nm, obs = 570–

620 nm. 

 

Figure 2-12. Bright field and fluorescence microscopic images of HeLa cells incubated with 

(a) rCyt b562-R4, (b) rCyt b562-R2, and (c) rCyt b562. ex = 561 nm, obs = 570–620 nm. 
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Evaluation of Relative Cellular Uptake Efficiencies of the Assemblies by Quantification of 

Zn Porphyrin in the Cells  

HeLa cells (ca. 2 × 106 cells) suspended in DMEM-FBS (4 mL) were seeded in a 100 mm 

dish and incubated at 37 °C in a humidified CO2 atmosphere (5%) for 24 h. The medium was 

replaced with the OPTI-MEM containing Cyt b562 assemblies (13 M as monomers, 3 mL). The 

cells were incubated for 30 min. The cells were then washed with PBS and dissociated from the 

dish surface by incubating them with trypsin–EDTA (2 mL) for 2–5 min at 37 °C. After the 

addition of DMEM-FBS (2 mL) and PBS (2 mL) to the dish, the resulting cell suspension was 

centrifuged, and the cell pellet was then sonicated to prepare cell lysate (1 mL). The 

fluorescence spectra of the supernatant solutions were measured (ex = 430 nm). 

For the quantitative analysis of cellular uptake of assemblies, fluorescence spectra of cell 

lysates were fitted using Python package, SciPy (Version 1.1.0). From the fluorescence 

spectrum of HeLa cells (Figure 2-9g), it is found that the HeLa cell itself has an intrinsic 

fluorescence peak around 583 nm. Therefore, the peak area of HeLa cell-intrinsic fluorescence 

is defined as the standard to indicate the amount of cells. 

For the fitting of fluorescence peak using the Gaussian distribution function, the x-axes in 

the fluorescence spectra (Figure 2-9) were converted from wavelength to fluorescence emission 

energy (Figure 2-10). Then, the cell-derived fluorescence except for the peak at approximately 

583 nm was defined as the background and fitted using quartic function (f = ax4 + bx3 + cx2 + 

dx + e, green dotted line in Figure 2-10). The peak fitting was carried out to calculate the 

fluorescence peak area of the Zn porphyrin moiety (~2.091 eV, red dotted line in Figure 2-10) 

and the cell-intrinsic fluorescence (~2.127 eV, cyan dotted line in Figure 2-10) and visualized 

using Python package, matplotlib (Version 2.2.2). The fitting curve (orange dotted line) was 

validated by the small deviation (R2 > 0.999). The relative value indicating the amount of 

protein assembly uptake was defined as the ratio of the fluorescence peak area of the Zn 

porphyrin moiety and cell-intrinsic fluorescence. 
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Chapter 3 

 

Thermodynamically controlled formation of ring-shaped trimer and 

linear assembly of cytochrome b562 

 

3-1. Introduction 

 

Supramolecular assembling systems provide unique structures and thermodynamic behaviors 

due to reversible interactions between building blocks. These properties are attractive for the 

development of functional materials.1 Biomolecules have significant potential for use as 

building blocks and investigations of artificial protein assemblies have been recognized as an 

emergent topic over the past decade.2 Many researchers have been reported the artificial protein 

assemblies with various supramolecular structures including fibers,3 rings,4 2D sheets,5 cages,6 

and tubes7 so far. 

Generally, fibrous supramolecular assemblies can reversibly transform into the ring-shaped 

structure.8 This reversible transformation has derived the interaction between the terminus of 

fibrous assembly. The thermodynamic control of fiber ring conformational change depends on 

the rigidity of assemblies, and the flexible linear assembly can easily transform to cyclic 

assembly in a manner which depends on the concentration of their building block.8,9 However, 

in the case of protein assembly, most of the fibrous (or linear) protein assemblies do not exhibit 

the transformation to the corresponding ring-shaped (or cyclic) protein assembly and vice versa 

due to the low flexibility. Additionally, both natural10 and artificial ring-shaped protein 

assembly4 often has highly-ordered protein–protein interface, which decreases the flexibility 

between proteins. Thus, thermodynamic control of ring–chain transformation of protein 

assembly is still challenging. 

