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Abstract: Protein design is a useful method to create novel artificial 
proteins. We developed a rational approach to design a heterodimeric 
protein using domain swapping for horse myoglobin (Mb). As 
confirmed by X-ray crystallographic analysis, a heterodimeric Mb with 
two different active sites was produced efficiently from two surface 
mutants of Mb, in which the charges of two amino acids involved in the 
dimer salt bridges were reversed in each mutant individually, with the 
active site of one mutant modified. This study shows that the method of 
constructing heterodimeric Mb with domain swapping is useful for 
designing artificial multi-heme proteins. 

Protein design is a powerful tool for creating novel artificial proteins 
by redesigning natural proteins or designing de novo proteins.[1] 
Successful examples include artificial oxidases,[2] redutases,[3] and 
hydrolases.[4] To produce an artificial protein, it is crucial to control its 
folding, which may be achieved by controlling the interaction between 
secondary structures using metal ions or cofactors.[5] Protein 
dimerization may also be used to control the folding and biological 
functions. For example, human soluble guanylate cyclase for NO-
signal transduction is a heterodimer consisting of  and  subunits ( 
and  homodimers also exist).[6] Recently, Roelfes and co-workers 
designed an artificial metalloenzyme catalyzing the Diels-Alder 
reaction based on a dimeric transcription factor (lactococcal multidrug 
resistance regulator).[7] Development of other methods to design 
dimeric or oligomeric proteins is indispensable to broaden the variety 
of artificial enzymes. 

Domain swapping is a phenomenon in which a helix or a 
secondary structure is exchanged between protein molecules. It has 
been observed in many proteins and associated with protein folding 
and function.[8] These proteins include prion,[9] cystatin C,[10] β2-
microglobulin,[11] and serpin,[12] which are involved in deposition 
diseases.  Domain swapping has also been observed for heme 
proteins,[13] including cytochrome c (cyt c)[14] and myoglobin (Mb)[15]. 
Recently, we found that intermolecular hydrophobic interaction in cyt c 

at the early stage of folding controls the formation of the oligomer by 
domain swapping during protein folding.[16] The domain-swapped 
dimer of cyt c exhibited different properties from those of its 
monomer,[14b, d] although the domain-swapped Mb dimer exhibited a 
similar oxygen binding character as that of its monomer.[15] In this 
study, we show that domain swapping could be used to design a 
heterodimeric protein of Mb, and this method may be a new approach 
for creating artificial proteins. 
      Mb has been favored as a scaffold protein for heme protein design, 
and has been converted successfully into various artificial enzymes by 
redesigning its heme active site.[1b,g,i,m,2a,b,d,e,3a-c,3e,5e] Although Mb 
functions in the monomeric form, dimeric Mb was detected more than 
forty years ago.[17] We have resolved the X-ray crystallographic 
structure of dimeric horse Mb (PDB code: 3VM9), which exhibited a 
unique domain-swapped structure with each active site constructed by 
two protomers (Figure S1 in the Supporting Information).[15] Therefore, 
we chose horse Mb as a model protein, and explored a new approach 
for designing an artificial protein based on domain swapping. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Schematic view of the design of heterodimeric Mb. A) Dimerization 
of WT Mb; B) Amino acid mutations to control the interaction between the 
protomers and obtain heterodimeric Mb; C) Amino acid mutations to obtain 
heterodimeric Mb with two different active sites. 

      The key initial step for protein design based on dimeric wild-type 
(WT) horse Mb was to precisely control the dimerization. By close 
inspection of the X-ray crystallographic structure of dimeric Mb, we 
found that aside from hydrophobic interactions, four new salt bridges 
were formed between protomers in the dimer; between Lys78 in one 
protomer and Glu85 in the other protomer (Lys78A/Glu85B), 
Glu85A/Lys78B, Lys79A/Asp141B, and Asp141A/Lys79B (Figure 1A 
and Figure S1). Since these residues play an important role in 
stabilizing the dimer, we envisaged that dimerization of two different 
mutant Mbs may be controlled by altering these interactions. We 
replaced the two positively charged residues Lys78 and Lys79 with 
negatively charged residues (Glu78 and Asp79) in one mutant 
(K78E/K79D Mb, ED Mb), and the two negatively charged residues 
Glu85 and Asp141 with positively charged residues (Lys85 and 
Lys141) in the other mutant (E85K/D141K Mb, KK Mb) (see Figure 
S2 for locations of the residues in monomeric Mb). We envisaged that 
the stability of homodimeric Mb of each mutant would decrease by 
removal of the salt bridges between the protomers due to the mutations 
(E78/E85 and D79/D141 or K78/K85 and K79/K141), whereas 
heterodimeric Mb created by ED Mb and KK Mb would be stabilized 
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by the electrostatic interactions between the charge-reversed mutated 
residues (E78/K85 and D79/K141) (Figure 1B). 

