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Association-controllable hemoprotein assemblies were 
constructed from a fusion protein containing two c-type 
cytochrome units, using 3D domain swapping. The hemoprotein 
assembly exhibited a dynamic exchange between cyclic and linear 
structures and could be regulated by carbon monoxide (CO) and 
imidazole binding. 

In nature, protein assemblies play an important role in 
biomolecule production, storage, and transfer.1 These protein 
assembly functions are frequently regulated by structural 
changes induced by small molecules.2,3 Accordingly, protein 
assemblies have been constructed as new functional 
biomaterials4-7 that exhibit various structures, including rings8-10, 
2D sheets11-13, tubes14-17, and cages.4,18-20 In particular, studies to 
control protein assemblies have been performed utilizing metal 
coordination12,21, disulfide bond22, substrate or DNA binding,23-

25 and light-induced structural changes.26 However, these 
responses may be relatively slow, whereas binding of small 
molecule ligands to the protein is effective for rapid control of 
protein assemblies. Here, we constructed a hemoprotein 
assembly wherein oligomerization was controlled by chemical 
stimuli, such as carbon monoxide (CO) and imidazole binding. 
The designed unit of this protein assembly was based on 3D 
domain swapping (3D-DS) wherein the same structural region 
was exchanged three-dimensionally between molecules of the 
same protein.27,28 

Hemoproteins possess the hydrophobic iron protoporphyrin 
IX (heme) as a cofactor that plays a key role in their functions. 
In the 3D-DS of hemoproteins, heme serves as a large 
hydrophobic layer between domains and stabilises the 3D-DS 

structure. In particular, 3D-DS is frequently obtained in c-type 
heme proteins because the heme is attached to the polypeptide 
via covalent bonds and does not dissociate during 3D-DS 
oligomerization.29-31 Allochromatium vinosum cytochrome c’ 
(AVCP) is a gas-binding c-type cytochrome that exhibits a 
unique reversible monomer–dimer transition based on CO 
binding to heme iron (Fig. 1a).32-35 The dissociation of the 
dimer to monomers in AVCP has been attributed to the 
displacement of Tyr16 from the distal site of heme upon CO 
binding, which results in a conformational change in one of the 
-helices at the dimer interface. A tetramer comprising one 3D-
DS dimer and two AVCP monomers dissociated into a 3D-DS 
dimer and two monomers in the presence of CO.36 Meanwhile, 
we constructed a circular permutated protein (CPC) from 
h y p e r t h e r m o s t a b l e

    

Figure 1. a) Schematic representation of monomer-dimer equilibrium of AVCP (PDB ID: 
1BBH) controlled by CO binding. N- and C-terminal regions are depicted in blue and red, 
respectively. Hemes are shown in pink. b) Schematic representation of CPC 3D-DS 
dimerization. The monomer and dimer structures of CPC are predicted with AlphaFold2 
using one and two molecules, respectively. The N-terminal region, C-terminal region, and 
inserted linker are shown in green, yellow, and magenta, respectively. Hemes are shown 
in pink. c) Schematic representation of FP constructed by fusion of AVCP and CPC, 
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monomer-dimer equilibrium of FP, 3D-DS dimerization of FP, and oligomerization control 
of FP 3D-DS dimer by CO binding.

Aquifexaeolicus cytochrome c555 by inducing intermolecular 
interactions through insertion of an -helical linker between the 
original N- and C-terminal -helices. CPC was obtained as a 
monomer from engineered Escherichia (E.) coli. CPC 
effectively formed dimers, trimers, and oligomers by the 
procedure of ethanol addition, lyophilisation, and residual 
redissolution (Fig. 1b),37 like the 3D-DS oligomerization 
procedure of other hemoproteins.27,28 In this study, a fusion 
protein (FP) of AVCP and CPC was constructed by splitting 
AVCP in the middle of the protein and connecting the C-terminal 
half of AVCP to the N-terminus of CPC, and the N-terminal half 
of AVCP to the C-terminus of CPC (Fig. 1c). FP dimerised and 
presumably formed a 3D-DS dimer upon ethanol addition, 
lyophilisation, and residual redissolution. The FP 3D-DS dimer 
further oligomerized via intermolecular interactions between the 
AVCP domains, constructing protein assemblies. 

