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General Introduction 

 

 Native protein assemblies 

Proteins exist in nature as higher-order structures to carry out essential cellular processes.1 

From DNA repair,2 signaling,3 catalysis,1b memory storage,4 and transport,5 to gene regulation,6 

proteins have evolved to be part of the sophisticated and highly efficient molecular machinery that 

regulates cell functions. The protein assemblies are known to be organized in higher hierarchical 

structures, either by forming homo-oligomeric assemblies7 (Fig. 1a and 1b), or hetero-oligomeric8 

assemblies (Fig. 1c and 1d). Protein assemblies exhibit various advantages over the monomeric form 

of proteins, including functional control, allosteric regulation, higher-order complexity, and stability.9  

 

 

Fig. 1 Examples of native protein assemblies: (a) actin PDB:3G37 (b) interleukin-5 PDB:1HUL (c) photosystem II PDB:7EDA 

(d) immunoglobulin PDB: 1HZH. 

 Artificial protein assemblies and the protein building blocks  

Given the sophistication of natural protein assemblies and their essential roles in cellular life, 

strategies for constructing artificial protein assemblies to improve biological functions are being 

investigated. The reported approaches include the genetic protein fusion,10 covalent11 and non-

covalent interactions,12 metal-ligand interaction,13 and host-guest interaction.14 In the construction of 

synthetic protein assemblies, the selection of proteins as building blocks is crucial for the resulting 

systems to exhibit specific properties and functions. Previous reports have utilized symmetric proteins 
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(Fig. 2a),15 hemoproteins (Fig. 2b),16 fluorescent proteins (Fig. 2c),17 and enzymes (Fig. 2d)18 to name 

a few for the fabrication of synthetic systems exhibiting various morphologies (Fig. 2e) and properties 

such as energy transfer15,17 or chemical reaction.16c These synthetic systems can also be recognized as 

either homomeric16 or heteromeric.17a  

 

 

Fig. 2 Examples of proteins utilized as building blocks and the artificial assemblies: (a) stable protein 1 PDB: 1TR0, (b) 

cytochrome b562 PDB: 1QPU, (c) blue fluorescent protein PDB: 1BFP, (d) glutathione transferase PDB: 1GNW. (e) Artificial 

protein assemblies with diverse morphologies. 

Artificial protein assembly systems can offer several advantages such as creating new and diverse 

functional materials through the combined functions of the selected proteins as building blocks and 

understanding the mechanisms in biological systems. In the process of fabricating such artificial 

systems, several interactions10-14 are exploited and utilized to their advantage gaining access to novel 

designs. Moreover, the design of artificial protein systems can be possibly controlled and tailored to 

exhibit specific properties. As proteins are the most important functional units in living cells, protein-

based systems have great potential in clinical trials,19 biomedical diagnoses and therapy.20  

 

 Supramolecular interactions in protein assemblies 

The naturally existing functional protein complexes are known to be mainly classified as 

supramolecular assemblies by non-covalent interaction such as hydrophobic interaction (Fig. 3a)21 

and metal-coordination (Fig. 3b).22 These natural supramolecular proteins, which range from simple 

to complex structures, have inspired the fabrication of versatile synthetic systems. Such inspiration 



3 
 

has led to the report by Tezcan et al.,23 illustrating the structural dependency of a cytochrome cb562 

variant on the hydrophobic interaction and metal-binding. In addition, the T4 lysozyme (T4L) 

consisting of histidine residues undergoing crystallization exhibits various metal-mediated 

arrangements investigated by Yeates et al., (Fig. 3cd).24  

 

 

Fig. 3 Examples of natural protein assemblies with close-up of protein-protein interfaces: (a) hydrophobic interaction in 

ferritin PDB: 6B8F, (b) metal-coordination in insulin PDB: 1ZNI. Metal-binding mediated T4L assemblies: (c) copper bound 

mediated dimer of a T4 Lysozyme variant, (d) zinc bound mediated hexameric T4 Lysozyme variant. 

 Covalent interactions in protein assemblies 

Although the majority of protein assemblies are organized by several types of non-covalent 

interactions, covalent interaction, specifically disulfide networking, also exists as a linkage between 

protein components in natural assemblies (Fig. 4a).25 The disulfide bonding is well reported to 

stabilize existing protein quaternary structures.26 Moreover, the disulfide bonds are generally more 

stable and responsive to external stimuli, such as pH and ionic strength.27 The concept of self-

assembling via the covalent disulfide bonding has mainly utilized the cysteine residues in proteins to 

generate disulfide bridges such as the co-oxidation of a RuBisCo variant consisting of a cysteine 

residue at the 419 position with ethanedithiothreitol as a linker with H2O2 toward the release of 

nanotubes after the dissolution of the crystals (Fig. 4b).28  
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Fig. 4 Disulfide bonding in protein assemblies: (a) IgG1 and (b) RuBisCo variant I419 oligomer. 

 Hemoprotein as a building block for artificial protein assemblies 

Hemoproteins promote various biochemical processes such as electron transfer,29 catalysis,30 

and oxygen transport/storage31 in biological systems. A number of hemoproteins consist of a non-

covalently attached an Fe porphyrin complex as a native cofactor. Under acidic conditions, the native 

heme cofactor can be removed, yielding the corresponding apoprotein.32 The addition of heme b into 

an apoprotein solution provides the reconstituted hemoprotein (Fig. 5).33  

 

Fig. 5 Removal and binding of a heme cofactor in hemoprotein. 

This specific property of hemoproteins allows synthetic heme moieties to be utilized for the 

construction of synthetic protein assemblies. For instance, Hayashi et al., have reported a wide range 

of synthetic protein assemblies via the interprotein heme–heme pocket interactions illustrated in an 

example shown in Fig. 6.16a, 34 
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Fig. 6 Supramolecular assembly of cytochrome b562 via heme-heme pocket interaction. 

Furthermore, several hemoproteins can be used as a building block for creating artificial 

protein assemblies because they can provide well-ordered metalloporphyrin clusters without 

aggregation. As a result, hemoprotein assemblies are expected to provide new biomaterials with 

synergetic or cooperative effects derived from accumulated cofactor functions. For example, the 

hexameric tyrosine coordinated hemoprotein (HTHP)35 exhibiting high thermal stability is employed 

for a fabricating artificial light harvesting system by employing the zinc protoporphyrin complex as 

the synthetic heme moiety in the reconstituted HTHP (rHTHP).36 A variant of HTHP consisting of a 

cysteine residue at the 44th position (HTHPV44C) was prepared and reacted with PNIPAAm-MI37 

toward a thermo-responsive micellar type assembly as shown in Fig. 7 which can be used as an 

artificial light harvesting system.38  

 

 

Fig. 7 Micellar assembly of HTHPV44C via cysteine-maleimide reaction toward a thermo-responsive light harvesting system. 
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 Fluorescent proteins as a building block for artificial protein assemblies 

Since the discovery of the green fluorescent protein (GFP) from Aequorea Victoria (Fig. 8a), 

various fluorescent proteins (FPs) have been designed and reported with the unique property of self-

contained chromophores located near their ꞵ-barrel center. The rigid ꞵ-barrel fold comprising of 11 

ꞵ-sheets surrounding a central α-helix in all FPs contributes to the development of their fluorescent 

properties.39 GFP and its variants (Fig. 8a) and its homologs have been extensively used for a variety 

of applications to study the organization and function of living systems.40 

It is important to note that virtually all FPs are oligomeric, either dimeric or tetrameric in 

their natural environment.41 For example, wild-type GFP (GFPwt) is part of a hetero-tetrameric 

complex with aequorin (Fig. 8b).42 Thus, the development and use of FP oligomers and pairs for 

FRET based applications have since attracted several researchers in the past decade. For instance, the 

use of the cerulean fluorescent protein (CFP) and yellow fluorescent protein (YFP) tagged live and 

fixed cells. The observed CFP-signal upon YFP-bleaching was observed by the pseudo-colored 

difference image (FRET image) which was much more intense for live cells than for fixed, mounted 

cells (Fig. 8c).43  

 

 

Fig. 8 Properties and application of GFP and its variants: (a) GFPwt and respective mutations toward its variants; blue 

fluorescent protein (BFP), cyan fluorescent protein (CFP), and yellow fluorescent protein (YFP). (b) Homo-tetrameric GFP 

in aequorin, (c) FRET-based imaging of live cells by YFP-CFP dimer. 
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 Energy transfer in protein-based assemblies  

Energy transfer between biological molecules has been studied by tuning inter-domain 

distances of donor and acceptor fluorescent domains. The overlapping excitation and emission spectra 

of FPs make them useful for hetero-FRET in protein assemblies.44 Other researchers have also utilized 

the homo-FRET properties of GFP assemblies in bioimaging applications.  

For example, Jung et al., reported on the careful design of GFP oligomers linked by a peptide 

and also fused with an antibody specific binding protein G (Fig. 9a). The resulting functional GFP 

oligomers enabled the visualization of the antibody after 30 min incubation (Fig. 9b and 9c).45  

 

 

Fig. 9 Schematic representation of the GFP and protein G multivalent interaction toward functional GFP oligomers: a) GFP 

infused with protein G toward GFP oligomers bound to antibody, (b) incubation of GFP-antibody in cells at t =0 min, (c) 

incubation of GFP-antibody in cells at t = 30 min. 

Moreover, hemoproteins have also been used with FPs to create energy transfer systems with 

the FPs as donors and the heme as an acceptor. A study reported the small electron transfer 

hemoprotein cytochrome b562 (Cyt b562) appended to the N-terminus of a GFP variant (Fig. 10), EGFP 

providing the Cyt b562–EGFP chimera toward an energy transfer system from Nagamune and 

colleagues.46 The chimera exhibits substantial heme-dependent quenching in the fused Cyt b562–

EGFP and absence of quenching in the apoCyt b562–EGFP can suggest the of the Cyt b562 for a 

detection system that allows targeting of the heme prosthetic group.47   
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Fig. 10 EGFP–Cyt b562 heterodimer exhibiting substantial quenching by the prosthetic heme moiety observed in the steady-

state fluorescence spectra. 
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Outline of this thesis  

In contrast to previous reports describing artificial assemblies of homo-meric hemoproteins 

or FRET pairs of FPs, the author focused on the employment of hemoproteins and GFP as the building 

blocks of hetero-meric and homo-meric assemblies. This thesis describes the fabrication of such 

systems via supramolecular interaction (Chapter 1) and the covalent disulfide bonding (Chapters 2 & 

3). The resulting assemblies were utilized for FRET efficiency evaluation. 

 

Chapter 1: A supramolecular assembly of hemoproteins formed in a star-shaped 

structure via heme–heme pocket interactions  

 

The artificial maleimide tethered heme was externally attached on the surface of a Cyt b562 

variant, Cyt b562
N80C, yielding a rigid linear assembly (Cyt b562

N80C)n. The exposed artificial heme 

moiety from the (Cyt b562
N80C)n can bind into the vacant heme pocket of apo-HTHP at 45 °C. An 

equimolar mixing of (Cyt b562
N80C)n to apoHTHP and three equivalences of (Cyt b562

N80C)n to 

apoHTHP provided the supramolecular assemblies.  The author characterized them by SDS-PAGE, 

MALDI-MS and size exclusion chromatography, and discussed the structure of the assemblies.   

 

Chapter 2: A disulfide bond-mediated hetero-dimer of a hemoprotein and a fluorescent 

protein exhibiting efficient energy transfer  
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In this chapter, the author prepared eight purified hetero-dimers of Cyt b562 and GFP variants 

via the thiol-disulfide exchange reaction. The Cyt b562 variants consist of a cysteine residue at exposed 

positions A100 (Cyt b562
A100C), H63 (Cyt b562

H63C), K15 (Cyt b562
K15C), and N80 (Cyt b562

N80C) 

underwent modification with 2,2’-dipyridyl disulfide. The two GFP variants with a cysteine at the 

K25 (GFPK25C) and S174 (GFPS174C) positions were subsequently prepared and reacted with the Cyt 

b562 variants consisting of a pyridyl disulfide moiety. As a result, eight hetero-dimers were obtained 

showing energy efficiency up to 96%.  

 

Chapter 3: Disulfide bond-mediated oligomerization of green fluorescent protein in 

solution  

 

In Chapter 3, the author attempted to expand the use of the thiol-disulfide exchange reactions 

by preparing oligomers of a GFP variant (GFPK25C/S174C) with two cysteine residues at K25C and 

S174C. The GFPK25C/S174C variant was prepared and subjected to modification by the 2,2’-dipyridyl 

disulfide. The modified GFPK25C/S174C can conjugate with GFPK25C/S174C at increasing concentrations.  
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Chapter 1 

A supramolecular assembly of hemoproteins formed in a star-shaped structure via 

heme-heme pocket interactions 

Reproduced in part with permission from [Int. J. Mol. Sci., 2021, 22 (3), 1012.] 