ED Mb and KK Mb were purified using a similar procedure 
reported previously for WT Mb.[18] We prepared dimeric Mb using the 
modified procedure for preparation of dimeric WT Mb,[15] where 10% 
(v/v) 2-propanol was added to the monomeric Mb solution instead of 
5% (v/v) ethanol to obtain a larger amount of dimers (Experimental 
section in the Supporting Information). Only a small amount (~8%) of 
homodimers was observed by dimerization of ED Mb with 2-propanol, 
according to size-exclusion chromatography (Figure 2, curve a, and 
Figure S3A). The homodimeric ED Mb dissociated completely after 
heating at 45 oC for 30 min (Figure 2, curve b and Figure S3A). For 
KK Mb, only the monomer peak was detected in the chromatogram 
after treatment with 2-propanol, showing that KK Mb did not form 
homodimers (Figure 2, curve c). When dimers were prepared from a 
mixture of ED Mb and KK Mb (1:1 ratio) under the same conditions, 
the amount of dimers obtained increased (~18%) (Figure 2, curve d, 
and Figure S3B). The dimers obtained from the mixture of ED Mb and 
KK Mb may contain both homodimeric ED Mb, and the heterodimer of 
ED Mb and KK Mb (heterodimeric ED-KK Mb). However, after 
heating the obtained dimer solution (mixture of homodimeric ED Mb 
and heterodimeric ED-KK Mb) at 45 °C for 30 min, a certain amount 
of dimer (~12%) was still observable (Figure 2, curve e and Figure 
S3B). The dimer observed after heating should correspond to 
heterodimeric ED-KK Mb, since homodimeric ED Mb dissociated by 
the heating treatment. These results indicate that pure heterodimeric 
proteins were obtained by controlling the surface charges in domain 
swapping. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Elution curves of dimeric (a,b) ED Mb, (c) KK Mb, (d,e) ED-KK Mb, (f) 
VHKK Mb, and (g,h) ED-VHKK Mb treated with 10% (v/v) 2-propanol. The 
elution curves were taken before (a,c,d,f,g) and after (b,e,h) heating the 
protein solution at 45 oC for 30 min. Measurement conditions: Column, 
Superdex 75 10/300 GL; buffer, 50 mM potassium phosphate buffer, pH 7.0; 
monitoring wavelength, 409 nm; temperature, 4 °C. 

       We further designed a heterodimeric Mb with two distinct heme 
coordination sites, which can be found in multi-heme proteins in nature 
but are hard to achieve in a homodimeric protein.[19] According to the 
X-ray crystallographic structure of homodimeric WT Mb (PDB code: 
3VM9), the two identical His/H2O-coordinated heme sites in the dimer 
are very similar to that in the monomer.[15] We were interested in 
whether a bis-His-coordinated heme site, as observed for native 
neuroglobin[20] and cytoglobin,[21] could be generated in one of the two 