FP was expressed in E. coli possessing a cytochrome c 
maturation system and was obtained in a dimeric state (FP 
interface dimer, Fig. 1C and Fig. S2, ESI†), facilitating easy 
purification. The preserved dimerization interface of the AVCP 
structural unit in FP may interact intermolecularly to produce the 
interface dimer. After oxidation with potassium ferricyanide, the 
FP interface dimer was purified by ion exchange and size-
exclusion chromatography (SEC). The purity of FP was 
confirmed by SDS-PAGE (Fig. S1, ESI†). The UV-vis spectrum 
of the FP interface dimer corresponded well to the sum of the 
AVCP and CPC spectra, suggesting that the structures around 
the hemes of the AVCP and CPC structural units of FP 
maintained the corresponding structures of the original AVCP 
and CPC (Fig. 2a). The circular dichroism (CD) spectrum of the 
FP interface dimer also corresponded with the sum of the AVCP 
and CPC spectra (Fig. S3a, ESI†). These results indicated that no 
significant structural changes occurred in the AVCP and CPC 
structural units of the FP upon fusion.

The UV-vis spectrum of the FP interface dimer exhibited 
similar changes to the AVCP spectrum upon CO binding to 
reduced heme (Fig. S4, ESI†), indicating the preserved CO-
binding ability of the AVCP structural unit in FP. The FP 
interface dimer dissociated into monomers by CO binding 
through dithionite addition under a CO atmosphere (Fig. 2b), 
similar to AVCP.32-34 According to the changes in the UV-vis 
spectra (Fig. S5a, ESI†), imidazole bound to the oxidised heme 
of FP in air, causing the FP dimer to dissociate into monomers 
(Fig. S6, ESI†). Imidazole may coordinate to the heme iron of 
the AVCP unit as the sixth ligand, weakening the interactions 
between AVCP structural units and leading to the dissociation of 
the FP interface dimer to monomers. These results supported the 
hypothesis that FP dimerises through interactions between 
AVCP structural units and maintains its response to CO and 
imidazole as AVCP. According to the temperature-dependent 
CD ellipticity measurement at 222 nm (Fig. S3b, ESI†), the 
thermal denaturation temperature of the FP interface dimer was 
5.6 °C lower than that of the AVCP dimer, indicating a slight 
decrease in the stability of the FP interface dimer compared to 

that of AVCP. AVCP and CPC were positively charged on 
average, which may result in repulsion within FP and contribute 
to a slight destabilisation.

The FP interface dimer was treated with ethanol and 
lyophilised, and the residue was redissolved in buffer to obtain 
the 3D-DS dimer (FP 3D-DS dimer). The optimal ethanol 
concentration to obtain the FP 3D-DS dimer was 40% (v/v) 
(Fig. 2c and Fig. S7, ESI†). The FP 3D-DS dimer was stable in 
the presence of dithionite under a CO atmosphere and was 
isolated by SEC with a buffer containing dithionite under a CO 
atmosphere. These results supported the hypothesis that the FP 
3D-DS d imer  was  d imer i sed  by  3D-DS ra the r  than  
intermolecular interactions between AVCP structural units. The 
estimated molecular weight of the FP 3D-DS dimer obtained by 
SEC-multi angle light scattering (SEC-MALS) measurement 
was 47.1 kDa, which was close to the calculated value, 50.6 
kDa (Fig. 2c). The UV-vis spectra of the FP 3D-DS dimer 
under air and CO atmospheres after reduction were almost 
identical to the corresponding spectra of FP (Fig. S8 and S9, 
ESI†), indicating that the structure around the heme and the 
CO-binding abi l i ty  of  FP were  not  los t  af ter  3D-DS 
dimerization. The spectrum of the FP 3D-DS dimer changed 
upon imidazole addition (Fig. S10, ESI†), and the binding 
constant Ka (16.6 mM-1) calculated from the changes of the 
Soret peak by imidazole titration was close to that of FP (Ka = 
10.0 mM-1) (Fig. S5b, ESI†), indicating that the structure 
a r o u n d  t h e  h e m e  w a s  p r e s e r v e d  a f t e r  3 D - D S

 

Figure 2. a) UV-vis spectra of FP (red), AVCP (purple), and CPC (green) in 50 mM 
potassium phosphate buffer, pH 7.0 at 20 °C, and the sum spectrum of AVCP and CPC 
spectra (blue, dotted). b) SEC traces of 150 µM FP using a Superdex 200 Increase 5/150 
column eluted with 50 mM potassium phosphate buffer, pH 7.0 (blue), and the same 
buffer containing 5 mM dithionite bubbled with CO (red) at 4 °C. Schematic 
representations of the FP monomer and dimer are shown. c) Schematic representation 
of 3D-DS dimerization of FP and SEC-MALS analysis of the FP 3D-DS dimer in 50 mM 
potassium phosphate buffer, pH 7.0, containing 10 mM imidazole at room temperature 
using a Superdex 200 Increase 10/300 column. d) SEC traces of the FP 3D-DS dimer using 
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a Superdex 200 Increase 10/300 column eluted with 50 mM potassium phosphate buffer, 
pH 7.0 (blue), and the same buffer containing 5 mM dithionite bubbled with CO (red) at 
4 °C. The FP 3D-DS dimer concentration was 5 µM in monomer unit. Schematic 
representations of (FP 3D-DS dimer)2 and (FP 3D-DS dimer)3 are shown. Monitoring 
wavelength was 410 nm for all SEC measurements.