For the formation of the ring-shaped protein assembly, the distance between proteins is one 

of the crucial factors to stabilize the ring-shaped assembly. However, too much stabilization of 

assembly via protein–protein interaction would result in the selective formation of ring-shaped 

assembly. Therefore, the moderate linker length is important to induce the reversible ring–chain 

transformation. The author has found that N80C Cyt b562 assembly with the moderately long 

linker between the heme and the maleimide moiety shows the predominant formation of the 

ring-shaped protein assembly in dilute solution, whereas the formation of linear protein 

assembly in the concentrated solution (Figure 3-1).  
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Figure 3-1. Schematic representation of the preparation of N80C Cyt b562 assembly using 

maleimide-tethered heme, m–FeP′, and two equilibrium states: linear assembly and ring-shaped 

trimer. 

 

3-2. Results and Discussion 

 

Preparation and size exclusion chromatographic analysis of N80C Cyt b562 assembly using 

synthetic heme with long linker 

Maleimide-tethered heme, m–FeP′, which has a linker derived from 2,2’-

(ethylenedioxy)bis(ethylamine), was reacted with the N80C mutant to yield the monomer unit, 

N80C–FeP′ (Figure 3-1). The modified protein was characterized by LC-MS: found m/z = 

1050.36, calcd m/z = 1050.61 (z = 12+). (Figures 3-2). 
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Figure 3-2. ESI-TOF MS of N80C–FeP′ (positive mode). 

The size exclusion chromatography (SEC) of obtained (N80C–FeP′)n shows typical profiles 

with a broad molecular weight distribution which was seen in the previous systems in 

concentrated solution (Figure 3-3a, black), while dilution of the protein solution gradually 

increases the intensity of a peak which elutes at 10.9 mL (Figure 3-3a, red). The addition of the 

apo-form of Cyt b562 to the dilute solution of (N80C–FeP′)n decreases the intensity of the 10.9 

mL peak with concomitant increases of new adjacent peaks eluting at 10.5 mL and 11.7 mL 

(Figure 3-3b).11 Elution volumes of the monomer and linearly-assembled oligomers from dimer 

to hexamer were validated by the correlation between the estimated elution volumes against the 

logarithm value of the molecular weight of oligomers (Figure 3-4). It was revealed that the 

component of 10.9 mL elution, which increasingly forms upon dilution of (N80C–FeP′)n 

solution elutes between linearly-assembled dimer (11.7 mL) and a trimer (10.5 mL). This 

behavior is characteristic of (N80C–FeP′)n compared with a series of the previous assembling 

systems (Figures 3-13 and 3-14).12 

 

Figure 3-3. SEC profiles of (a) (N80C–FeP′)n at various concentration, (b) (N80C–FeP′)n 

([N80C–FeP′] = 10 M) formed upon capping by the apo-form of Cyt b562, and (c) authentic 

samples: blue dextran (>100 kDa), albumin (66.0 kDa), ovalbumin (44.0 kDa), chymotrypsin 

(25.7 kDa), ribonuclease (13.7 kDa). Conditions: eluent = 100 mM potassium phosphate buffer, 
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pH 7.0, column = Superdex75 Increase. 

 

Figure 3-4. Plots of the estimated elution volumes of monomer and linear oligomers of N80C–

FeP′ against the logarithm value of the corresponding molecular weight. The linear correlation 

in the plots indicates that the estimation is plausible. 