DOI: 10.3390/ijms22031012 

  

1-1. Introduction 

Proteins, known as biofunctional materials, exist in nature and carry out essential biological 

functions to sustain life at the cellular level. In the last two decades, significant attention has turned 

towards development of new functionalized nanomaterials via controllable mechanisms which use 

proteins as building blocks.1-4 These artificial protein assemblies can lead to the development of smart 

biomolecules.5 The selection of building blocks and strategies for the construction of such systems 

have proven to be of great importance to provide controlled structures, new functions and materials 

with useful properties. These findings can contribute to the construction of biomaterials for 

biomedical applications. However, it is challenging to control native protein–protein assemblies via 

electrostatic, hydrogen bonding and hydrophobic interactions. Such strategies generally have not 

been successful in producing artificial assembly systems.5 Therefore, other approaches have been 

extensively explored in efforts to obtain more ordered and controlled structures such as coordination 

chemistry, host–guest and protein–ligand interactions.6-8 These alternative approaches have been 

successful in the construction of supramolecular assemblies.9-12  

In developing various artificial protein assemblies, hemoproteins including myoglobin, 

horseradish peroxidase, cytochrome c and Cyt b562 have been investigated by several researchers due 

to their unique structures, stability, function, reactivity and spectroscopic properties. Our group has 

focused on the interaction between a given apo-hemoprotein and heme to drive the assembly of the 

hemoprotein and Hayashi et al., reported on several artificial assembled structures. In our previous 

investigations, two main strategies are utilized: (i) self-assembly of an engineered apo-hemoprotein 

based on an apo-hemoprotein having a covalently attached heme moiety on the protein surface, and 

(ii) assembly of an apoprotein with a synthetic dimer or trimer of heme moieties.13-16 The former 

strategy was mainly investigated in our first attempt utilizing a mutant of Cyt b562; a small electron 

transfer hemoprotein which contains no cysteine residue in its wild-type form to include an H63C 

https://doi.org/10.3390/ijms22031012
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mutation (Fig. 1-1) yielding Cyt b562
H63C. A maleimide tethered heme 1 (Fig. 1-1) is conjugated to the 

introduced cysteine (Cys) residue to afford the building block and a supramolecular assembly is 

formed via successive heme–heme pocket interactions triggered by removal of the endogenous heme 

to generate the apoprotein. In a more recent study, Hayashi et al., have focused on a different 

engineered Cyt b562 mutant where a cysteine residue is inserted at the 80th position; Cyt b562
N80C (Fig. 

1-1), and its interactions with synthetic heme analogues.17,18 In contrast to the flexible structure of the 

assembly based on Cyt b562
H63C, the resulting assembly systems generate unique rigid linear and ring 

shapes, which are dependent on the lengths of the linkers extending between the synthetic heme 

analogues and protein surface.15 The short linker generated from ethylene diamine provides a rigid 

linear assembly of Cyt b562, (1-Cyt b562
N80C)n, (Fig. 1-1), while the longer linker provides a ring-shaped 

trimer under low concentration conditions.17,18 In (1-Cyt b562
N80C)n, the additional electrostatic 

interactions between the specific residues assist the heme–heme pocket interaction. Hayashi et al., 

the assembly of a hexameric tyrosine coordinated hemoprotein (HTHP) with chemical modifications. 

HTHP is a ring-shaped homohexameric protein (Fig. 1-1). It is considered as an interesting building 

block for artificial protein assemblies due to its symmetric structure and thermal stability with a 

denaturation midpoint, Tm, above 130 °C. Chemical modifications of HTHP via an engineered 

cysteine residue enable construction of various assemblies such as a stacked dimer, a two-dimensional 

sheet, and a micelle-like structure.19-21 In addition to these features, HTHP allows the replacement of 

heme with artificial cofactors.21-23 Thus, HTHP is a useful building block for generation of 

supramolecular assembly.  

Although a series of supramolecular hemoprotein assemblies have been reported, structural 

variations are limited relative to the supramolecular assemblies based on small molecules. Previously, 

Hayashi et al., demonstrated generation of branched network structures based on a heme trimer and 

a Cyt b562
H63C-based linear assembly, where the additional heme–heme interaction includes a µ-oxo 

dimer of external heme moieties. This system generates massive assemblies with average diameters 

greater than 1 µm. In contrast to branching in this system using the heme trimer, the author expected 

that a simple star-shaped structure would be obtained by branching with HTHP. In this work, the 

author focuses on the conjugation of (1-Cyt b562
N80C)n and the apo-form of HTHP (apoHTHP) 

prepared by the removal of heme from HTHP toward the new assembly forming a star-shaped 

structure promoted by the heme–heme pocket interaction as shown in Fig. 1-1. 
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Fig. 1-1 Schematic representation of star-shaped assembly system obtained by the incorporation of the heme 

moieties from the rigid linear assembly of (1-Cyt b562
N80C)n into apoHTHP. 

1-2. Results and discussion 

1-2-1.  Heme transfer from unmodified Cyt b562 to apoHTHP 

Prior to the formation of the targeted conjugate, heme binding behavior of two building block 

proteins, Cyt b562 and HTHP, was qualitatively evaluated. The two proteins are known to have their 

distinct UV-vis absorption spectra influenced primarily by their respective axial ligands. The 

spectrum of Cyt b562 is derived from a low spin hexa-coordinated heme species with His102 and Met7 

axial residues (Fig. 1-2a) while the HTHP spectrum is generated by a penta-coordinated high spin 

heme species ligated by a Tyr45 axial residue (Fig. 1-2b).  

 

 

Fig. 1-2 Structural details of heme and its axial ligands: (a) Cyt b562 PDB: 1QPU, and (b) HTHP PDB: 2OYY. 
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The UV-vis spectrum of the ferric state of Cyt b562 has characteristic absorption peaks at 417 

nm, 532 nm and 562 nm,24 while the absorption peaks of a ferric state of HTHP are typically observed 

at 402 nm, 500 nm, 534.5 nm and 623 nm25,26 (Fig. 1-3). Thus, ferric UV-vis spectra can conveniently 

distinguish the presence of the individual proteins when their apo-forms are mixed with sub-

equivalent concentrations of heme molecules. Furthermore, the author expected the binding affinity 

of heme for apoHTHP to be higher than that of apo-Cyt b562 because Tm of HTHP is quite high relative 

to that of Cyt b562 and Tm is known to be a good indicator of heme-binding affinity for several 

hemoproteins.27,28 The decrease of the binding affinity of native heme for the apo-form of Cyt b562 

was found to be from 19.0 × 107 M at 35 °C to 5.7 × 107 M at 45 °C.27 Taking this into account, at 45 

°C the artificial heme is expected to have a decreased binding affinity for the apo-form of Cyt b562
N80C. 

In contrast, HTHP is thermally stable well over 45 °C25 with Tm value around 130 °C.  Then, it is 

likely that a competitive binding affinity of the thermally stable apoHTHP towards the exposed 

artificial heme on the surface of Cyt b562
N80C exposed at the linear (1-Cyt b562

N80C)n  termini is 

favorable, allowing the binding of the artificial heme to HTHP. Thus, apoHTHP prepared from the 

wild-type protein indicates absence of absorbance in the visible region in the UV-vis spectrum (Fig. 

1-3).21 Then, unmodified Cyt b562 containing a prosthetic heme was mixed with apoHTHP under an 

equimolar condition in the amount of heme-binding site.  

A UV-vis spectrum of the resulting mixture indicates a blue shift of the intense Soret band 

near 400 nm and an increase of absorbance near 630 nm relative to the Cyt b562 spectrum. According 

to the aforementioned UV-vis spectra, the Soret band of HTHP appears at a shorter wavelength than 

that of Cyt b562 and the absorbance at 630 nm is typical for HTHP. Thus, these spectral changes 

clearly indicate the transfer of heme from Cyt b562 into apoHTHP. Therefore, the formation of the 

star-shaped assembly upon the addition of apoHTHP into a (1-Cyt b562
N80C)n solution is expected. 
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Fig. 1-3 UV-vis spectra measured at pH 7.0 in 0.1 M potassium phosphate buffer of HTHP (light blue), Cyt b562 (red), 

apoHTHP (black), and equimolar mixture of Cyt b562 and apoHTHP in the amount of heme binding site (green) 

illustrated in the schematic. 

1-2-2.  Assembly of modified Cyt b562 with apoHTHP 

Initially, an attempt to mix (1-Cyt b562
N80C)n and apoHTHP at 25 °C was performed under 

equimolar conditions with respect to the amount of heme-binding site in an effort to conjugate the 

two proteins. However, a UV-vis spectrum similar to that of (1-Cyt b562
N80C)n was observed and 

maintained after 24 hours although a slight blue shift of the Soret band and an increase in absorbance 

near 630 nm were observed (Fig. 1-4). Thus, the author concluded that the release of the heme moiety 

and/or the binding into apoHTHP generally does not occur at 25 °C. Next, the formation of the 

assembly was carried out at 45 °C under equimolar conditions with respect to the amount of heme-

binding site. Under these elevated temperature conditions, significant spectral changes were observed 

after 4 hours (Fig. 1-4). The characteristic visible absorption peak near 630 nm became prominent. 

This peak, which is absent in the UV-vis spectrum of (1-Cyt b562
N80C)n, may be derived from the 

tyrosine-coordinated heme moiety in the protein matrix of HTHP. The shift of the absorption 

maximum of the Soret band from 417 nm to 411 nm also indicates that the heme moieties attached 

to the surface of the Cyt b562
N80C mutant are incorporated into the heme binding sites of HTHP. These 

findings indicate that increased temperature is required to overcome a kinetic barrier to dissociate the 

interprotein heme–heme pocket interaction and hydrogen-bonding interactions on the surfaces of the 

1-Cyt b562
N80C units, because incorporation of the heme moiety into the heme pocket of apoHTHP 
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occurs smoothly at a higher temperature. A flexible assembly with a moderately long linker between 

heme and the protein mutant exhibits a denaturing temperature, Tm value of ca. 55 °C.15 The Tm value 

of the wild-type Cyt b562 is 66.5 °C24 and the author suspects that denaturation of Cyt b562 does not 

occur in the system because the reaction temperature is well below both reported values. However, 

previous studies have indicated that Tm has an effect on the binding affinity of heme for Cyt b562.26 

On the other hand, the thermostability of HTHP may also contribute to the heme–heme pocket 

interaction resulting in conjugation of the artificial heme to its binding site.  

 

 

Fig. 1-4 UV-vis spectra measured at pH 7.0 in 0.1 M potassium phosphate buffer of mixture of (1-Cyt b562
N80C)n and 

apoHTHP under the equimolar conditions with respect to the amount of heme-binding site at 25 °C (black) and at 

45 °C (green) with UV-vis spectrum of (1-Cyt b562
N80C)n (yellow). 

1-2-3.  Size exclusion chromatography analysis 

The size of the assembly in the crude mixture generated by mixing equimolar (1-Cyt b562
N80C)n 

and apoHTHP with respect to the amount of heme binding site at 45 °C was evaluated by size 

exclusion chromatography (SEC) analysis. The elution volume of a major SEC peak of this assembly 

is 14.4 mL (Fig. 1-5a), whereas the elution volumes of Cyt b562 and apoHTHP are 17.2 mL29 and 16.0 

mL, respectively.21 This result indicates the existence of a structure which is larger relative to Cyt 

b562 and apoHTHP. From our previous study,18 the size range of (1-Cyt b562
N80C)n is mainly composed 

of oligomers of 5-mer to 50-mer.  This is because its initial elution volume in the SEC trace in Fig. 

1-5e corresponds to >474 kDa. Compared to (1-Cyt b562
N80C)n, the assembly is smaller because of the 

dissociation of the linear assembly upon addition of apoHTHP. Fractionation of the shaded region as 

indicated in Fig. 1-5a was performed to collect major components of the target structures. Analysis 
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of the fractionated components shows the presence of the maintained assembly and absence of small 

proteins such as Cyt b562 and apoHTHP eluting over 16 mL, while tailing of the peak is observed. 

The smaller components in the tail of the peak represent insignificant populations which may be 

derived from the dissociation of the assembly by dilution during the fractionation as a result of 

instability (Fig. 1-5b). The fractionated component, 1/1-(1-Cyt b562
N80C)n-apoHTHP assembly where 

n in n/1, denotes the equivalence of 1-Cyt b562
N80C towards the heme-binding sites of apo-HTHP in 

the preparation stage, was further evaluated as described below. 

Mixing apoHTHP and three equivalents of (1-Cyt b562
N80C)n with respect to the amount of 

heme-binding site at 45 °C also forms large assemblies which were confirmed by SEC (Fig. 1-5c). In 

comparison to the equimolar mixture, the SEC trace has an earlier elution volume of 13.9 mL (Fig. 

1-5d) indicating a larger structure with a molecular mass clearly greater than 66.5 kDa with respect 

to the authentic samples (Fig. 5e); ferritin (474 kDa), albumin (66.5 kDa), and chymotrypsin (25.6 

kDa). The assemblies were also fractionated in the shaded region of Fig. 5c and SEC analysis 

indicates that the large assemblies are maintained after the fractionation. The fractionated component, 

3/1-(1-Cyt b562
N80C)n-apoHTHP assembly, was also evaluated in a manner similar to the evaluation of 

the 1/1-(1-Cyt b562
N80C)n-apoHTHP assembly. 

 

Fig. 1-5 SEC traces of (a) a mixture of (1-Cyt b562
N80C)n and apoHTHP under equimolar conditions with respect to the 

amount of heme-binding site, (b) fractions collected in the shaded region of A, (c) a mixture of apoHTHP and three 

equivalents of (1-Cyt b562
N80C)n with respect to the amount of heme-binding site, and (d) fractions collected in the 
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shaded region of C. These traces were monitored by absorbance at 402 nm. (e) SEC traces of the authentic 

samples monitored by the absorbance at 280 nm: ferritin (474 kDa), albumin (66.5 kDa), and chymotrypsin (25.6 

kDa). Building block proteins, apoHTHP (36 kDa) and Cyt b562 (12 kDa), are also shown and monitored by 

absorbance at 280 nm and 418 nm, respectively. 