heme centers in the heterodimer. It has been reported that by 
exchanging two distal residues, His64 and Val68, with Val and His, 
respectively (H64V/V68H Mb; Figure S2), His68 and His93 
coordinate to the heme iron in both ferric and ferrous states.[22] 
Therefore, we referred to the H64V/V68H double mutation to generate 
a bis-His coordination site at one of the heme sites in heterodimeric Mb, 
and designed a heterodimer with ED Mb and 
H64V/V68H/E85K/D141K Mb (VHKK Mb) (Figure 1C). Purified 
VHKK Mb exhibited similar UV-vis spectra (ferric, peak at 412 nm; 
ferrous, peaks at 427, 529, and 563 nm; Figure S4C) as those of 
H64V/V68H Mb,[22] suggesting that the heme coordination did not 
alter at either redox state by reversing the charges of two residues at 
the protein surface. Interestingly, the spectrum of VHKK Mb in the 
ferrous state resembled those of Mb crystals after X-ray irradiation 
(529 and 568 nm).[23] 
       Heterodimeric ED-VHKK Mb was prepared using the same 
procedure as that for heterodimeric ED-KK Mb. Similar to KK Mb, 
VHKK Mb did not form a homodimer by treatment with 2-propanol 
(Figure 2, curve f), which indicated that the four Lys residues at the 
protomer interface destabilized the homodimer dramatically, although 
the bis-His coordination tends to stabilize the dimer. Interestingly, a 
large amount of dimer (~30%) was observed when constructing dimers 
from ED Mb and VHKK Mb (Figure 2, curve g, and Figure S3C), and 
~24% of dimers were maintained after heating at 45 °C for 30 min 
(Figure 2, curve h and Figure S3C). The yield of heterodimeric ED-
VHKK Mb obtained was more than twice that of heterodimeric ED-
KK Mb obtained by the same method, suggesting that the bis-His 
coordination stabilizes the dimer. After heating the dimer solution at 
45 °C for 30 min, we purified heterodimeric ED-VHKK Mb using a 
Hi-Load Superdex 75 26/60 column, where it was separated from ED 
Mb and VHKK Mb (Figure S5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Crystal structure of heterodimeric ED-VHKK Mb (PDB code: 3WYO). 
A) Overall structure; B) Heme coordination structures: a) His/H2O and b) bis-
His coordination. The coordination bonds and salt bridges are shown in solid 
and dashed lines, respectively. The hemes and His64, His68, and His93 are 
shown as stick models. The nitrogen and oxygen atoms of the hemes, His64, 
His68, His93, the key amino acids of the salt bridges, and coordinated water 
are shown in blue and red, respectively. 

       In order to elucidate the structure of heterodimeric ED-VHKK Mb, 
we performed X-ray crystallographic analysis (PDB code: 3WYO). 
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The structure at 2.0 Å resolution showed that heterodimeric ED-VHKK 
Mb adopts a domain-swapped structure identical to that of 
homodimeric WT Mb (Figure 3A). Three strong salt bridges (E78/K85, 
3.20 Å; D79/K141, 2.77 Å; D141/K79, 2.82 Å) were formed in the 
ED-VHKK Mb heterodimer between the ED Mb and VHKK Mb 
protomers. However, one salt bridge formed in the WT dimer was not 
detected in the crystal structure of the heterodimer (E85/K78, 4.83 Å), 
although it may form weakly in solution by their close arrangements. It 
was also revealed from the crystal structure that heterodimeric ED-
VHKK Mb possesses two heme active sites with different coordination 
structures, that is, His/H2O coordination (Figure 3Ba) and bis-His 
coordination (Figure 3Bb). Distal His64 formed a hydrogen bond (2.81 
Å) with the axial water molecule at the His/H2O-coordinated heme site, 
similar to that of monomeric Mb.[18] At the bis-His-coordinated heme 
site, His68 and His93 coordinated to the heme iron (Fe–His distances: 
His68, 2.35 Å; His93, 2.10 Å), similar to those in H64V/V68H Mb 
(His68, 2.31 Å; His93, 2.27 Å).[22] These observations demonstrate that 
two distinct heme sites can be designed in a single heterodimeric 
protein by domain swapping, without large structural alterations from 
the original site of the monomer. 