Characterization of the isolated oligomer formed in a dilute condition 

For the analysis of the molecular weight, the oligomer eluted at 10.9 mL by SEC, the ESI-

TOF MS measurement of the isolated oligomer was performed.13 Interestingly, the mass number 

identified in the deconvoluted mass spectrum is consistent with the number calculated for the 

trimer assembly (Figure 3-5a,b). The UV-vis spectrum of the isolated trimer was almost 

consistent with that of wild-type Cyt b562, whereas slightly broad peaks were observed in UV-

vis spectrum of the entire (N80C–FeP′)n (Figure 3-6) owing to the exposed heme moiety at the 

terminus. This result suggests that the heme moiety is not exposed in the isolated trimer. Taken 

together, (N80C–FeP′)n is estimated to predominantly form a ring-shaped structure in a dilute 

condition. The dynamic and static light scattering measurements indicate that the hydrodynamic 

diameter and molecular weight of this trimer are 6.47 nm and 38.0 kDa, respectively (Figure 3-

7). These values are generally consistent with expected values for the ring-shaped trimer. 
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Figure 3-5. (a) ESI-TOF MS of oligomer eluted at 10.9 mL isolated by SEC in negative mode 

with the expected charge states. (b) Deconvoluted mass spectrum (top) and mass spectrum 

simulated as a trimer of N80C–FeP′ (bottom). 

 

Figure 3-6. UV-vis spectra of the isolated oligomer, (N80C–FeP′)n, and Cyt b562 

 
Figure 3-7. (a) Diameter distribution of Cyt b562 and the isolated ring-shaped trimer by dynamic 

scattering measurements. Conditions: [Monomer] = 100 M, in 100 mM potassium phosphate 

buffer (pH 7.0) (b) Zimm plots obtained from static light scattering results of the isolated ring-

shaped trimer. Protein concentration was calculated using the monomer concentration 

determined from the UV-vis spectrum and the molecular weight of the monomer unit. The 

optical constant, K, was calculated using dn/dc = 0.2 mL/g. 
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Figure 3-8. (a) Representative AFM image of the isolated ring-shaped trimer. (b) An energy-

minimized model of the ring-shaped trimer. (c) Simulated AFM image. AFM images are 

depicted in the 20 nm × 20 nm squares. 

 

The shape of the isolated trimer on the mica substrate was directly observed by high-speed 

atomic force microscopy (AFM).14 Images of ring-shaped objects with about 15-nm diameter 

were observed in the solution (Figure 3-8a). This structure is slightly larger than the 

hydrodynamic diameter determined from dynamic light scattering. Considering the artifact 

caused by the interaction between the proteins and the flat substrate, we estimated a model for 

a flatly assembled ring-shaped trimer (Figure 3-8b). The simulated AFM image obtained by this 

model quite matches the experimental results supporting the direct observation of the ring-

shaped trimer by AFM (Figure 3-8c). In contrast to the isolated ring-shaped trimer, a sample 

observed immediately after dilution of concentrated (N80C–FeP′)n solution reveals the fibrous 

structures with submicrometer lengths. This behavior is similar to the behavior exhibited by 

previous systems using the short linker.15 Structural changes occurring upon interactions with 

substrate require that the ring-shaped trimer is flexible. Evidence for such flexibility can be 

inferred from the circular dichroism (CD) spectrum of the Soret band region (390–480 nm), 

which is similar to that of wild-type of Cyt b562 (Figure 3-9). This result suggests that no heme–

heme exciton coupling occurs in (N80C–FeP′)n and the ring-shaped trimer. 
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Figure 3-9. CD spectra of the isolated ring-shaped trimer, (N80C–FeP′)n, and Cyt b562 at (a) 

Soret band region and (b) Far-UV region. 