1-2-4.  UV-vis spectra of fractionated assemblies 

A representative UV-vis spectrum of the 1/1-(1-Cyt b562
N80C)n-apoHTHP assembly is shown 

in Fig. 1-6a. The UV-vis spectrum provides the ratio of heme moieties incorporated into heme-

binding sites of HTHP and 1-Cyt b562
N80C. The spectrum was analyzed by a simulation using UV-vis 

spectra of wild-type HTHP and (1-Cyt b562
N80C)n. The spectra in Fig. 1-6a are normalized by extinction 

coefficients and a simulated spectrum was generated by maintaining the sum of the factor 

multiplication of two spectra of wild-type HTHP and (1-Cyt b562
N80C)n to 1. The best-fitted simulation 

in the region attributed to heme absorption was obtained with a ratio of 0.45 : 0.55 for 1-Cyt b562
N80C 

: HTHP (Fig. 1-6a). Similarly, 3/1-(1-Cyt b562
N80C)n-apoHTHP assembly results in a UV-vis spectrum 

corresponding to a simulation of 0.72 : 0.28 for 1-Cyt b562
N80C : HTHP (Fig. 1-6b).   

 

 

Fig. 1-6 (a) UV-vis spectra of fractionated 1/1-(1-Cyt b562
N80C)n-apoHTHP assembly in brown, wild-type HTHP in navy 

blue and (1-Cyt b562
N80C)n in red. The simulated spectrum is the dotted black line. (b) UV-vis spectra of fractionated 

3/1-(1-Cyt b562
N80C)n-apoHTHP assembly in green, wild-type HTHP in navy blue and (1-Cyt b562

N80C)n in red. The 

simulated spectrum is the dotted black line. 

1-2-5.  SDS-PAGE of fractionated assemblies 

The analysis of UV-vis spectra only provides information regarding the presence of heme 

moieties. To estimate the components in the fractionated assembly, the ratio of the protein matrices 
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of HTHP and 1-Cyt b562
N80C are required. SDS-PAGE enables evaluation of the amount of each of 

the denatured monomeric proteins of HTHP and 1-Cyt b562
N80C (Fig. 1-7). SDS PAGE results of the 

fractionated assemblies revealed the presence of both proteins, 1-Cyt b562
N80C and HTHP, according 

to bands of their molecular weights, of about 12 kDa and about 6 kDa, respectively. The density of 

each band was quantified by image analysis. The density depends on the concentration of monomeric 

proteins’ interaction with the staining molecule, Coomassie Brilliant Blue (CBB) employed in the 

analysis. The strength of the interaction between CBB and protein is specific to each protein. Thus, 

calibration curves for apoHTHP and 1-Cyt b562
N80C were prepared to determine the concentration of 

monomeric proteins in the fractionated samples.  Here, the fractionated samples and standards for the 

calibration curve on the same electrophoresis gel were analyzed to minimize the deviation. Protein 

samples of known various concentrations with the same volumes were evaluated by SDS-PAGE and 

the band densities were analyzed by image analysis. In the range from 2 to 10 µM of the HTHP 

monomer, a linear relationship exists in the plots of the peak area of intensity derived from band 

density against the protein concentration. Similarly, SDS-PAGE of 1-Cyt b562
N80C of increasing 

concentrations from 2 μM to 30 μM shows a linear relationship of the peak area of intensity derived 

from band density against the protein. Although the area intensities include some deviations around 

10-20%, acceptable correlations were obtained in both calibration curves.30 Thus, these experiments 

will show the moderate accuracy to determine the protein concentrations. An analysis of the sample 

mixtures to obtain the ratio of 1-Cyt b562
N80C and apoHTHP present in 1/1-(1-Cyt b562

N80C)n-apoHTHP 

assembly was carried out using the peak area of intensity derived from band densities and a calibration 

curve for each protein. The concentrations of 1-Cyt b562
N80C and apoHTHP in the fractionated 

components were determined to be 4.7 ± 0.19 and 2.6 ± 0.44 µM as monomers, respectively. Since 

HTHP always forms a hexamer, an average of 10 to 11 units of 1-Cyt b562
N80C are conjugated to each 

hexamer of apoHTHP. In a similar manner, the concentrations of 1-Cyt b562
N80C and apoHTHP in 3/1-

(1-Cyt b562
N80C)n-apoHTHP assembly were determined to be 8.6 ± 1.2 and 3.2 ± 0.51 µM as 

monomers, respectively. Thus, an average of 16 units of 1-Cyt b562
N80C

 are assembled with each 

hexamer of apoHTHP.  
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Fig. 1-7 SDS-PAGE for protein concentration analysis. Lanes 1 and 8: 3/1-(1-Cyt b562
N80C)n-apoHTHP assembly. Lanes 

2 and 9: 3/1-(1-Cyt b562
N80C)n-apoHTHP assembly. Lanes 3-7: 10 μM, 8 μM, 6 μM, 4 μM, and 2 μM of HTHP in lanes 

3, 4, 5, 6, 7, respectively. Lanes 10-16: 30 μM, 25 μM, 20 μM, 15 μM, 10 μM, 5 μM, and 2 μM of 1-Cyt b562
N80C in 

lanes 10, 11, 12, 13, 14, 15, and 16, respectively. 

Table 3. Concentration of protein components in the fractionated assemblies. 

Assembly  Components 
Concentration as a 

monomer (μM) 

1/1-(1-Cyt b562
N80C)n-

apoHTHP assembly 

1-Cyt b562
N80C 4.7 ± 0.19 

apoHTHP 2.6 ± 0.44 

3/1-(1-Cyt b562
N80C)n-

apoHTHP assembly 

1-Cyt b562
N80C            8.3 ± 1.2 

apoHTHP 3.2 ± 0.51 

 

1-2-6.  Estimation of apparent structures of (1-Cyt b562
N80C)n-apoHTHP assemblies 

Estimations of the ratios of the monomer units and location of the bound heme moieties 

provide the apparent structure of the fractionated components. In the 1/1-(1-Cyt b562
N80C)n-apoHTHP 

assembly, the HTHP hexamer has a fully occupied heme-binding site with five 1-Cyt b562
N80C dimers 

and one 1-Cyt b562
N80C monomer. This arrangement is in agreement with the experimental results of 

11 : 6 monomer units ratio and a 0.45 : 0.55 location ratio of bound heme moieties for 1-Cyt b562
N80C 
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: apoHTHP. An example of the estimated structures is described in Fig. 1-8a. In the 3/1-(1-Cyt 

b562
N80C)n-apoHTHP assembly, experimental results of 16 : 6 monomer units ratio and a 0.72 : 0.28 

location ratio of bound heme moieties for 1-Cyt b562
N80C : HTHP suggest the formation of an assembly 

of HTHP hexamer having one vacant heme-binding site with one 1-Cyt b562
N80C tetramer and four 1-

Cyt b562
N80C trimers (an example is shown in Fig. 1-8b). Another possibility is an assembly of HTHP 

hexamer with two vacant heme-binding sites and four 1-Cyt b562
N80C tetramers (an example is shown 

in Fig. 1-8c). Although the estimated structures are apparent, the presence of the vacant heme-binding 

sites of HTHP in the presence of excess 1-Cyt b562
N80C would be caused by steric hindrance with the 

adjacent 1-Cyt b562
N80C units. Cy b562 and HTHP both exhibit cylindrical shapes but with different 

sizes. HTHP has a diameter of 5-6 nm and a height of 5 nm, while Cyt b562 has a diameter of 2.5 nm 

and a height of 5 nm. Thus, the longer side of 1-Cyt b562
N80C bound to apoHTHP appears to induce 

steric hindrance which prevents the interaction between the adjacent heme binding sites of HTHP and 

the heme moiety of 1-Cyt b562
N80C in the assembly system. Although further purification and analysis 

by high-resolution TEM or AFM is required to determine the detailed structures and the populations, 

the examples of the apparent assemblies as shown in Fig. 1-8 were qualitatively proposed from the 

SDS-PAGE and UV-vis spectra analyses.  

 

Fig. 1-8 Schematic representation of one of the examples of structures for 1/1-(1-Cyt b562
N80C)n-apoHTHP assembly 

(a) and two examples of the structures for 3/1-(1-Cyt b562
N80C)n-apoHTHP assembly (b and c). 

1-2-7.  Evaluation of hydrodynamic diameter by DLS analysis  

The hydrodynamic diameters of the fractionated components were measured by dynamic 

light scattering (DLS). Each fractionated solution was concentrated to 20 µM based on heme 

concentration to provide sufficient light scattering intensity. The distribution of hydrodynamic 

diameters for the fractionated assemblies and apoHTHP are shown in Fig. 1-9. Hydrodynamic 

diameters of the fractionated components are obviously larger than the apoHTHP hydrodynamic 
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diameter of 6 nm and reported Cyt b562 diameter of ca. 2.5 nm.26 The estimated structure of 1/1-(1-

Cyt b562
N80C)n-apoHTHP assembly roughly suggests a maximum hydrodynamic diameter of about 16 

nm (one HTHP: 6 nm + two 1-Cyt b562
N80C dimers: 2 x 2 x 2.5 nm) when HTHP and 1-Cyt b562

N80C 

have a flat arrangement providing a maximum size. However, the experimental hydrodynamic 

diameter of this fractionated component is 8.3 nm, indicating that the structure is not flat and is likely 

flexible in solution. Similarly, the maximum diameter of 3/1-(1-Cyt b562
N80C)n-apoHTHP assembly is 

estimated to be about 26 nm (one HTHP: 6 nm + two 1-Cyt b562
N80C tetramers: 2 x 4 x 2.5 nm or one 

HTHP: 6 nm + one 1-Cyt b562
N80C tetramers: 4 x 2.5 nm + one 1-Cyt b562

N80C trimer: 3 x 2.5 nm) in 

the flat arrangement and this value is greater than the experimentally-determined hydrodynamic 

diameter of 18.7 nm. In both assemblies, the experimentally-determined hydrodynamic diameters are 

reasonable when flexible arrangements of (1-Cyt b562
N80C)n moieties are hypothesized. 

 

Fig. 1-9 Hydrodynamic diameter distributions for (a) 1/1-(1-Cyt b562
N80C)n-apoHTHP assembly, (b) 3/1-(1-Cyt 

b562
N80C)n-apoHTHP assembly and (c) apoHTHP. 

1-3. Summary 

The linear assembly (1-Cyt b562
N80C)n was assembled with the hexameric heme binding 

protein, apoHTHP, toward supramolecular star-shaped structures via the heme–heme pocket 

interaction. Due to the slow equilibrium for transfer of heme moieties, heating at 45 °C is necessary 

for the efficient assemblies’ formation. The mixing ratio of the protein units dominantly controls the 

assembled structures, which were experimentally estimated as apparent structures based on UV-vis 

spectroscopy and SDS-PAGE analyses. In one example of the assembled structures, four 1-Cyt 

b562
N80C tetramers are bound to one apoHTHP hexamer. The clearly distinguished UV-vis spectra of 

Cyt b562 and HTHP enable these estimations, indicating that hemoproteins are useful building blocks 
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to provide information regarding the assembly compositions in this system which includes multiple 

components. The present system successfully provides a star-shaped hemoprotein assembly using 

oligomeric hemoprotein as a core unit, in contrast to our previous reports of a heme trimer and Cyt 

b562-based linear assembly which generates a large network structure on the substrate.15 This 

difference is clearly derived from the absence of the heme–heme interaction between redundant 

exposed heme moieties in this work: termination of a linear assembly by a vacant heme pocket of 1-

Cyt b562
N80C is favorable for generation of the star-shaped structure. The obtained assembly is 

expected to provide a useful scaffold with potential for development of new classes of 

nanobiomaterials in applications such as light harvesting antenna. 

 

1-4. Materials and method 

1-4-1.  Instruments and materials  

UV-vis absorption spectra were measured using a Shimadzu UV-2700 or a Shimadzu 

BioSpec-nano spectrophotometer. The pH values were recorded with a Horiba F-52 pH meter. Size 

exclusion chromatographic (SEC) analyses were performed using a Superdex 200 Increase 10/300 

GL (GE Healthcare) column with ÄKTA pure 25 (GE Healthcare) at 4 °C. Dynamic light scattering 

(DLS) measurements were carried out by a Zetasizer μV (Malvern Instruments) with an 830 nm laser 

at 25 °C. Ultrapure water (milli-Q) was prepared by a Merck Millipore Integral 3 apparatus. Cyt b562, 

(1-Cyt b562
N80C)n and apoHTHP are prepared according to our reported methods.18 All other reagents 

were commercially available and used as received or otherwise specified. 

1-4-2.  Preparation of unmodified Cyt b562
 with apoHTHP 

One equivalent of Cyt b562 unmodified (0.5 mL,10 μM) was added to a solution of apoHTHP 

(0.5 mL, 10 μM as a monomer) in 100 mM potassium phosphate buffer pH 7.0 and mixed at 45 °C 

for 4 h. The protein solution was cooled to room temperature and characterized by UV-vis 

spectroscopy.  

 

1-4-3.  Preparation of assembly by apoHTHP and equimolar (1-Cyt b562
N80C)n  

One equivalent of (1-Cyt b562
N80C)n (0.5 mL, 10 μM as a monomer) was added to a solution 

of apoHTHP (0.5 mL, 10 μM as a monomer) in 100 mM potassium phosphate buffer at pH 8.0 and 
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mixed at 45 °C for 4 h. The protein solution was cooled to room temperature and characterized by 

UV-vis spectroscopy and SEC. 

1-4-4.  Preparation of apoHTHP and three equivalences (1-Cyt b562
N80C)n assembly 

Three equivalent of (1-Cyt b562
N80C)n (0.5 mL, 30 μM as a monomer) was added to a 

solution of apoHTHP (0.5 mL, 10 μM as a monomer) in 100 mM potassium phosphate buffer pH 

8.0 and mixed at 45 °C for 4 h. The protein solution was cooled to room temperature and 

characterized by UV-vis spectroscopy and SEC.  