We investigated the UV-vis spectra of heterodimeric ED-VHKK 
Mb in different oxidation states, and compared them with those of the 
original monomers. At the ferric state, the absorption spectrum of ED-
VHKK Mb exhibited a Soret band at 410 nm (Figure 4A, black), which 
was between those of ED Mb (408 nm) and VHKK Mb (412 nm) 
(Figures S4A and S4C). The spectrum of the visible bands of 
heterodimeric ED-VHKK overlapped well with the average spectrum 
of those of ED Mb and VHKK Mb monomers (Figure S6A). By 
reduction of both heme sites in ED-VHKK Mb with dithionite, the 
Soret band red-shifted to 427 nm with two visible bands observed at 
530 and 563 nm in the spectrum (Figure 4A, red). The spectrum after 
reduction also overlapped well with the average spectrum of those of 
ED Mb and VHKK Mb monomers reduced with dithionite (Figure 
S6B). By reduction with a mild reducing reagent, ascorbic acid, the 
Soret band of ED-VHKK Mb shifted to 413 nm with a shoulder peak at 
~435 nm (Figure 4B). The UV-vis spectrum of heterodimeric ED-
VHKK Mb in the presence of ascorbic acid was also similar to the 
average spectrum of those of ED Mb and VHKK Mb in the presence of 
ascorbic acid (Figure S6C). ED Mb was reduced to the ferrous deoxy 
form with ascorbic acid (Figure S4B), whereas VHKK Mb remained in 
the ferric state (Figure S4D). These results highlight that ED-VHKK 
Mb contains two distinct heme coordination sites resembling those in 
ED Mb and VHKK Mb monomers. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. UV-vis spectra of heterodimeric ED-VHKK Mb by reduction with A) 
dithionite (1 mM) and B) ascorbate (1 mM) in 50 mM potassium phosphate 
buffer, pH 7.0: Before (black) and after reduction (red), followed by exposure 
to air (blue). 

Scheme 1 illustrates the conversion of the oxidation and 
coordination states in heterodimeric ED-VHKK Mb by reduction with 
dithionite or ascorbic acid, and subsequent exposure to air. O2 bound to 
the ferrous deoxy heme and an oxygenated complex was formed when 
fully-reduced (by dithionite) ED-VHKK Mb was exposed to air, as 
indicated by generation of two visible bands at 541 and 580 nm (Figure 
4A, blue). The spectrum obtained following reduction with dithionite 
and subsequent exposure to air was similar to that of half-reduced (by 
ascorbic acid) ED-VHKK Mb exposed to air (Figure 4B, blue). The 
final state obtained after exposure to air contained both a ferric bis-His-
coordinated heme and a ferrous oxy heme, since it exhibited a 
spectrum similar to the average spectra of ferric VHKK Mb and the 
oxy form of ED Mb (Figure S6D). These results show that the ferrous 
bis-His heme center in ED-VHKK Mb was quickly oxidized to the 
ferric state with O2, similar to the VHKK Mb monomer (Figure S4C), 
in agreement with the observation for H64V/V68H Mb reported 
previously.[22] Therefore, the two hemes may act as two independent 
sites. 

Scheme 1. Conversion of oxidation and coordination states in heterodimeric 

ED-VHKK Mb with two distinct heme centers. 

 

 

 

 

 

   

 

In conclusion, we demonstrated that protein dimerization by 
domain swapping can be controlled efficiently through alteration of the 
salt bridges between the surfaces of two protomers in the dimer. This 
approach was successfully applied to design a heterodimeric protein of 
horse Mb with two different heme active sites, which exhibited 
different ligand binding properties. This study presents a new example 
for rational protein design with multi-heme groups using domain 
swapping. 
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heterodimeric protein with two 
different heme active sites (a bis-
histidine-coordinated heme and a 
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method is useful for designing 
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Experimental section 

Preparation of Mb mutants 

 Mb mutants genes were constructed using the KOD Plus Mutagenesis Kit (Toyoba, 

Japan), and confirmed by DNA sequencing (ABI PRISM 310 genetic analyzer 

sequencing system, Applied Biosystems, Inc.). E85K/D141K Mb (KK Mb) 

H64V/V68H/E85K/D141K Mb (VHKK Mb), and K78E/K79D Mb (ED Mb) were 

expressed in Escherichia coli LE392 cells. All mutants were purified using a 

procedure described previously.1 The primers used for generating the mutations are as 

follows: 

K78E primers: 

P-fwd: 5’-GAA  AAA GGG CAC CAC GAA GCT GAG CTC A-3’ 

P-rev: 5’-CTT AAG GAT GCC ACC TAG GGC AGT TAA-3’  

K79D primers based K78E mutation: 

P-fwd: 5’-GAT GGG CAC CAC GAA GCT GAG CTC AAA CCG-3’ 

P-rev:  5’-TTC CTT AAG GAT GCC ACC TAG GGC AGT-3’ 