Thermodynamic stability analysis of the ring-shaped trimer of N80C–FeP′ 

Thermodynamic stability of the isolated ring-shaped trimer, (N80C–FeP′)n, and holo- and 

apo-forms of Cyt b562 was evaluated by observing CD signal changes at 222 nm during the 

denaturation which occurs upon addition of guanidinium chloride (GdmCl) as shown in Figure 

3-10a. Table 3-1 summarizes the value of [GdmCl]m, the concentration of GdmCl for half 

denaturation. It is obvious that the ring-shaped trimer is more thermodynamically stable than 

the (N80C–FeP′)n and the apo-form of Cyt b562. Compared with holo-form of Cyt b562, the ring-

shaped trimer has a lower [GdmCl]m value, possibly due to the lack of the hydrogen bonding 

interaction of one of two propionate side chains with the protein matrix, the structural distortion 

and/or steric repulsion between proteins. 

 

Figure 3-10. Fraction changes of folded protein obtained by CD signal changes at 222 nm (a) 

upon addition of GdmCl and (b) by the increase of temperature. 

The denaturation of the protein which occurs upon increasing the temperature was also 

evaluated (Figure 3-10b). The values of Tm, the temperature for half protein unfolding, are 
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summarized in Table 3-1. The results of the heat denaturation are generally consistent with those 

obtained by denaturation using denaturant. Both of the denaturation experiments indicate that 

the thermodynamic stability of the ring-shaped trimer is higher than that of (N80C–FeP′)n. This 

stability could be caused by having the heme moieties fully incorporated within the protein 

matrix without exposure of the terminal structures in a linear oligomer. 

 

Table 3-1. Denaturation parameters of the ring-shaped trimer, (N80C–FeP′)n, and apo- and 

holo-form of Cyt b562.
a 

 Ring-shaped 

trimer 
(N80C–FeP′)n 

Apo-form of 

Cyt b562 

Holo-form of 

Cyt b562 

[GdmCl]m/M 1.8 1.4 1.0 2.1 

Tm/°C 56.5 54.5 52.0 66.5 
aDenaturation behaviors were evaluated by CD spectrum (Figure 3-10). [GdmCl]m and Tm are 
the concentration of added GdmCl and temperature providing the half denaturation, respectively. 
Conditions: [protein] = 10 M, solvent: 100 mM potassium phosphate buffer, pH 7.0. 

 

Kinetic analysis of the formation and decomposition of the ring-shaped trimer 

Heating of a solution of (N80C–FeP′)n appears to cause denaturation and disassembly of the 

protein assembly. The assembling behaviors of N80C–FeP′ cooled after the heat denaturation 

at 80 °C for 20 min were monitored by SEC measurements (Figure 3-11). The SEC trace after 

a 1-min cooling period indicates the formation of oligomers including the transiently formed 

linear trimer eluted at 10.5 mL.16 After a 5-min cooling period, the transiently formed linear 

trimer decreases and the ring-shaped trimer is mainly formed. After 2 h, the size distribution is 

close to reaching equilibrium. These changes in the SEC profiles indicate that the ring-shaped 

trimer has a larger barrier to formation relative to the linear trimer,17 but this barrier to the 

formation is relatively low because the equilibration is almost complete within 5 minutes. 

Moreover, peak fitting of the SEC trace of the (N80C–FeP′)n before denaturation was performed 

to estimate the population of each oligomer (Figure 3-12). The population of the linear trimer 

was found to be ca. 10 % of the ring-shaped trimer, which indicates that the ring-shaped trimer 

is more thermodynamically stable relative to the linear trimer. 

The kinetic stability of the isolated ring-shaped trimer was evaluated by the SEC analysis of 

the incubated ring-shaped trimer at 25 °C in the concentrated solution state (100 M). After 

allowing the solution to stand for 24 h, it was found that ca. 70 % of the ring-shaped trimer 

remains (Figure 3-11b). 
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Figure 3-11. (a) SEC traces of (N80C–FeP′)n cooled after heat denaturation. (b) SEC traces of 

the isolated ring-shaped trimer after concentration. Cyan and red lines show the samples 

standing at 25 °C for 0 h and 24 h, respectively, after concentration. The brown line shows the 

sample equilibrated after heat denaturation. Conditions: [N80C–FeP′] = 20 M, in (a) and 100 

M in (b), other conditions are the same as described in Figure 3-3. 