Figure 3. a) SEC traces of the FP 3D-DS dimer using a Superdex 200 Increase 5/150 column 
eluted with 50 mM potassium phosphate buffer, pH 7.0, at room temperature (red) and 
4 °C (blue). The monitoring wavelength was 410 nm.  The FP 3D-DS dimer concentration 
was 25 µM in monomer unit. A schematic representation of (FP 3D-DS dimer)2 is shown. 
b) SEC traces of the FP 3D-DS dimer at various protein concentrations using a Superdex 
200 Increase 10/300 column eluted with 50 mM potassium phosphate buffer, pH 7.0, at 
4 °C. The FP 3D-DS dimer concentrations were 0.5 (red), 25 (purple), and 50 µM (blue) in 
monomer unit. The monitoring wavelength was 410 nm.

dimerization. Interestingly, the FP 3D-DS dimer further 
oligomerized, forming tetramers (dimers of FP 3D-DS dimers; 
(FP 3D-DS dimer)2), hexamers (trimers of FP 3D-DS dimers; 
(FP 3D-DS dimer)3) and higher-order oligomers in air, and 
dissociated to 3D-DS dimers upon imidazole addition (Fig. 2d 
and Fig. S11, ESI†). The constructed oligomers were also 
dissociated into FP 3D-DS dimers by adding dithionite under a 
CO atmosphere (Fig. S12, ESI†), demonstrating that ligand-
binding-controlled protein assemblies were formed with FP 3D-
DS dimers. Oligomerization of the FP 3D-DS dimer depended 
on the temperature and protein concentration. The affinity 
between AVCP structural units of the FP 3D-DS dimer varied 
with the temperature. At room temperature, (FP 3D-DS dimer)2 
was relatively stable, whereas the FP 3D-DS dimer was 
associated in (FP 3D-DS dimer)3 and higher-order oligomers 
(Fig. 3a). Additionally, the ratio of (FP 3D-DS dimer)2, (FP 3D-
DS dimer)3, and higher-order oligomers of the FP 3D-DS dimer 
dramatically changed with protein concentration at 4 °C (Fig. 
3b). (FP 3D-DS dimer)2 was mainly detected at 0.5 µM protein 
concentration, while mainly (FP 3D-DS dimer)3 and higher-
order oligomers were observed at higher concentrations, such as 
25 and 50 µM. These results indicated that the assemblies of the 
FP 3D-DS dimers were dynamic. The structure of (FP 3D-DS 
dimer)2 was observed by high-speed atomic force microscopy 
(AFM) on a mica substrate at a very low dimer concentration (25 
nM) at room temperature (Fig. S13, ESI†). Ring-shaped images 
with diameters of approximately 20 nm were obtained (Fig. 4a). 
These structures matched well with the simulated structure 
calculated from the AlphaFold2-predicted structure of (FP 3D-
DS dimer)2 (Fig. 4b and Fig. S14, ESI†). Additionally, a linear 
structure was observed that matched the other simulated 
structure of (FP 3D-DS dimer)2, wherein only one AVCP 
structural unit of the FP 3D-DS dimer interacted 
intermolecularly (Fig. S15, ESI†). However, the structure of (FP 

3D-DS dimer)2 rapidly changed between cyclic and linear 
structures during the AFM observation (Movie S1, ESI†), 
suggesting that the ring-shaped structure was dynamic.

In summary, cyclic and linear assemblies of the FP 3D-DS 
dimer were formed via intermolecular interactions between

Figure 4. AFM images (top) and sliced heights (bottom) of the ring-shaped (FP 3D-DS 
dimer)2: a) representative and b) simulated images. The FP 3D-DS dimer concentration 
was 25 nM in monomer unit. 

AVCP structural units of the dimer. The assemblies were 
controlled by ligand binding, such as CO addition under 
reducing conditions and imidazole under air. These ligand-
b i n d i n g -
controlled protein assemblies could be further fused with other 
proteins, potentially providing additional functions. The protein 
assembly system using 3D-DS may serve as a basis for future 
artificial supramolecular protein assemblies.
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