E85K primers: 

P-fwd: 5’-AAG CTC AAA CCG CTT GCG CAA TCG CAT G-3’ 

P-rev:  5’-AGC TTC GTG GTC CCC TTT TTT CTT AAG-3’ 

D141K primers: 

P-fwd: 5’-AAG ATC GCT GCT AAG TAC AAA GAA CTG GGT-3’ 

P-rev:  5’-GTT ACG GAA CAG CTC GAG AGC TTT GGT-3’ 

V68H primers: 

P-fwd: 5’-CAT TTA ACT GCC CTA GGT GGC ATC CTT AAG-3’ 

P-rev: 5’-AAC GGT GCC ATG TTT TTT CAG ATC TTC-3’ 

H64V primers based on V68H mutation: 

P-fwd: 5’-GTT GGC ACC GTT CAT TTA ACT GCC CTA GG-3’ 

P-rev: 5’-TTT TTT CAG ATC TTC AGA CGC CTT CAT-3’ 

 

Preparation and analysis of dimeric Mb 

     Dimeric Mbs were prepared by dissolving 0.3 mM ED Mb, KK Mb, VHKK Mb, 

ED Mb/KK Mb mixture (1:1), or ED Mb/VHKK Mb mixture in 50 mM potassium 

phosphate buffer, pH 7.0, followed by addition of 10% (v/v) 2-propanol on ice for 15 

min and subsequent lyophilization. The obtained precipitate was dissolved again in 50 

mM potassium phosphate buffer, pH 7.0. After filtration, the produced dimeric Mb 
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was purified by gel chromatography (HiLoad 26/60 Superdex 75, GE healthcare) 

using a fast protein liquid chromatography (FPLC) system (BioLogic DuoFlow 10, 

Bio-Rad, CA).2 In the preparation of ED-KK Mb and ED-VHKK Mb heterodimers, 

the obtained solution containing dimeric Mb was heated at 45 oC for 30 min before 

loading on the HiLoad gel column. For elucidating the stability of the dimer, the ratio 

of the monomer and dimer after incubation at 45 oC for 15 or 30 min was analyzed 

with a Superdex 75 10/300 gel column under the same conditions. 

 

X-ray crystallography 

   Crystallization was carried out at 277 K using the sitting drop vapor diffusion 

method with crystal plates (CrystalClear D Strips, Douglas Instruments, Hampton 

Research, CA). The protein concentration was adjusted to 3.6 mM in 50 mM 

potassium phosphate buffer, pH 7.0. The droplet prepared by mixing 2 μL of the 

protein solution with 2 μL of the reservoir solution was equilibrated. The reservoir 

solution consisted of 25% (w/v) PEG 1000 and 100 mM MES-NaOH buffer, pH 6.5. 

The diffraction data were collected at the BL38B1 beam line at SPring-8, Japan. The 

crystal was mounted on a cryo-loop and flash-frozen at 100 K in a nitrogen cryo 

system. An ADSC Q315 detector was used. The diffraction data were processed using 

the program HKL2000.3 The preliminary structure was obtained by the molecular 

replacement method (MOLREP),4 using the atomic coordinates of the structure of 

horse Mb (PDB code: 1WLA) as a starting model. Structural refinement was 

performed using the program REFMAC.5 The molecular model was manually 

corrected, and water molecules were picked up in the electron density map using the 

program COOT.6 The data collection and refinement statistics are summarized in 

Table S1. 

 

UV-vis measurements 

    Absorption spectra were measured with a UV-2450 spectrophometer (Shimadzu, 

Japan) using a 1-cm path-length quartz cell at 25°C. Proteins were dissolved in 50 

mM potassium phosphate buffer, pH 7.0. Protein concentrations were determined 

using the pyridine method as reported,7 where the absorption coefficient for the Soret 

band at 408, 412, and 410 nm were determined to be 173, 144, and 140 mM-1cm-1 for 

ED Mb, VHKK Mb, and ED-VHKK Mb heterodimers, respectively. 
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Table S1. Statistics of data collection and structure refinement of heterodimeric ED-
VHKK Mb (PDB code: 3WYO). 