 
Figure 3-12. (a) Fitting results of the SEC trace of the (N80C–FeP′)n. (b) The population of 

each oligomer estimated from the fitting results. 

These findings indicate three thermodynamic and kinetic characteristics of the (N80C–

FeP′)n: (i) the ring-shaped trimer is thermodynamically more stable than the linear oligomers in 

dilute solution; (ii) the linear trimer is particularly much more unstable than the ring-shaped 

trimer; and (iii) the kinetic barrier from the linear trimer to the ring-shaped trimer is low, while 

the kinetic barrier of the reverse reaction is relatively high and provides kinetic stability to the 

ring-shaped trimer even in a concentrated solution. 
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3-3. Summary 

 

The present Cyt b562 assembling system prepared via the heme–heme pocket interaction is 

found to form a thermodynamically stable ring-shaped structure. The ring-chain equilibrium 

generally occurs in a broad distribution in supramolecular polymerization of the simple 

molecules/proteins.4,8 In contrast, the specific and unique stabilization of the ring-shaped trimer 

is generated in this system due to the structural factors derived from the structure of Cyt b562, 

the heme attachment position and the length of the linker between the heme moiety and the 

protein. Further detailed investigations of the mechanism of formation of the unique ring-

shaped structure are expected to contribute to the construction of supramolecular protein 

assemblies. 

 

 

3-4. Experimental Section 

 

Materials and methods 

Instruments: ESI-TOF MS analyses were performed with a Bruker Daltonics micrOTOF II mass 

spectrometer.  UV-vis spectra were measured with a Shimadzu BioSpec-nano or Shimadzu 

UV-3600 plus double-beam spectrometer.  Circular dichroism (CD) spectra were recorded 

with a JASCO J-820S spectrometer. Size exclusion chromatographic (SEC) analyses were 

performed with an ÄKTA Pure 25 system (GE Healthcare) at 4 ºC. Dynamic light scattering 

(DLS) and static light scattering (SLS) measurements were performed using a Zetasizer µV 

(Malvern Instruments). pH measurements were made with an F-72 Horiba pH meter.   

Materials: Maleimide-tethered heme derivatives m–FeP′ and m–FeP were prepared according 

to procedures reported in the literature.18 Cyt b562 and its mutants were prepared by our 

previously reported methods.15 Other reagents and chemicals were purchased and used as 

received. Unless mentioned otherwise, all protein solutions were dissolved in a 100 mM 

potassium phosphate buffer (pH 7.0). Deionized water was prepared using a Millipore Integral3 

apparatus. 
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Protein sequence of cytochrome b562 mutants 

Cyt b562 

ADLEDNMETLNDNLKVIEKADNAAQVKDALTKMRAAALDAQKATPPKLEDKSPDSP

EMKDFRHGFDILVGQIDDALKLANEGKVKEAQAAAEQLKTTRNAYHQKYR 

N80C 

ADLEDNMETLNDNLKVIEKADNAAQVKDALTKMRAAALDAQKATPPKLEDKSPDSP

EMKDFRHGFDILVGQIDDALKLACEGKVKEAQAAAEQLKTTRNAYHQKYR 

H63C 

ADLEDNMETLNDNLKVIEKADNAAQVKDALTKMRAAALDAQKATPPKLEDKSPDSP

EMKDFRCGFDILVGQIDDALKLANEGKVKEAQAAAEQLKTTRNAYHQKYR 

 

Preparation of surface modified cytochrome b562 mutants 

The synthesized Fe porphyrin, m–FeP′ (0.1 mg) in a DMSO solution (0.1 mL) was added to 

166 M of reduced N80C mutant solution. The mixture was then gently stirred at room 

temperature for 75 min under an N2 atmosphere. Then, reaction mixture was acidified using 1 