1-4-5.  SEC analyses, sample preparations and fractionation 

For SEC analysis, 100 mM potassium phosphate buffer at pH 7.0 was used as an eluent. The 

analysis was carried out at 4 °C at a flow rate of 0.5 mL/min with absorbance being monitored at 280 

nm, 418 nm, and 402 nm for detection. The Superdex 200 Increase 10/300 GL column (GE 

Healthcare) was calibrated using: ovalbumin (45 kDa), albumin (66.5 kDa), and chymotripsinogen 

(25.6 kDa). Sample solutions were filtered through a Millex-GV Syringe Driven Filter Unit 0.22 μm 

diameter and 100 μL of filtered sample solution is used for SEC analyses. The same column, eluent, 

flow rate, temperature and absorbance were used for fractionation settings. The fixed fractionation 

volume was set to 0.5 mL and eluted fractions were collected in a 96-well plate at 4 °C.  

 

1-4-6.  SDS-PAGE protocol 

SDS-PAGE was conducted using a 12 % separating gel and a 4 % stacking gel. The collected 

fractions were concentrated using an Amicon Ultra Centrifugal Filter (5 mL tube and 10 kDa cut-off) 

and 5 μL was mixed with an equal volume of loading buffer containing 50% 10 mM Tris-HCl buffer, 

10% 2-mercaptoethanol, 4% SDS, 10% sucrose, and 0.05% bromophenol blue with the addition of 

milli-Q up to 10 μL. The electrophoresis was run at 150 V, 120 mA, 18 W at 60 ± 10 min.   

1-4-7.  Hydrodynamic diameter by DLS measurement 

For DLS measurements, an aqueous solution of sample was concentrated using an Amicon 

Ultra Centrifugal Filter (5 mL tube and 10 kDa cut-off). To analyze the protein solution, a 12 μL 

quartz cuvette was used. The sample solution was filtered through a 0.22 μm syringe driven filter unit 

before pipetting into a cuvette. The data were obtained by the number-based particle size distribution 

mode.  
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Chapter 2 

A disulfide bond-mediated hetero-dimer of a hemeprotein and a 

fluorescent protein exhibiting efficient energy transfer 

Reproduced in part with permission from [RSC Adv., 2022, 12, 28519-28524.] 

DOI: 10.1039/D2RA05249K 

 

2-1. Introduction 

Proteins in their functional forms frequently exist as dimers and higher-order oligomers.1 To 

gain insights and develop bio-inspired applications based on these natural complex structures, 

artificial protein assemblies have been prepared by various approaches utilizing protein–protein 

interactions formed by metal coordination, covalent-linking, and non-covalent interactions among 

others.2 Such known applications include drug delivery,3 catalysis,4 and biosensors.5 Among the 

strategies used, site-specific disulfide bond formation has been reported for covalent linkage of 

supramolecular protein assemblies in protein crystals6 and a metal coordinated unique cryptand 

structure.7 Additionally, a disulfide bond cross-linkage is now commonly used  in  polymerization by 

dynamic covalent bonds.8 The use of the disulfide bond as the linkage structure provides  stability,9 

reversibility,10 and stimuli responsiveness11 in dynamic smart materials. Although the disulfide 

linkage can be formed spontaneously under aerobic conditions,12 this type of random air-oxidation 

reaction can lead to mixed disulfide aggregations.13 It tends to be a very slow reaction in vivo and is 

catalyzed by protein disulfide isomerase,14 thus leading to the employment of alternative catalysts 

and various oxidation methods in synthetic routes.15  

 

Due to these complications, the pyridyl disulfide moiety which is known for its high 

selectivity and reactivity towards thiol groups to form a new disulfide bond is employed.16 The pyridyl 

disulfide group will activate a thiol group on one protein which will selectively react with a free thiol 

group on another protein to form a disulfide linkage.17 However, protein hetero-dimerization using 

the pyridyl disulfide active species is quite limited.18  

 

Herein, the green fluorescent protein (GFP) and Cyt b562 (Fig. 2-1) are utilized for hetero-

dimerization. Previous reports19 have employed Cyt b562 and a GFP mutant, EGFP, to construct a 
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chimera via a conventional recombinant protein fusion method leading to bio-inspired tools.20 

Nagamune et al., utilized a Gly-Ser linker to prepare the EGFP–Cyt b562 chimera 65% of energy 

transfer from the EGFP towards heme, while Jones et al., inserted the Cyt b562 domain into the EGFP 

sequence to prepare a bis-domain protein scaffold demonstrating the influence of inter-domain 

interactions in the energy transfer process. Although these previous efforts were successful in 

expression of the fusion protein, conjugation sites of the components were limited, and optimization 

of an appropriate linker is necessary. In this work, disulfide bond-mediated hetero-dimerization of 

four Cyt b562 consisting of a cysteine at positions A100, H63, K15, and N80 and two GFP variants 

containing a cysteine at K25 and S174 residues (Fig. 2-1) via the thiol-disulfide exchange is 

demonstrated. The energy transfer efficiency of the purified Cyt b562–GFP hetero-dimers is evaluated. 

  

 

Fig. 2-1 Schematic representation of the hetero-dimerization of the Cyt b562 and GFP variants.  

2-2. Results and discussion  

2-2-1.  Cyt b562
N80C modification 

Initially, the modification of a Cyt b562 mutant having a cysteine residue at the N80 position 

located on the protein surface (Cyt b562
N80C) with 2,2’-dithiodipyridine was carried out and passed 

through a HiTrap desalting column to remove unreacted 2-thiopyridone and excess 2,2’-

dithiopyridine. The purified modified Cyt b562
N80C bearing the pyridyl disulfide moiety was 

characterized by MALDI-TOF MS: found m/z = 11880, calcd m/z = 11879 (Fig. 2-2). 
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Fig. 2-2 MALDI-TOF MS measurement of the modified Cyt b562

N80C. 

2-2-2.  Cyt b562
N80C and GFPK25C hetero-dimerization 

The hetero-dimerization was first attempted using the GFPwt as it is known to have one 

exposed cysteine residue at the 47th position. The reactivity was first tested by conjugating the GFPwt 

with an excess amount of 2,2’-dithiodipyridine modified Cyt b562
N80C. The analysis of the crude 

reaction mixture by non-reducing SDS-PAGE shows that GFPwt does not provide an efficient hetero-

conjugation product with Cyt b562
N80C (Fig. 2-3a). Furthermore, an excess amount of homo-

dimerization of Cyt b562
N80C was detected, although the band of the Cyt b562

N80C dimer overlaps with 

the GFPwt monomer band at ca. 30 kDa. This is plausibly caused by steric inaccessibility of the 

inherent cysteine residue at the 47th position.21 Therefore, the exposed 25th position of GFP  was 

selected as a conjugation site for the hetero-dimerization with Cyt b562
N80C after mutation of the 47th 

cysteine residue to alanine (GFPK25C).22 In comparison, GFPK25C readily conjugates to modified Cyt 

b562
N80C under the same conditions with high conjugation efficiency to afford the hetero-dimer (Cyt 

b562
N80C–GFPK25C) with 82% yield (Fig. 2-3b).  

 

 

Fig. 2-3 Non-reducing SDS-PAGE analyses (a) Non-reducing SDS-PAGE for samples in lanes 1 and 2 from GFPwt (100 µM) 

conjugation with an excess amount of pyridyl disulfide-modified Cyt b562
N80C. Conditions: modified Cyt b562

N80C : reduced 
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GFPwt = 2 : 1 in lane 1 and 3 : 1 in lane 2, and control GFPwt in lane 3. Lane m shows protein markers. (b) Non-reducing 

SDS-PAGE for samples in lanes 1, 2, and 3. Conditions:  modified Cyt b562
N80C : reduced GFPK25C 1 : 1 in lane 1, 2 : 1 in lane 

2, 3 : 1 in lane 3, and GFPK25C control in lane 4. Lane m shows protein markers. 

 

The crude Cyt b562
N80C–GFPK25C mixtures purified using the ÄKTA Pure fractionation and 

then ultrafiltration in a 30 kDa cut-off amicon showing a single distinct band at ca. 40 kDa in non-

reducing SDS-PAGE consistent with the MALDI-TOF MS result: found m/z = 38473, calcd m/z = 

38472 (Fig. 2-4ab). In the SEC analyses, purified Cyt b562
N80C–GFPK25C provides a single peak at 11.7 

mL (Fig. 2-4c) which is a smaller elution volume compared to monomeric proteins of Cyt b562
N80C 

and GFPK25C eluted at 14.6 mL and 13.1 mL, respectively. These results indicate that the designed 

protein hetero-dimer can be successfully obtained with high purity.  

 

Fig. 2-4 Characterization of the purified Cyt b562
N80C–GFPK25C heterodimer: (a) Non-reducing conditions in SDS-PAGE, (b) 

MALDI-TOF MS, (c) SEC traces of the Cyt b562
N80C–GFPK25C, Cyt b562

N80C and GFPK25C. 

2-2-3.  Heme-dependent quenching  

The apo form of modified Cyt b562 was obtained by the conventional method23 (Fig. 2-5a), 

and was subsequently conjugated with GFPK25C. The reaction mixture was purified using the same 

method, and SEC analysis shows that apoCyt b562
N80C–GFPK25C is generated with an elution volume 
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similar to that of Cyt b562
N80C–GFPK25C (Fig. 2-5b). The reconstitution of the apoCyt b562

N80C–GFPK25C 

with heme illustrated in Fig. 2-5a results in the re-appearance of the characteristic Soret band 

absorption at 418 nm as shown in Fig. 2-5c, confirming successful heme binding.  

 

The fluorescence of the reconstituted hetero-dimer is ca. 90% quenched compared to apoCyt 

b562
N80C–GFPK25C which exhibits fluorescence similar to that of GFPK25C (Fig. 2-6a). This indicates 

that the heme-dependent quenching occurs in the hetero-dimer. Moreover, the fluorescence lifetime 

measurements exhibit fast decay from both Cyt b562
N80C–GFPK25C and the reconstituted hetero-dimer: 

τ1 = 0.31 ns and 0.28 ns, respectively (Fig. 2-6b, Table 1).24,25 In contrast, apoCyt b562
N80C–GFPK25C 

has τ = 2.93 ns which is similar to that of GFPK25C. The identical fluorescence lifetimes of GFPK25C 

and apoCyt b562
N80C–GFPK25C indicate that there is no quenching behaviour within the apoCyt 

b562
N80C–GFPK25C due to the absence of heme. Thus, the rapid decay observed in the reconstituted 

dimer demonstrates efficient static quenching behaviour of the GFPK25C by the heme cofactor (Figs. 

2-6b).  

Fig. 2-5 (a) UV-vis spectra of modified Cyt b562
N80C before and after the removal of the native heme. Characterization of the 

apoCyt b562
N80C–GFPK25C (b) SEC measurement of apoCyt b562

N80C–GFPK25C and monomeric proteins, apoCyt b562
N80C and 

GFPK25C. 

Fig. 2-6 (a) Steady-state fluorescence spectra of GFPK25C, apoCyt b562
N80C–GFPK25C, reconstituted dimer, and Cyt b562

N80C–

GFPK25C. (b) Fluorescence lifetime measurements fitted taking the instrument response function (IRF) into account by a bi- 

or tri- exponential decay model for GFPK25C, apoCyt b562
N80C–GFPK25C, reconstituted dimer, and Cyt b562

N80C–GFPK25C.   
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2-2-4.  Preparation of hetero-dimers 

Three additional Cyt b562 single mutants containing a cysteine at positions K15 (Cyt b562
K15C), 

H63 (Cyt b562
H63C) and A100 (Cyt b562

A100C) and one GFP mutant containing a cysteine at position 

S174 (GFPS174C)26 were employed for the hetero-dimerization. The mutants were chosen due to their 

high expression levels, modification and hetero-conjugation yields. Similar to the Cyt b562
N80C–

GFPK25C hetero-dimerization, each Cyt b562 mutant was modified with 2,2’-dithiodipyridine and 

conjugated with GFP, yielding a total of seven purified hetero-dimers characterized by non-reducing 

SDS-PAGE and MALDI-TOF MS.26 

 

The hetero-dimers were subjected for fluorescence lifetime measurements Fig. 2-7ab, and 

Table 1 show the results in the fluorescence lifetime measurements of a series of the hetero-dimers 

of Cyt b562 and GFP mutants. Interestingly, different lifetime values were obtained and GFPK25C 

exhibits the shortest lifetime τ1 = 0.16 ns among the conjugations with Cyt b562
A100C, while GFPS174C 

provides the shortest lifetime of τ1 = 0.10 ns among the conjugations with Cyt b562
N80C (Table 2-1). 

The highest energy efficiencies obtained from Cyt b562
A100C–GFPK25C and Cyt b562

N80C–GFPS174C, were 

calculated (Eq. 2) to be 89% and 96% respectively (Table 2-2). 