Data collection  

X-ray source SPring-8 (BL38B1) 

Wavelength (Å) 1.0000 

Space group  
Unit cell parameters 
a, b, c (Å) 

P212121 
 

55.7, 72.2, 161.5 

Resolution (Å) 
Number of unique reflections 
Rmerge

a 
Completeness (%) 
<I/(I)> 
Redundancy 

20.00−2.00 (2.05−2.00) 
45097 (2198) 
0.073 (0.630) 
100.0 (100.0) 

27.0 (2.9) 
7.5 (6.1) 

Refinement  

Resolution (Å) 
Number of reflections 
Rwork

b 
Rfree

b 
Completeness (%) 

20.00−2.00 (2.05−2.00) 
39225 (1680) 
0.228 (0.262) 
0.266 (0.318) 

91.3 (51.5) 

Number of atoms in an asymmetric unit 
Protein 
Water 
Heme 

 
4824 
355 
172 

Average B factors (Å2) 
Protein 
Water 
Heme 

 
33.8 
30.4 
24.5 

Ramachandran plot (%) 
Favored 
Allowed 
Outlier 

 
96.5 
3.5 
0.0 

Statistics for the highest-resolution shell are given in parentheses. 
aRmerge=Σhkl | I– <I> | (Σhkl| I |)−1. 
bRwork=Σhkl | | Fobs | – k| Fcalc | | ( Σhkl | Fobs | ) −1, k: scaling factor. Rfree was computed 

identically, except where all reflections belong to a test set of 5 % of randomly 
selected data. 
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Figure S1. X-ray crystallographic structure of dimeric wild-type horse Mb (PDB 

code: 3VM9). Two heme active sites and four salt bridges (two pairs of slat bridges; 

Lys78/Glu85, Lys79/Asp141, Glu85/Lys78, and Asp141/Lys79) between the 

protomers are shown. The coordination bonds and salt bridges are shown in solid and 

dashed lines, respectively. The nitrogen and oxygen atoms of the hemes, His64, His93, 

the key amino acids of the salt bridges, and coordinated water are shown in blue and 

red, respectively. 
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Figure S2. Locations of mutated residues in monomeric Mb (PDB code: 1WLA) for 

the design of heterodimeric Mb. Helices A–H are labeled. Mutated residues are shown 

as stick models and indicated in dashed circles. The heme is also shown as a stick 

model. The nitrogen and oxygen atoms of the hemes, mutated amino acids, and 

coordinated water are shown in blue and red, respectively. 
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Figure S3. Elution curves of dimeric (A) ED Mb, (B) ED-KK Mb, and (C) ED-

VHKK Mb treated with 2-propanol. Elution curves were taken before and after 

heating the protein solution at 45 oC for 15 and 30 min. Measurement conditions: 

Column, Superdex 75 10/300 GL; buffer, 50 mM potassium phosphate buffer, pH 7.0; 

monitoring wavelength, 409 nm; temperature, 4 °C. 
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Figure S4. UV-vis spectra of monomeric (A, B) ED Mb and (C, D) VHKK Mb 

reduced with (A, C) dithionite (1 mM) and (B, D) ascorbic acid (1 mM) in 50 mM 

potassium phosphate buffer, pH 7.0. The spectra were taken before (black) and after 

(red) an addition of dithionite or ascorbic acid, and subsequent exposure to air (blue). 
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Figure S5. Elution curves of dimeric ED-VHKK Mb after treatment with 2-propanol 

and heating at 45 oC for 30 min. Measurement conditions: Column, Hi-Load Superdex 

75 26/60; buffer, 50 mM potassium phosphate buffer, pH 7.0; monitoring wavelength, 

280 nm (black) and 409 nm (red); temperature, 4 °C. 
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Figure S6. Comparison of UV-vis spectra of heterodimeric ED-VHKK Mb with an 

average spectra of those of monomeric ED Mb and VHKK Mb: (A) ferric form, (B) 

fully reduced form obtained by an addition of 1 mM dithionite, (C) half-reduced form 

obtained by an addition of 1 mM ascorbic acid, and (D) the spectra obtained by 

exposure to air after reduction with 1 mM dithionite. Black, ED Mb; gray, VHKK Mb; 

blue, average spectrum of ED Mb and VHKK Mb; red, heterodimeric ED-VHKK Mb. 
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