M HCl for denaturation. The native heme and excess m–FeP′ were removed from the aqueous 

phase by 2-butanone extraction performed five times. The solution was dialyzed against 1 L of 

100 mM potassium phosphate buffer (pH 7.0). The obtained assembly, (N80C–FeP′)n, was then 

concentrated using an Amicon Ultra concentrator (Merck Millipore) and stored at –80 °C. The 

obtained protein units were characterized by ESI-TOF MS, UV-vis spectroscopy and size 

exclusion chromatography using Superdex 75 Increase 10/300 GL and/or 200 Increase 10/300 

GL (GE healthcare). Other assemblies, (N80C–FeP)n and (H63C–FeP′)n assembly, were 

prepared and characterized according to the same procedure for (N80C–FeP′)n and 

characterized by ESI-TOF MS: N80C–FeP′ (m/z calcd: 1050.61 (z = +12), found: 1050.30), 

N80C–FeP (m/z calcd: 1044.11 (z = +12), found: 1043.88), H63C–FeP′ (m/z calcd: 1048.69 (z 

= +12), found: 1048.43) 

 

SEC analysis   

The analysis was performed using a Superdex 75 Increase 10/300 GL (GE Healthcare) 

column or Superdex 200 Increase 10/300 GL (GE Healthcare) column with a flow rate of 0.5 

mL/min at 4 ºC with monitoring of the absorbance at 418 nm and 280 nm for detection. The 

column was validated using the following reagents (Gel Filtration Calibration kits HMW and 

LMW, GE Healthcare): Superdex 200 Increase: thymoglobulin (669 kDa), ferritin (440 kDa), 
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catalase (232 kDa), albumin (66.0 kDa), ribonuclease A (13.7 kDa); Superdex 75 Increase: blue 

dextran 2000 (2000 kDa), albumin (66.0 kDa), ovalbumin (44.0 kDa), chymotrypsin (25.7 kDa), 

ribonuclease A (13.7 kDa). 

 

Light scattering analysis 

To analyze the protein solution, a 12 L quartz cuvette was utilized. Before adding the sample 

solution into the cuvette, the sample was filtered with a Millex-GV 0.22-m filter (Merck 

Millipore). The cuvette was inserted into the apparatus for 30 seconds of equilibration at the 

25 °C before measurements were performed. The wavelength of the laser irradiation was 830 

nm. The scattering measurement angle was 90°. For dynamic light scattering (DLS) 

measurements, the autocorrelation functions of the observed signals were analyzed in protein 

analysis mode. The hydrodynamic diameters of the proteins were obtained using the scattering 

intensity-based particle size distribution mode (Fig. 3-7a). 

For static light scattering (SLS) measurements, the Rayleigh ratio (R) of the samples with 

different protein concentrations was analyzed from the time-averaged scattering intensity of the 

samples and toluene as a standard. The obtained R values were analyzed with the Zimm plot 

equation19 

𝐾𝑐

𝑅𝜃
=

1

𝑀𝑤
(1 +

𝑞2𝑅𝑔
2

3
) + 2𝐴2𝑐                                          (17) 

where K is an optical constant, c is the sample concentration, Mw is the weight-average 

molecular weight, q is the scattering vector, Rg is the radius of gyration, A2 is the second osmotic 

virial coefficient, and K is given as 

𝐾 =
4𝜋2𝑛0

2

𝑁𝐴𝜆4
(

𝑑𝑛

𝑑𝑐
)

2

                                                   (18) 

where  is the wavelength of the light, NA is Avogadro’s number, n0 is the refractive index of 

the medium, and dn/dc is the change in refractive index with sample concentration. In the case 

of a small protein (Rg < 10 nm), the qRg factor is quite small (qRg << 1) enough to regard as 

negligible and the Zimm plot equation can be expressed as: 