 

  

Fig. 2-7 Fluorescence lifetime measurements fitted taking the instrument response function (IRF) by bi- or tr- exponential 

of Cyt b562 variants conjugated to (a) GFPK25C and (b) GFPS174C at 25 °C in 100 mM potassium phosphate buffer pH 7.0. 
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Table 2-1. Fluorescence lifetime values of purified hetero-dimer.a 

 

Protein τ1 (ns) τ2 (ns) τ3 (ns) A1 % A2 % A3 % ꭓ2 τav 

(ns)b 

GFPK25C 2.92 ± 0.06 - - 100 - - 1.05 ± 0.00  

apoCyt b562
N80C–GFPK25C 2.93 ± 0.01 - - 99.9 ± 

0.05 

- - 1.00 ± 0.03  

reconstituted dimer 0.28 ± 0.08 2.92 - 93.7 ± 

0.26 

6.3 ± 

0.16 

- 0.99 ± 0.01  

Cyt b562
A100C–GFPK25C 0.16 ± 0.04 1.35 ± 0.01 2.92 91.7 ± 

0.05 

4.90 ± 

0.12 

3.78 ± 

0.52 

1.09 ± 0.01 0.32 

Cyt b562
H63C–GFPK25C 0.20  ± 0.01 2.92 - 93.7 ± 

5.42 

6.31 ± 

5.42 

6.31 ± 

5.42 

0.97 ± 0.00 0.37 

Cyt b562
N80C–GFPK25C 0.31  ± 0.03 1.53 ± 0.26 2.92 97.5 ±  

0.79 

2.50 ± 

0.44 

- 1.07 ± 0.05 0.49 

Cyt b562
K15C–GFPK25C 0.56  ± 0.03 2.17 ± 0.33 2.92 92.9 ± 

1.76 

5.44 ± 

0.88 

1.68 ± 

0.09 

1.10 ± 0.07 0.70 

GFPS174C 2.88 ± 0.02 - - 100 - - 1.02 ± 0.00  

Cyt b562
A100C–GFPS174C 0.15 ± 0.00 2.88 - 99.8 ± 

0.01 

0.22 ± 

0.02 

- 1.06 ± 0.15 0.15 

Cyt b562
H63C–GFPS174C 0.12 ± 0.02 1.67 ± 0.10 2.88 89.8 ± 

6.56 

6.60 ± 

4.25 

3.59 ± 

2.37 

0.98 ± 0.12 0.32 

Cyt b562
N80C–GFPS174C 0.10 ± 0.00 0.75 ± 0.39 2.88 99.2 ± 

0.07 

0.77 ± 

0.07 

- 1.06 ± 0.02 0.11 

Cyt b562
K15C–GFPS174C 0.23 ± 0.01 2.82 ± 0.05 2.88 80.5 ± 

1.57 

16.7 ± 

1.50 

2.76 ± 

0.15 

0.97 ± 0.02 0.74 

a Conditions: [protein] = 20 µM, 1 mL, prepared in 0.1 M potassium phosphate buffer pH 7.0 at 25 °C. Fluorescence lifetimes 

were evaluated by bi- or tri-exponential decay model. Values expressed are means ± S.D of three parallel measurements.  

b The intensity average lifetimes. 

 

Since the Cyt b562 and GFP mutants have similar spectra to Cyt b562
N80C and GFPK25C, respectively, 

superposition of the GFPK25C emission spectrum with the Cyt b562
N80C absorption spectrum shows 

overlap, suggesting the possible FRET of the heterodimer (Fig. 2-8c). The Förster distance (R0) was 

was estimated to be 56 Å using the reported quantum yield of GFP,27 assuming random donor and 

acceptor orientation.28 From the calculated R0 values and experimental results of energy transfer 
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efficiencies (E), the apparent distances (rapp) between heme and GFP chromophore are found to be 

between 32 Å and 46 Å (Table 2-2). The distances from each cysteine mutation point to the 

chromophore or to the heme were estimated.29 These estimations indicate that the distances between 

the Cα atom of the mutated residues and the heme centre in Cyt b562 range from 9.6 Å to 23.9 Å, 

while in GFP the Cα atom of the K25 and S174 residues are situated away from the chromophore 

with a distance of 22.7 Å and 21.0 Å, respectively (Fig. 2-9ab).29 The maximum possible distances 

(dmax) between the chromophore and heme were also determined from these structural data and the 

typical length of the disulfide bond (2.04 Å),30 showing that most hetero-dimers exhibit values similar 

to rapp with differences of less than 7 Å (Table 2-2). The only exception is the Cyt b562
N80C–GFPS174C 

hetero-dimer which exhibits a significantly shorter rapp of 32 Å relative to dmax of 49 Å.  This result 

suggests a favourable conformation with a short distance and/or proper orientation of the heme 

cofactor and chromophore in Cyt b562
N80C–GFPS174C.  Although the single disulfide bond in the hetero-

dimer is generally flexible with free rotation of the protein units, this finding indicates that a unique 

disulfide bond at appropriate mutation points triggers the induced protein–protein interaction31 to 

strain the rotation achieving the favourable conformation for energy transfer.  

 

Fig. 2-8 (a) Fluorescence spectra of GFPK25C and Cyt b562
N80C λex = 395 nm. (b) UV-vis spectra of GFPK25C and Cyt b562

N80C. (c) 

Emission spectrum of GFPK25C and absorption spectrum of Cyt b562
N80C. 
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Fig. 2-9 Estimated distances of mutated residues on (a) GFP and (b) Cyt b562. 

 

Table 2-2. Distances between acceptor and donor  

Protein E (%) dh (Å)c dC (Å)d dmax (Å)e rapp (Å)f 

GFPK25C   22.7   

Cyt b562
A100C–GFPK25C 89a 9.6  34.3 39 

Cyt b562
H63C–GFPK25C 87a 12.0  36.7 40 

Cyt b562
N80C–GFPK25C 83a 23.9  48.6 42 

Cyt b562
K15C–GFPK25C 76b 15.4  40.1 46 

GFPS174C   21.0   

Cyt b562
A100C–GFPS174C 95b 9.6  34.3 34 

Cyt b562
H63C–GFPS174C 89b 12.0  36.7 39 

Cyt b562
N80C–GFPS174C 96b 23.9  48.6 32 

Cyt b562
K15C–GFPS174C 74b 15.4  40.1 46 

a Energy efficiency for hetero-dimers conjugated with GFPK25C was calculated using τ1 value of GFPK25C.  

b Energy efficiency for hetero-dimers conjugated with GFPS174C was calculated using τ1 value of GFPS174C.  

c Distances from the Cα of the mutated residue in the crystal structure of wild type Cyt b562 to the Fe center. 

d Distances from the Cα of the mutated residue in the crystal structure of wild type GFP to the GFP fluorophore.  

e The maximum possible distance was estimated as the sum of dh and dc with the typical length of the disulfide bond (2.04 

Å).7 

f The apparent distances from heme to the GFP chromophore calculated by experimental R0 and E. 
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2-3. Summary  

In conclusion, hetero-dimerization of the Cyt b562 and GFP mutants was successfully 

achieved by employing a pyridyl disulfide moiety to rapidly react with thiols under mild conditions 

forming a disulfide bond. The purified hetero-dimers demonstrate efficient energy transfer in a heme-

dependent quenching manner as foreseen. Simple protein linkage by disulfide bond formation is also 

useful to construct an interprotein energy transfer system as well as reported genetic protein fusion.19 

This work presents a rapid and efficient site-selective bio-conjugation approach which allows for a 

much broader sampling and screening process to determine efficient energy transfer pairs. Further 

detailed investigations of the specific protein-protein interactions and hetero-dimer conformations are 

expected to contribute to the refinement of a useful process for hetero-dimerization of proteins.  

 

2-4.  Materials and method  

Instruments: MALDI-TOF MS analyses were performed with an Autoflex III mass 

spectrometer. UV-vis spectra were measured with a Shimadzu BioSpec-nano or Shimadzu UV-3600 

plus double-beam spectrometer. Luminescence spectra were measured with a JASCO FP-8600 

fluorescence spectrometer. Size exclusion chromatographic (SEC) analyses were performed with an 

ÄKTA Purifier System (GE Healthcare) at 4 °C.  Fluorescence lifetimes were measured by a C10196 

Hamamatsu picosecond light pulser equipped with a C9300 Hamamatsu digital camera and laser 

excitation by a Hamamatsu laser beam; 464 nm, 119 mW, M10306-33 model. The pH measurements 

were carried out with an F-25 Horiba pH meter.  

 

Materials: NEBuilder HiFi DNA Assembly kit, ampicillin sodium salt, isopropyl-β-D-1-

thiogalactopyranoside (IPTG), Trizma base, ethylenediaminetetraacetic acid (EDTA), desthiobiotin, 

Strep-Tactin Superflow resins, dithiothreitol (DTT), dimethyl sulfoxide (DMSO), 2,2’-

dithiodipyridine, bromophenol blue, acrylamide, glycerol, tetramethylethylenediamine (TEMED), 

ammonium persulfate (APS), Tricine, Coomassie Brilliant blue G-250, sodium dodecyl sulfate (SDS), 

and Novex Sharp prestained protein standard 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 Integral apparatus.  
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2-4-1.  Cyt b562 mutants’ protein sequences 

Cyt b562
wt 

ADLEDNMETLNDNLKVIEKADNAAQVKDALTKMRAAALDAQKATPPKLEDKSPDSPEMK

DFRHGFDILVGQIDDALKLANEGKVKEAQAAAEQLKTTRNAYHQKYR 

 

Cyt b562
K15C  

ADLEDNMETLNDNLCVIEKADNAAQVKDALTKMRAAALDAQKATPPKLEDKSPDSPEMK

DFRHGFDILVGQIDDALKLANEGKVKEAQAAAEQLKTTRNAYHQKYR 

 

Cyt b562
H63C 

ADLEDNMETLNDNLKVIEKADNAAQVKDALTKMRAAALDAQKATPPKLEDKSPDSPEMK

DFRCGFDILVGQIDDALKLANEGKVKEAQAAAEQLKTTRNAYHQKYR 

 

Cyt b562
N80C 

ADLEDNMETLNDNLKVIEKADNAAQVKDALTKMRAAALDAQKATPPKLEDKSPDSPEMK

DFRHGFDILVGQIDDALKLACEGKVKEAQAAAEQLKTTRNAYHQKYR 

 

Cyt b562
A100C 

ADLEDNMETLNDNLKVIEKADNAAQVKDALTKMRAAALDAQKATPPKLEDKSPDSPEMK

DFRHGFDILVGQIDDALKLANEGKVKEAQAAAEQLKTTRNCYHQKYR 

 

2-4-2.  GFP mutants’ protein sequences 

GFPwt 

SKGEELFTRVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTT

LSYGVQCFSRYPDHMKRHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIE

LKGVDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKANFKVRHNIEDGSVQLADHYQ

QNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITHGMDELYK 

 

GFPK25C 

SKGEELFTRVVPILVELDGDVNGHCFSVSGEGEGDATYGKLTLKFIATTGKLPVPWPTLVTT

LSYGVQAFSRYPDHMKRHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRI

ELKGVDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKANFKVRHNIEDGSVQLADHY
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QQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGIT HGMDELYK 

 

GFPS174C 

SKGEELFTRVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFIATTGKLPVPWPTLVTT

LSYGVQAFSRYPDHMKRHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRI

ELKGVDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKANFKVRHNIEDGCVQLADHY

QQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITHGMDELYK 

 

2-4-3.  Preparation of Cyt b562 and GFP mutants 

The pUC118 gene expression systems and purification used to obtain Cyt b562 mutants were 

reported in our previous works.32 The expression of GFP mutants were carried out using the pET-

21b(+) expression system containing a Strep-tag II gene for the purification step. First, a gene for 

GFP was inserted into a pET-21b(+) vector containing the Step-tactin sequence. An insert encoding 

the GFP gene was amplified by PCR using a pEX-A2J2 plasmid (Eurofin Genomics Co., Ltd) as a 

template. The PCR products were then treated with Dpn1 restriction enzymes (New England Biolabs 

Japan), purified by agarose gel electrophoresis, and assembled with a linearized pET-21b(+) vector 

using NEBuilder HiFi DNA Assembly. The assembled products were transformed into chemically 

competent E. coli DH5α cells to afford a plasmid encoding GFP. DNA sequencing of purified 

plasmids verified the correct insertion of the gene sequence into the expression vector. The resulting 

expression plasmid was transformed into E. coli BL21(DE3) competent cells. A LB medium (1 L) 

containing ampicillin (100 mg) was inoculated with 10 mL of the culture (OD = 0.5) of the relevant 

transformed cells. After the cells were grown aerobically with vigorous shaking at 37 °C until the 

OD600 reached 0.5–0.7, IPTG was added to a final concentration of 0.5 mM to induce the protein 

expression. The incubation was continued at 37 °C overnight. The cells were harvested by 

centrifugation at 8000 ×g for 10 min at 4 °C and re-suspended in a 20 mL of a 10 mM Tris-HCl buffer 

(pH 8.0) containing 1 mM EDTA and lysed by freeze-thaw cycles with subsequent sonication for 20 

sec × 10 times at 4 °C. The lysate was centrifuged at 10000 rpm for 10 mins and the supernatant was 

applied to a Strep-tag column. The elution of purified recombinant protein was performed by addition 

of 2.5 mM desthiobiotin prepared in 10 mM Tris-HCl buffer (pH 8.0) containing 1 mM EDTA.  
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2-4-4.  Preparation of modified Cyt b562 mutants 

Cyt b562 mutants (500 µM, 900 µL) were reduced upon addition of 10v/v% of 1 M DTTaq 

stock solution and incubated for 1 h at 4 °C. DTT was removed using a HiTrap Desalting column 

(eluent: 100 mM potassium phosphate buffer at pH 7.0) and the obtained protein solution was 

modified upon addition of 2,2’-dithiodipyridine (1 mM, 100 µL) in DMSO and incubated at 4 °C for 

1 h. The modified protein was passed through a 5 mL HiTrap Desalting column pre-equilibrated by 

25 mL of 100 mM potassium phosphate buffer.  

 

2-4-5.  Preparation and purification of heterodimer 

Purified GFP mutants in 100 mM potassium phosphate buffer were reduced upon addition of 

10%(v/v) of 1 M DTTaq solution and incubated at 37 °C for 1 h before passing through HiTrap 

Desalting column and diluted to 100 µM. Reduced GFP mutants were incubated with modified Cyt 

b562 (3 eq) at 25 °C for 2 h. The crude protein mixtures were purified straight away via Superdex 75 

Increase 10/300 GL column using ÄKTA Purifier System (GE Healthcare) eluting by 100 mM 

potassium phosphate buffer containing 0.3 M NaCl at 0.5 mL/min elution rate at 4 °C.  