𝐾𝑐

𝑅𝜃
=

1

𝑀𝑤
+ 2𝐴2𝑐                                                     (19) 
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Modeling of the ring-shaped trimer 

The modeling was performed using YASARA20 Structure Version 13.6.16 that employed 

force field AMBER0321 for protein residues and GAFF22 using AM1/BCC23 partial charges for 

the heme moiety covalently bound to Cys80. The calculation was carried out using YASARA 

Structure Version 13.6.16 employing force field AMBER03. To maintain the correct 

coordination geometry, the distances from the metal to all four pyrrole N atoms of the porphyrin 

ligand were constrained to 2.0 Å. The hexa-coordination by ligation with Met7 and His102 was 

represented by two force field arrows and the distances of the Fe–S and Fe–N dative bonds were 

constrained to 2.3 and 2.0 Å, respectively, according to the NMR structure (PDB ID: 1QPU) of 

Cyt b562. The partial charge of the metal was set to +2 and the total charge of the heme was set 

to zero.  Manually constructed ring-shaped trimer was solvated in a box of TIP3P water 

molecules using periodic boundaries at pH 7.0 and a density of 0.997 g/mL. The minimized 

structure was obtained by steepest descent minimization and simulated annealing at 298 K. 

 

High-speed atomic force microscopy (HS-AFM) imaging 

HS-AFM imaging was carried out using a laboratory-designed HS-AFM apparatus operated 

with tapping mode.24 The dimensions of the cantilever (Olympus) were 6−7 m length, 2 m 

width, and 90 nm thickness. The nominal spring constant was 0.1−0.2 N/m, the resonant 

frequency was 0.7−1 MHz, and the quality factor in aqueous solution was ca. 2. For the HS-

AFM imaging, the free oscillation amplitude was set to 1−2 nm, and the set-point amplitude 

was approximately 90% of the free oscillation amplitude. An amorphous carbon tip grown by 

electron-beam deposition under scanning electron microscopy was used.25 After the electron-

beam deposition, the tip was sharpened by plasma etching under Ar gas (tip apex, d = ca. 4 nm). 

In the HS-AFM imaging and processing, mica was used as a substrate. The solution (3 L) 

of isolated ring-shaped trimer (1 µM as monomer) or (N80C–FeP′)n (0.24 µM as monomer) 

soon after dilution of concentrated solution (1.2 mM as monomer) was deposited onto the 

freshly cleaved mica substrate. After the 3-min incubation, the substrate was thoroughly washed 

with a buffer (100 mM potassium phosphate buffer, pH 7.0) to remove excess molecules. The 

HS-AFM imaging was performed in the buffer at room temperature. 
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Simulation of AFM images 

Simulation of AFM images was performed using custom software based on IgorPro 6 

(Version 6.3.6.0, Wavemetrics, Lake Oswego, Ore., USA) software. The pseudo AFM image 

was generated using a cone-shaped AFM tip with a radius of 0.5 nm and half cone angle of 10°, 

and the energy minimized structure of the ring-shaped trimer. During the simulation, the 

orientation of the ring-shaped trimer was rotated along the longitudinal axis of the shape and 

adjusted so that the appearance of the simulated image was close to the experimental AFM 

image. After construction of the simulated image, the image was filtered by a low-pass filter 

with a cut off spatial frequency of 2 nm because the spatial resolution of the HS-AFM is 

generally limited to 2 nm. 

 

 

Fitting analysis of SEC chromatogram 

The peak fitting was performed using IgorPro (Version 6.1.2.1). The elution peak of each 

oligomer in SEC was fitted using the Gaussian distribution function. The initial fitting values 

for lower molecular weight oligomers (monomer to pentamer) were determined from the exact 

peak top values in SEC and FWHW. The initial fitting values for peaks of oligomers longer than 

hexamer were assigned using peak top values calculated from the relationship between the 

molecular weight of monomer to pentamer and elution peak top values (Figure 3-4). 
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Figure 3-13. (a) Schematic representation for preparation of (H63C–FeP′)n. (b) SEC profiles of 

(H63C–FeP′)n at various concentration. 

 

Figure 3-14. (a) Schematic representation of (N80C–FeP)n. (b,c) SEC profiles of (N80C–FeP)n 

at various concentration using (b) Superdex 75 Increase column and (c) Superdex 200 increase 

column.  
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Conclusion 

 

Artificial protein assemblies are promising systems to develop novel functional biomaterials 

due to the supramolecular structures and the physicochemical properties. Especially, the 

relationship between the structure and chemical property of the artificial protein assembly is 

still ambiguous because it is difficult to modulate their structures without changing a large part 

of the building block. Therefore, the author has focused on the physicochemical properties in a 

series of Cyt b562 assemblies with different supramolecular structures, and particularly 

investigated the influence of changes of the supramolecular structure induced by slight 

modification. 

In Chapter 1, the author has demonstrated the photoinduced electron transfer between Zn 

porphyrin (ZnP) and Fe porphyrin (FeP) within an N80C mutant Cyt b562 co-assembly or 

heterodimers with a well-defined rigid structure formed by a cofactor–protein interaction and a 

hydrogen-bond interaction at the protein interface. The photoinduced charge separation (kCS = 

320–600 s–1) and following charge recombination (kCR = 580–930 s–1) were observed in both 

the rigid co-assembly and heterodimers. Compared with the rigid assembling system, slower 

electron transfers were observed in the semi-rigid and flexible co-assemblies and heterodimers, 

which weaken and lack the key hydrogen-bond interaction at the protein interface, respectively. 

Furthermore, analysis of kinetic constants of charge separation and recombination of the 

heterodimers using the Marcus theory suggests a single-step electron transfer reaction. These 

findings provide the strong support that the hydrogen bond network at the protein interface in 

the rigid assembling system is essential for the efficient electron transfer reactions. 

In Chapter 2, the author has investigated cellular uptake of rigid and flexible assemblies of 

N80C mutant Cyt b562. Multivalent effect of cell-penetrating oligoarginine tag on each protein 

unit in the assemblies improves the efficiency of cellular uptake of the assemblies into HeLa 

cells. The efficiency depends on the number of arginine residues in the tag and the rigidity of 

the whole assembling system. Especially, the rigid assembly with tetraarginine tags is 

incorporated into the cell with 10-fold higher cellular uptake efficiency than the corresponding 

assembly without arginine tags. These results indicate that the pre-organized oligoarginine 

moieties in the rigid helical structure of the assembly induce the more efficient multivalent 

effects than randomly orientated oligoarginine moieties in the flexible assembly. 

In Chapter 3, the author has found that the N80C mutant Cyt b562 modified by the heme 

moiety with a moderately long linker exhibits the reversible transformation between long linear 
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assemblies and a ring-shaped trimer. The ring-shaped trimer is thermodynamically more stable 

than linear assemblies in a dilute condition. The formation of the ring-shaped trimer occurs 

within 5 min upon cooling after heat denaturation, whereas the isolated ring-shaped trimer using 

size exclusion chromatography is kinetically stable to enable the concentration and detailed 

analysis of ring-shaped trimer. The atomic force microscopy (AFM) images show the ring-

shaped objects with ca. 15-nm diameter, which is consistent with the simulated AFM images 

using the model structure of ring-shaped trimer. 

Thus, the author has found that the changes of the supramolecular structures of the Cyt b562 

assemblies significantly affects the physicochemical properties. Particularly, the small change 

of rigidity of the assembling system would provide a significant effect on the characteristics of 

the whole assembly. The author believes that these findings will provide important insights into 

the refined design of novel functional biomaterials using protein assembling system such as 

efficient electron conducting nanomaterial in living cells, drug delivery system, stimuli-

responsible nanomaterial. 
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