2-4-6.  SEC Analysis 

The analysis was performed using a Superdex 75 Increase 10/300 GL (GE Healthcare) 

column with a flow rate of 0.5 mL/min at 4 °C with monitoring of the absorbance at 418 nm, 395 nm, 

and/or 280 nm for detection. The 100 mM potassium phosphate buffer containing 300 mM NaCl pH 

7.0 was used as elution buffer.  

 

2-4-7.  Non-reducing SDS-PAGE Analysis 

Equal volumes of purified samples were mixed with 2X SDS-PAGE sample buffer containing 

10% sucrose, 4% SDS, 125 mM Tris-HCl, and 0.005% Bromophenol blue and incubated at 90 °C for 

5 min. After incubation, samples were cooled to room temperature and 10 µL of each aliquot was 

loaded into wells of pre-cast with separating gel consisting of 14% (v/v) acrylamide, 33% (v/v) gel 

buffer, 13% (v/v) glycerol, 0.07% (v/v) APS, and 0.2% (v/v) TEMED and a stacking gel consisting 

of 4% (v/v) acrylamide, 25% (v/v) gel buffer, 0.25% (v/v) APS, and 0.3% (v/v) TEMED. Gel buffer 

stock used for gel preparations composition; 0.01 M SDS, and 3 M Trizma base in 1 L.  

 

The buffer solutions stock contained 100 mM Tricine, 100 mM Trizma base in 1 L (upper 

cassette) and 200 mM Trizma base in 1 L, pH 8.9 (lower cassette). The electrophoresis was run for 
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60 min, 150 V, 120 mA, 18W. The gel was stained with a staining solution containing 0.06% 

Coomassie Brilliant Blue G-250, 10% (v/v) acetic acid in 1 L for 12 h and destained by a decolorizing 

solution containing 10% (v/v) acetic acid in 1 L for 6 h.   

 

2-4-8.  Fluorescence lifetime analysis  

Fluorescence lifetime measurements were measured at 25 °C in a constant temperature 

circulating water bath. The instrument response function (IRF) was determined from scattered light 

signals in the measurements of a LUDOX SM colloidal silica solution (30 wt. % suspension in water, 

Sigma-Aldrich). The IRF showed a width of 60 ps measured as the full width at half maximum 

intensity. The IRF was employed in order to fit the fluorescence decay curves using a bi- or tri-

exponential decay model. The quality of the fit was assessed from the ꭓ2 values and distribution of 

the residuals with fixed τ values for the respective GFP mutants to achieve closest ꭓ2 = 1.00 by bi- or 

tri- decay fitting. 

All fluorescence lifetime measurement values are an average of at least three sample 

measurements.  

 

The intensity average lifetime, τav, was calculated by eqn. (1): 

 

𝜏 =
∑ 𝐴𝑖τ𝑖𝑖

∑ 𝐴𝑖𝑖
                                           (1) 

 

where Ai and τi represent the amplitude and the fluorescence lifetime respectively of the 

individual components.33,34  

 𝐸 = 1 −
𝜏

𝜏𝐺𝐹𝑃
                                         (2) 

where E is the energy transfer efficiency, τGFP value is lifetime obtained by the fluorescence 

decay for a corresponding GFP mutant, and τav is the average fluorescence lifetime calculated 

from eqn. (1).  

 

The averaged Förster distance (R0), in which energy transfer from donor to acceptor 

occurs with a 50% probability, was calculated by eqn. (3).35 
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                         𝑅0 = (
9ln10

128𝜋5𝑁A

𝜅2ɸD

𝑛4
𝐽)

1/6

                                     (3) 

 

where κ represents the orientation factor for the transition dipoles. Assuming that the dipole 

orientation factor (κ2) was a limiting value (κ2 is taken as 2/3 if the orientation of the donor 

and acceptor is assumed to be random), n is the refractive index of water (1.333), ΦD is the 

quantum yield of GFP (0.68),27 J is the integral of the overlap of the emission from GFPK25C 

and the absorption from Cyt b562
N80C given by:  

 

𝐽 =  ∫ 𝐹D(𝜆)𝐸A

∞

0

(𝜆)𝜆4d𝑥                                  (4) 

 

where J was calculated using the experimental spectra giving J = 5.67 × 1014 M–1cm–1nm4. 36 

 

The apparent distance (rapp) is estimated with the value of energy efficiency E derived 

from time-resolved fluorescence measurement and eqn. (5). 

 

         𝐸 =  
1

1 + (𝑟𝑎𝑝𝑝/𝑅0)
6                                     (5) 

 

2-4-9.  Distance estimation in protein structure 

For the computational design of the modification of Cyt b562 and GFP, the protein 

structural data of 1QPU and 6IR7 from the Protein Data Bank were utilized in PyMol, 

respectively. The distances between Cα and the heme center of Cyt b562 and between Cα and 

the fluorophore center of GFP were estimated by the distance option in the measurement tool 

while highlighting the two specified residues (Cα to the heme center of Cyt b562 or GFP 

fluorophore). 
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Chapter 3 

Disulfide bond mediated oligomerization of a green fluorescent protein in solution 

Reproduced in part with permission from [Chem. Lett., 2023, 52.] 

DOI: 10.1246/cl.220495 

 

3-1.  Introduction  

Artificial protein assemblies are promising building blocks for the development of unique 

biomaterials.1 Inspired by native protein assemblies,2 supramolecular assemblies of proteins have 

been artificially constructed by electrostatic, hydrophobic and/or hydrogen bonding interactions.1,3 

Chemists have recently employed unnatural metal – ligand,4 cofactor/drug – protein5 and host – guest 

interactions6 to form various protein assemblies which have various structures such as fibers,5bc,7 

rings,8 tubes,9 sheets,10 and cages.11 Recent efforts to construct protein assemblies have demonstrated 

important functions such as drug delivery,12 light-harvesting properties,13 and catalysis.14 In addition 

to supramolecular interaction, covalent protein interaction can be used for protein-protein conjugation. 

Cysteine residues have been engineered into proteins via disulfide bridging.15 The covalent S–S bond 

can provide important features such as stability,16 reversibility,17 and stimuli responsiveness 18 in 

molecular assembly systems. However, the construction of inter-protein disulfide bonds is generally 

a time-consuming process19 and requires specific conditions within crystals20 or self-assembly 

systems.21 Improved strategies for engineering these bonds are needed. The present work 

demonstrates that S–S bond formation using 2,2’-dipyridyl disulfide for protein conjugation22 is a 

useful technique for providing oligomerization of proteins. 

 

Green fluorescent protein (GFP) and its variants are often used in genetically encoded and/or 

fused biosensors exhibiting cell and tissue biomarking specificity23 and for the development of bio-

technology.24 Suhling et al.,25a and Mayor et al.,25b have demonstrated that GPF dimers are capable of 

homo-FRET (Förster resonance energy transfer) and concluded that the GFP assemblies are good 

candidates for the development of efficient light harvesting systems due to the expected successive 

homo-FRET.26 In this context, a GFP variant with two cysteines on the exposed protein surface is 

efficiently oligomerized via the covalent disulfide bonding via the thiol-disulfide exchange reaction 

(Fig. 3-1).  

 

https://doi.org/10.1246/cl.220495
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Fig. 3-1 GFPK25C/S174C oligomerization via the thiol-disulfide exchange reaction. 

3-2.  Results and discussion  

3-2-1.  Air-oxidation with H2O2 

To achieve the desired modification, the cysteine residues at the positions 46 and 70 of the 

GFPwt were replaced with alanine residues via site-directed mutagenesis. Then, two cysteines were 

introduced onto the protein surface at the positions 25 and 174 providing the GFP variant, 

GFPK25C/S174C. First, an oxidation reaction with H2O2 was attempted to form the inter-protein disulfide 

bonds,27 and the oligomerization by this approach was found to depend on reaction time and H2O2 

equivalences (Fig. 3-2a). However, under various conditions, the oligomerization is not effective even 

after 36 h. Furthermore, the addition of H2O2 causes detrimental bleaching of the GFPK25C/S174C as 

confirmed by the steady-state fluorescence intensity at 509 nm at various incubation periods and H2O2 

dosage (Fig. 3-2b). The chromophore damage is likely a result of the presence of reactive oxygen 

species such as the hydroxyl radicals and/or H2O2 molecules.28 Oligomerization was also carried out 

by air-oxidation. The non-reducing SDS-PAGE results indicate inefficient GFPK25C/S174C 

oligomerization even up to 24 h.29 This prompted the alternative approach of using the thiol-disulfide 

exchange reaction to smoothly obtain the GFP oligomers.  

 



50 
 

 

Fig. 3-2 (a) Non-reducing SDS-PAGE of GFPK25C/S174C induced oxidation by different H2O2 dosage up to 36 h, (b) bleaching 

percentage calculated from λem = 509 nm of different H2O2 equivalences compared to the GFPK25C/S174C oligomers prepared 

from the thiol-disulfide reaction (oligomers) and monomer in absence of H2O2 (control).  

3-2-2.  GFPK25C/S174C oligomerization via the disulfide exchange reaction 

The reaction of GFPK25C/S174C with 2,2’-dipyridyl disulfide provides a yield of 87% of the 

modified proteins, as confirmed by MALDI-TOF MS: calcd m/z = 26 939, found m/z = 26 940 (Fig. 

3-3).  

 

Fig. 3-3 MALDI-TOF MS of modified GFPK25C/S174C by the reaction with 2,2’-dipyridyl disulfide. 

Initial oligomerization was carried out by varying the ratio of the modified GFPK25C/S174C to 

reduced GFPK25C/S174C at 1:6, 1:3, 1:1, and 6:1 respectively and analysed by 10% acrylamide SDS-

PAGE under non-reducing conditions.29 The results indicate that the highest proportion of the higher 

order oligomers is obtained for the 1:1 ratio. Excess units appear to cap the oligomerization. 

Subsequently, various concentrations of modified GFPK25C/S174C and reduced GFPK25C/S174C at a 1:1 
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ratio were carried out at 4 °C,29 and 25°C for up to 3 h (Fig. 3-4). It was found that the optimal 

oligomerization is obtained at 800 µM and 25 °C and that oligomerization does not proceed well at 

4 °C.  

To demonstrate that these results accurately reflect the concentration- and temperature-

dependent oligomerization process, size exclusion chromatography (SEC) was performed for each 

crude GFPK25C/S174C oligomer using a Superdex 200 Increase 10/300 GL column (Fig. 3-4). The SEC 

traces of GFPK25C/S174C oligomers incubated at 25 °C have a peak at an elution volume of 11.9 mL at 

800 µM protein concentration. This peak shifts to higher elution volumes with decreasing protein 

concentration. In contrast to H2O2 treated GFP, fluorescence intensity is generally maintained after 

oligomerization (Fig. 3-2).  

 

 

Fig. 3-4 Non-reducing 8% acrylamide SDS-PAGE for GFPK25C/S174C oligomerization. (b)  SEC profile of crude GFPK25C/S174C 

oligomerization at 25 °C (c) authentic samples (in black) monitored by absorbance at 280 nm: ferritin (474 kDa), albumin 

(66.5 kDa), chymotrypsin (26 kDa) and GFPK25C/S174C monomer in green. 
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3-2-3.  GFPK25C/S174C oligomers thermal stability  

The thermal stability of crude GFPK25C/S174C oligomers were examined at 40 °C and 70 °C and 

monitored by SEC over different time periods. The SEC profiles illustrate the higher order oligomers 

elute between 10 mL and 14.7 mL without significant cleavage at both temperatures.29 However, the 

peak monomeric GFPK25C/S174C at the elution volume of 17.8 mL decreases over time whilst the 

formation of the dimers (17.2 mL) and trimers (16.3 mL) increases (Fig. 3-5). This is in contrast to 

heating the crude GFPK25C/S174C oligomers in the presence of sodium dodecyl sulfate.29,30 

 

 

Fig. 3-5 Size exclusion chromatography profiles of GFPK25C/S174C oligomers during heating at 70 °C. 

3-2-4.  GFPK25C/S174C purification and mass spectrometry   

GFPK25C/S174C crude oligomers (800 µM) were fractionated by SEC for further 

characterization. However, the initial purification did not provide efficient oligomer separation, as 

indicated by multiple bands present in each fraction (Fig. 3-6a). Hence, purification was repeated 

with the Superdex 200 Increase 10/300 GL column (Fig. 3-6bc) at a lower concentration (ca. 300 µM) 

to improve the separation.  
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Fig. 3-6 (a) Non-reducing SDS-PAGE of 200 µL fractions with elution volumes corresponding to SEC in Fig. 1 from Superdex 

200 Increase 10/300 GL column 1st step fractionation. (b) Re-purification of GFPK25C/S174C by Superdex 200 Increase 10/300 

GL column (c) non-reducing SDS-PAGE of fractions from Superdex 200 Increase 10/300 GL column.  

The MALDI-TOF MS analyses were carried out for the fractions from the re-purification by 

the Superdex 200 Increase 10/300 GL column (Fig. 3-7). A maximum mass number, found m/z: [M 
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+ H]+ = 187 035, is attributed to a heptamer mass number, calc. m/z [M + H]+ = 187 033 (Fig. 3-7) 

from the fractions taken of elution volumes from 12.8 mL to 13.8 mL (Sample 1 in Fig. 3-6c) with 

some lower molecular mass peaks as a possible mixture of oligomers as seen from the SDS-PAGE 

and/or fragmentation of the oligomers due to the high laser energies required for desorption.32 The 

mass spectral analyses also indicate the presence of modified and unmodified cysteine residues which 

support the existence of the GFPK25C/S174C oligomers with mixed termini. However, the oligomers with 

expected masses >200 kDa were not detected due to limitations of the mass spectral analysis. The 

fractions with elution volumes from 14.6 mL to 15.4 mL (Sample 2 in Fig. 3-6b) were collected from 

the visible bands between 80 kDa and 160 kDa from the SDS-PAGE under non-reducing conditions 

(Fig. 3-6c). The fractions have the mass number m/z: [M + H]+ = 133 595 corresponding to the 

calculated mass of the pentamer (m/z = [M + H]+ = 133 595) and the mass number m/z: [M + H]+ = 

106 878 corresponding to the calculated mass of the tetramer (m/z: = [M + H]+ = 106 876). However, 

the SEC clearly indicates the presence of the higher order oligomers which elute earlier than 13 mL. 

Although these oligomers were undetectable in the MALDI-MS, SEC indicates that these oligomers 

are longer than decamers (Fig. 3-7).  
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Fig. 3-7 MALDI-TOF MS of fractions from Fig. 3-5c. (a) MALDI-TOF MS of fractions labelled Sample 1 and (b) Sample 2. 

 
Fig. 3-8 Size exclusion chromatography from Superdex 200 Increase 10/300 GL column plot against log of measured 

molecular mass of GFPK25C/S174C oligomers. 
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3-2-5.  GFPK25C/S174C oligomers HS-AFM characterization  
 

To confirm the shape of the GFP oligomers, high-speed atomic force microscopy (HS-AFM) 

imaging was carried out. The representative snapshots from the HS-AFM are summarized in Fig. 3-

9. The heights of the objects observed in HS-AFM are approx. 5 nm, which is generally consistent 

with the maximum length of one side in the crystal structure of GFP (Fig. 3-10a). The monomeric 

GFPK25C/S174C in Fig. 3-9a was observed as a uniform spherical shape, while the dimer-trimer fraction 

in the elution volume range from 15.8 mL to 16.8 mL clearly indicates the presence of two or more 

subunits (Fig. 3-9b) with larger structures compared to the monomeric GFPK25C/S174C. The HS-AFM 

snapshots of the higher-ordered oligomers containing trimer–pentamer and pentamer–heptamer 

species analysed by MALDI-TOF MS are shown in Figs. 3-9cd, respectively. Larger clusters 

compared to dimers are observed for the tetramer–pentamer species and flexible fibres with lengths 

ranging from 10 nm to 40 nm are clearly visible for the pentamer–heptamer species.  

 

 

Fig. 3-9 Representative AFM images of (a) monomer, (b) dimer–trimer, (c) tetramer–pentamer (d) pentamer–heptamer 

on 0.01% APTES(3-aminopropyl-trietoxy silane)-mica or bare mica substrate (APTES-mica for a and b, bare mica for c and 

d)  in 10 mM Tris-HCl buffer solution, pH 8.0, containing 75 mM NaCl. 
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Fig. 3-10 Representative HS-AFM images with height profiles along white lines in images (a) for monomer and (b) 

tetramer-pentamer.   

3-2-6.  GFPK25C/S174C DLS characterization  

 

DLS measurements of the hydrodynamic diameters of the HS-AFM samples reveal an 

increase in hydrodynamic diameters from 2.6 ± 0.34 nm of the monomeric GFPK25C/S174C to 9.1 ± 0.52 

nm of the dimer–trimer fraction (Fig. 3-11). Larger hydrodynamic diameters were measured for the 

tetramer–pentamer and pentamer–heptamer fractions with hydrodynamic diameters 13.2 ± 1.92 nm 

and 17.7 ± 0.91 nm, respectively. 

 

Fig. 3-11 DLS at 25 °C, [protein] = 20 µM of; (a) monomer (b) dimer-trimer (c) trimer to pentamer (c) pentamer to heptamer. 
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3-2-7.  GFPK25C/S174C homo-FRET analysis and properties  

Measurements of the homo-FRET properties of the GFPK25C/S174C oligomers were carried out 

by time-resolved fluorescence anisotropy.25 Due to the overlap of the GFPK25C/S174C absorption and 

emission spectra, this variant is an ideal candidate for investigating homo-FRET, in which energy 

transfer occurs between identical chromophores. The GFP Förster distance R0, was reported to be 

4.65 ± 0.09 nm.33 GFPK25C/S174C has a similar R0 = 4.19 nm as calculated from its emission and 

absorption overlap (Fig. 3-12).  

 

Fig. 3-12 Spectral overlap of GFPK25C/S174C emission and absorption. 

Moreover, the GFP exhibits slow Brownian rotational diffusion compared to its excited state 

lifetime which makes GFP and its derivatives highly suitable for homo-FRET. Taking this into 

account, the GFPK25C/S174C experimental time-resolved anisotropy decay was found to fit well to a 

single exponential decay model (Fig. 3-13) which assumes that the protein is freely rotating and its 

shape can be modelled as a sphere. To assess the accuracy of this spherical approximation, a double 

exponential decay model was applied to the anisotropy decay, giving rise to a larger fitting error in 

the correlation time compared to the single exponential decay. This result indicates that 

approximating the structure of GFP as a sphere is appropriate. The rotational correlation time is 

consistent with the reported 16.5 ± 0.2 ns from the GFP monomer (Table 3-1).25a  
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Fig. 3-13 Time-resolved anisotropy decays at 25 °C, [protein] = 25 µM in 100 mM potassium phosphate buffer pH 7.0, of (a) 

monomer fitted by mono-exponential anisotropy decay function, (b) dimer fitted by mono-exponential decay function, (c) 

trimer-pentamer fitted by bi-exponential anisotropy decay function, and (d) pentamer-heptamer fitted by bi-exponential 

anisotropy decay function. 

The absence of homo-FRET from the dimer can be considered a result of some extent of 

inhibition of the chromophore which leads to a lack of detection sensitivity if the anisotropy decay 

exhibits a slight change in this case. In contrast, in the oligomeric state where the fractionated and 

crude oligomers exist, significant changes were more apparent.34 Time-resolved fluorescence 

anisotropy of the GFPK25C/S174C fractions identified by MALDI-TOF MS and SEC measurements were 

obtained and fitted to the second order exponential decay model (Fig. 3-13). The trimer–pentamer 

and petamer–heptamer fractions exhibit very rapid chromophore rotational correlation times at 0.21 

± 0.02 ns and 0.23 ns ± 0.08 ns, respectively, and a slower global motion at 11.1 ns and 17.7 ns, 

respectively. These findings indicate that the oligomers exhibit flexibility with rapid anisotropy 
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decays, leading to relaxation via energy transfer. Furthermore, the apparent energy transfer 

efficiencies were calculated by eq. 5 using the experimental FRET rate constant and the fluorescence 

lifetime decay for GFPK25C/S174C yielding >95% for the trimer–pentamer and pentamer–heptamer. The 

apparent distances calculated as energy transfer occurring in adjacent chromophores, rapp, for the 

trimer–pentamer and the pentamer–heptamer were determined to be 2.25 nm and 2.13 nm, 

respectively. Since the rapp for the oligomers is about half of the calculated R0 of 4.19 nm, the apparent 

high efficiency observed can therefore be attributed to the close proximity of the chromophores and/or 

complicated homo-FRET between three or more chromophores.  

  

Table 3-1. Time-resolved anisotropy decaya 

Protein r0 α1 θ1 (ns) α2 θ2 (ns) λ2 E (%)b rapp (nm)c 

Monomer 0.39 ± 0.05  1.00  15.9 ± 0.06   0.84 ± 

0.05 

-   

Dimer 0.38 ± 0.04 1.00  16.6 ±0.01   0.87 ±  

0.05 

  

Crude oligomer 0.38 ± 0.03 0.25 ± 

0.03 

0.22 ± 0.04 0.75 ± 

0.02 

20.0 ± 

0.02 

0.85 ± 

0.01 

-  

Trimer to 

pentamer 

0.45 ± 0.05 0.48 ± 

0.02 

0.21 ± 0.02 0.52 ± 

0.02 

11.1 ± 

0.03 

0.84 ± 

0.05 

95.9 ± 

1.7 

2.25 ± 

0.17 

Pentamer to 

heptamer 

0.43 ± 0.08 0.57 ± 

0.04 

0.23 ± 0.08 0.44 ± 

0.04 

17.7 ± 1.6 0.87 ± 

0.02 

97.4 ± 

1.1 

2.13 ± 

0.17 

a
Time-resolved anisotropy measured at 25 °C, λex = 464 nm, [protein] = 25 µM.  Values expressed are means ± standard deviation of three 

parallel measurements.  

bEnergy transfer efficiencies calculated using eq. 3 and experimental J.  

cThe apparent chromophore distances calculated by eq. 5 using the experimental E, and R0.  

 

3-3.  Summary  

In conclusion, we demonstrated a useful strategy for constructing disulfide bond-

mediated GFP oligomers via a straightforward two-step process. The GFPK25C/S174C variant 

was readily modified to contain the pyridyl disulfide moieties which undergo a rapid thiol-

disulfide exchange reaction under mild conditions forming stable GFPK25C/S174C oligomers at 

temperatures as high as 70 °C. The formation of the heptamer is supported by MALDI MS, 

SEC, gel electrophoresis and AFM measurements, indicating the presence of additional large 

oligomers (longer than decamers) with fibrous structures. Homo-FRET properties of the 

GFPK25C/S174C oligomers were confirmed, indicating that the system may be appropriate for use 
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in light harvesting system. The insights gained by this work will be helpful in future efforts to 

fabricate homo- and/or hetero-protein oligomers for development of bio-functional materials.   

 

3-4.  Materials and method  

Instruments: MALDI-TOF MS analyses were performed with an Autoflex III or JMS-S3000 

mass spectrometer. UV-vis spectra were measured with a Shimadzu BioSpec-nano or Shimadzu UV-

3600 plus double-beam spectrometer. Luminescence spectra were measured with a JASCO FP-8600 

fluorescence spectrometer. Size exclusion chromatographic (SEC) analyses and preparative SEC 

were performed with an ÄKTA Purifier System (GE Healthcare) at 4 °C.  SDS-PAGE gel 

electrophoresis was carried out using a MyPower III 300 (ATTO Corp.) with an AE-8135 power 

supply. Agarose gel electrophoresis was carried out using a BIO-CRAFT BE-560 electrophoresis 

apparatus equipped with a 100 V mini-power source. Polymerase Chain Reaction (PCR) was carried 

out using a BIO-RAD Thermal Cycler T-100. Time-resolved anisotropy measurements were 

measured by a C10196 Hamamatsu picosecond light pulser equipped with a C9300 Hamamatsu 

digital camera and laser excitation by a Hamamatsu laser beam (M10306-33 model): peak wavelength 

= 464 nm, laser power = 119 mW, typical pulse width = 70 ns. The pH measurements were carried 

out with an F-25 Horiba pH meter.  

 

Materials: NEBuilder HiFi DNA Assembly kit, ampicillin sodium salt, isopropyl-β-D-1-

thiogalactopyranoside (IPTG), Trizma base, ethylenediaminetetraacetic acid (EDTA), desthiobiotin, 

Strep-Tactin Superflow resins, dithiothreitol (DTT), dimethyl sulfoxide (DMSO), 2,2’-

dithiodipyridine, bromophenol blue, acrylamide, glycerol, tetramethylethylenediamine (TEMED), 

ammonium persulfate (APS), Tricine, Coomassie Brilliant blue G-250, sodium dodecyl sulfate (SDS), 

colloidal silica (30% in water), Gene Ladder Wide 1 (0.1-20 kbp), 10 × Loading Buffer, and Novex 

Sharp pre-stained protein standard 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 Integral apparatus.  

 

3-4-1.  GFP mutants’ protein sequences 

GFPwt 

SKGEELFTRVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLSY

GVQCFSRYPDHMKRHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGVD
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FKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKANFKVRHNIEDGSVQLADHYQQNTPIGDGP

VLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITHGMDELYK 

 

GFPK25C/S174C 

SKGEELFTRVVPILVELDGDVNGHCFSVSGEGEGDATYGKLTLKFIATTGKLPVPWPTLVTTLSY

GVQAFSRYPDHMKRHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGVD

FKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKANFKVRHNIEDGCVQLADHYQQNTPIGDGP

VLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITHGMDELYK 

 

3-4-2.  Preparation and expression of GFPK25C/S174C 

The expression of GFP mutants were carried out using the pET-21b(+) expression system 

containing a Strep-tag II gene for the purification step. First, a gene for GFP was inserted into a pET-

21b(+) vector containing the Strep-tactin sequence. An insert encoding the GFP gene was amplified 

by PCR using a pEX-A2J2 plasmid (Eurofin Genomics Co., Ltd) as a template. The PCR products 

were then treated with Dpn1 restriction enzymes (New England Biolabs Japan), purified by agarose 

gel electrophoresis, and assembled with a linearized pET-21b(+) vector using NEBuilder HiFi DNA 

Assembly. The assembled products were transformed into chemically competent E. coli DH5α cells 

to afford a plasmid encoding GFP. DNA sequencing of purified plasmids verified the correct insertion 

of the gene sequence into the expression vector. The resulting expression plasmid was transformed 

into E. coli BL21(DE3) competent cells. An LB medium (1 L) containing ampicillin (100 mg) was 

inoculated with 10 mL of the culture (OD = 0.5) of the relevant transformed cells. After the cells were 

grown aerobically with vigorous shaking at 37 °C until the OD600 reached 0.5–0.7, IPTG was added 

to a final concentration of 0.5 mM to induce the protein expression. The incubation was continued at 

37 °C overnight. The cells were harvested by centrifugation at 8000 × g for 10 min at 4 °C and re-

suspended in a 20 mL of a 10 mM Tris-HCl buffer (pH 8.0) containing 1 mM EDTA and lysed by 

freeze-thaw cycles with subsequent sonication for 20 sec × 10 times at 4 °C. The lysate was 

centrifuged at 10000 rpm for 10 mins and the supernatant was applied to a Strep-tag column. The 

elution of purified recombinant protein was performed by addition of 2.5 mM desthiobiotin prepared 

in 10 mM Tris-HCl buffer (pH 8.0) containing 1 mM EDTA.  
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3-4-3.  Non-reducing SDS-PAGE analysis 

Equal volumes of purified samples were mixed with 2X SDS-PAGE sample buffer containing 

10% sucrose, 4% SDS, 125 mM Tris-HCl, and 0.005% Bromophenol blue and 5 µL of each aliquot 

was loaded into wells of pre-cast with separating gel consisting of 8% (v/v) acrylamide, 33% (v/v) 

gel buffer, 13% (v/v) glycerol, 0.07% (v/v) APS, and 0.2% (v/v) TEMED and a stacking gel consisting 

of 4% (v/v) acrylamide, 25% (v/v) gel buffer, 0.25% (v/v) APS, and 0.3% (v/v) TEMED. The Novex 

Sharp pre-stained protein standard was used as a marker for molecular weight estimation. Gel buffer 

stock used for gel preparations composition; 0.01 M SDS, and 3 M Trizma base in 1 L.   

 

The buffer solutions stock contained 100 mM Tricine, 100 mM Trizma base in 1 L (upper 

cassette) and 200 mM Trizma base in 1 L, pH 8.9 (lower cassette). The electrophoresis was run for 

90 min, 150 V, 120 mA. The gel was stained with a staining solution containing 0.06% Coomassie 

Brilliant Blue G-250, 10% (v/v) acetic acid in 1 L for 12 h and de-stained by a decolorizing solution 

containing 10% (v/v) acetic acid in 1 L for 6 h.   

 

3-4-4.  Preparation of GFPK25C/S174C oligomer 

A 1 mL stock solution (500 µM) was reduced upon the addition of 10%(v/v) of 1 M DTT 

stock solution and incubated at 25 °C for 1 h. The reduced GFPK25C/S174C was passed through a HiTrap 

Desalting column pre-equilibrated with 100 mM potassium phosphate buffer pH 7.0 and modified by 

the addition of 20 eq of 2,2’-dipyridyl disulfide prepared in DMSO and incubated at 25 °C for 1 h. 

The modified GFPK25C/S174C was passed through a HiTrap Desalting column pre-equilibrated with 100 

mM potassium phosphate buffer pH 7.0 then concentrated to 800 µM via ultrafiltration in a 15 mL 

amicon centrifuge tube and incubated with 1 eq of reduced GFPK25C/S174C for 3 h at 25 °C and used 

straight away for analyses and/or subjected for purification. 

 

3-4-5.  Analytical SEC measurements and preparative SEC purification 

Both analytical SEC measurements and preparative SEC purification at 4 °C, 100 mM 

potassium phosphate buffer at pH 7.0 was employed as an SEC eluent at a 0.5 mL flow rate. UV 

wavelength absorbance for detection was set at 280 nm, 395 nm, and 509 nm. Analytical SEC was 

performed with a Superdex 200 Increase 10/300 GL (GE Healthcare) column calibrated by the 

following protein standards: ferritin (474 kDa), albumin (66.5 kDa), and chymotripsinogen (26 kDa). 

Preparative SEC was performed by a Superdex 200 Increase 10/300 GL (GE Healthcare) column or 
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a Superdex 75 Increase 10/300 GL (GE Healthcare) column.  

 

 

3-4-6.  HS-AFM experiments 

HS-AFM experiments were performed with a laboratory-designed HS-AFM apparatus 

operated in tapping mode.34,35 A miniaturized cantilever fabricated by Olympus (AC7) was used and 

an amorphous carbon tip was grown by electron-beam deposition with scanning electron 

microscopy36 to gain a sharp probe.37 The detailed setup is used exactly as described in our previous 

paper.38 The HS-AFM images were taken using mica surface4 or mica surface treated with 0.01% (3-

aminopropyl)triethoxysilane (APTES).  Briefly, we used APTES-mica for monomers or dimer-

trimers because their affinities to bare mica was not strong enough to suppress the lateral diffusion 

on bare mica surface and moved too fast. On the other hand, larger oligomers (tetramer-pentamer and 

pentamer-heptamer) adsorbed strongly enough on the mica substrate. to be captured by HS-AFM. 

 

3-4-7.  Preparation of samples for MALDI-TOF MS measurements 

GFPK25C/S174C monomer and/or its oligomer fractions were analyzed using linear positive 

mode. Samples were either prepared by a HiTrap desalting column pre-equilibrated with 15 mL 

milliQ water before sample elution or by a ZipTipC18
39 and eluted with 50%(v/v) acetonitrile 

containing 0.1%(v/v) TFA.  

The two layers method was employed for MALDI-TOF analyses and the SDHB (90 : 10 mixtures of 

2,5-dihydroxybenzoic acid and 2-hydroxy-5-methoxybenzoic acid) as the matrix. First, a super-

saturation solution of the matrix in ethanol was spotted and air dried. The sample was prepared by 

mixing equal volume with a supersaturated solution of the matrix in a 30%(v/v) acetonitrile 

containing 0.1%(v/v) TFA spotted and air-dried.40 The samples were concentrated by ultrafiltration 

in a 30 kDa cut-off amicon tube via ultracentrifugation at 21130 rpm for 5 min for analyses. 

 

3-4-8.  Time-resolved anisotropy decay 

During the fluorescence anisotropy decay measurements, the number of detected 

fluorescence photons per unit time was retained at or below 2%. The temperature was maintained at 

25 °C using a circulating water bath during the analysis. All samples were cooled to room temperature 

prior to measurements.  

The averaged Förster radius (R0) = 4.19 nm, in which energy transfer from donor to acceptor occurs 
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with a 50% probability, was calculated by eq 3:41 

 

                                                      𝑅0 = (
9ln10

128𝜋5𝑁A

𝜅2ɸD

𝑛4
𝐽)

1/6

                                                                          1 

 

where κ represents the orientation factor for the transition dipoles. Assuming that the 

geometrical factor (κ2) is the limiting value (κ2 will be taken as 2/3 which is when the orientation of 

the acceptor and donor assumes to be random), n is the refractive index of water (1.333), ΦD is the 

quantum yield of GFP (0.68),42 J is the integral of the overlap of the emission from GFPK25C/S174C and 

the absorption from GFPK25C/S174C given by:  

 

                        𝐽 =  ∫ 𝐹D(𝜆)𝐸A

∞

0

(𝜆)𝜆4d𝑥                                                                      2    

 

where J was calculated using spectra in Fig. 3-11 giving J  = 1.49 × 1014 M–1cm–1nm4.43 

The energy efficiency E derived from the time-resolved fluorescence measurement and eq 5:41 

 

                                                                    𝐸 =
𝑘𝜏

𝜏−1 + 𝑘𝜏
                                                                                       3  

 

where κτ = 1/2θ2
43 when it is assumed that a single-step energy transfer rate κτ occurs in both 

ways identically where θ2 is the inverse FRET time constant obtained from the time-resolved 

anisotropy decay (Fig. 3-12) and τ = 2.93 ns is the fluorescence lifetime decay of GFPK25C/S174C. The 

time-resolved anisotropy decay of fractionated GFPK25C/S274C oligomers was fitted to a second order 

exponential decay function;  

 

                                                            𝑟 (𝑡) = 𝑟0  {𝛼1𝑒
(

−𝑡
𝜃1

)
+ 𝛼2𝑒

(
−𝑡
𝜃2

)
}                                                            4 

 

where r0 is the initial anisotropy, θ1 is the rotational correlation time and θ2 is the inverse 

FRET rate constant. 

The apparent distances were calculated using the experimental E and R0 and the following equation:41 
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                                                            𝑟𝑎𝑝𝑝 = (
1

𝐸
− 1)

1/6

 𝑅0                                                                             5 

 

where rapp is the distance between the respective chromophores between two GFPK25C/S174C, 

E is the experimental efficiency calculated using eq. 3 and R0 was determined by eq. 1 

 

3-4-9.  Steady-state luminescence measurements 

GFPK25C/S174C monomers, crude oligomers, fractionated oligomers and/or GFPK25C/S174C 

containing H2O2 were diluted to 10 µM with 100 mM potassium phosphate buffer pH 7.0 prior to 

measurements. The sample vial holder was maintained at 25 °C by an interior temperature probe 

sensor throughout the analysis.  

 

3-4-10.  Photo-bleaching by H2O2  

GFPK25C/S174C was reduced by 10%(v/v) of 1 M DTT and incubated at 37 °C for 1 h. The 

reduced GFPK25C/S174C was passed through a HiTrap Desalting column pre-equilibrated with 100 mM 

potassium phosphate buffer pH 7.0 and concentrated to 800 µM by ultrafiltration in a 30 kDa cut-off 

amicon tube via centrifugation at 7000 rpm for 5 min. To the reduced GFPK25C/S174C (800 µM, 100 µL) 

final equivalences of 1eq, 2eq, 5eq, and 10eq of H2O2 were added and incubated in a circulating water 

bath set at 25 °C. At each time interval, reduced GFPK25C/S174C with or without H2O2 was taken from 

each vial and diluted to 10 µM by 100 mM potassium phosphate buffer pH 7.0 for each measurement.  

 

3-4-11.  Fraction size evaluation  

The hydrodynamic diameters for different fractions were obtained from the DLS 

measurements taken at 25 °C. For DLS measurements, an aqueous solution of each fraction (50 µM) 

dissolved in 100 mM potassium phosphate buffer pH 7.0 was used. The detailed setup is used exactly 

as described in our previous work.44 The data were obtained by the volume-based particle size 

distribution mode.  
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Concluding remarks 

The author focused on constructing assembly systems for various protein building blocks 

using supramolecular and covalent interactions. The assemblies were employed in pursuit of 

producing hemoproteins, hexameric hemoprotein (HTHP) and cytochrome b562 (Cyt b562), as well as 

the green fluorescent protein (GFP). The utilization of the HTHP scaffold and the linear assembly of 

Cyt b562 provided the hetero-meric assemblies, while the GFP exhibiting fluorescent properties was 

applied in heme-dependent energy transfer and homo-FRET systems toward substantial energy 

transfer efficiencies.  

In chapter 1, the author constructed the hetero-meric hemoprotein assemblies of HTHP and 

Cyt b562 via heme–heme pocket interaction. It was revealed that the incorporation of the externally 

attached heme moiety on the Cyt b562
N80C incorporates into the HTHP heme binding pocket at 45 °C. 

It was also discovered that the termination of the linear assembly (1-Cyt b562
N80C)n by a vacant Cyt 

b562 heme pocket is favorable to generate the hetero-protein assemblies. Two experimental conditions, 

equimolar mixing of the (1-Cyt b562
N80C)n to apoHTHP and three equivalences of the  (1-Cyt b562

N80C)n 

to apoHTHP provided the complexes which were analyzed by SEC, UV-vis, SDS-PAGE, and DLS. 

The results indicate that the mixing ratio is the determinant factor for the apparent structures.  

In chapter 2, the author has demonstrated that the hetero-dimerization of cysteine-introduced 

variants of Cyt b562 and GFP can be obtained via the thiol-disulfide exchange reaction forming the 

covalent disulfide bonding as a linker. The apoCyt b562
N80C–GFPK25C and Cyt b562

N80C–GFPK25C 

demonstrated the heme-dependent quenching of the GFP fluorescence. The purified hetero-dimers 

were obtained from four Cyt b562 and two GFP variants consisting of cysteine residues at different 

positions. A total of eight hetero-dimers obtained were exploited for energy transfer with efficiencies 

up to 96%. The Cyt b562
N80C–GFPS174C exhibiting the highest efficiency suggests the existence of 

favorable conformation with a short distance and/or proper orientation of the heme cofactor and the 

chromophore for energy transfer to occur because the efficiency is much higher than that estimated 

from simply determined chromophore distance and the random orientations.  

In chapter 3, the homo-oligomerization of GFP was carried out via the thiol-disulfide 

exchange reaction. The GFP variant, GFPK25C/S174C, was converted to the activated protein with two 

pyridyl disulfide moieties. The equimolar mixing of the modified GFPK25C/S174C with the reduced 

GFPK25C/S174C provided favorable oligomers at higher concentration of the protein and optimal at 800 

µM. The GFPK25C/S174C oligomers were visualized by high speed atomic force microscopy 

measurements showing that the GFPK25C/S174C oligomers are flexible fibers. The anisotropy decay 
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measurements of GFPK25C/S174C monomer and its oligomers displayed efficient homo-FRET in the 

higher-ordered structures.    

In conclusion, this study has shown that the supramolecular interaction and the covalent 

disulfide bonding can afford hetero-oligomeric and homo-oligomeric protein assemblies. The use of 

hemoproteins as building blocks that exhibit different symmetries and properties can be useful tools 

for developing hetero-protein assemblies to afford unique and combined subunits functions. The 

thiol-disulfide exchange reaction also proved to be a facile, rapid and efficient method to construct 

not only heteromeric but as well as homomeric systems. The resulting disulfide link approach can be 

adopted for screening of efficient energy transfer pairs not limited to fluorescent proteins. The present 

findings in this thesis give insights to assist in the methods utilized for the construction of artificial 

protein assemblies. These results can offer the benchmark conditions for generating improved and 

new functional protein artificial assemblies.  
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