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myoglobin into a stable domain-swapped dimer by
utilizing a tight hydrogen bond network at the
hinge regiont
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Various factors, such as helical propensity and hydrogen bonds, control protein structures. A frequently
used model protein, myoglobin (Mb), can perform 3D domain swapping, in which the loop at the hinge
region is converted to a helical structure in the dimer. We have previously succeeded in obtaining
monomer—dimer equilibrium in the native state by introducing a high a-helical propensity residue, Ala,
to the hinge region. In this study, we focused on another factor that governs the protein structure,
hydrogen bonding. X-ray crystal structures and thermodynamic studies showed that the myoglobin
dimer was stabilized over the monomer when keeping His82 to interact with Lys79 and Aspl141 through
water moleclues and mutating Leul37, which was located close to the H-bond network at the dimer
hinge region, to a hydrophilic amino acid (Glu or Asp). Molecular dynamics simulation studies confirmed
that the number of H-bonds increased and the a-helices at the hinge region became more rigid for
mutants with a tighter H-bond network, supporting the hypothesis that the myoglobin dimer is stabilized
when the H-bond network at the hinge region is enhanced. This demonstrates the importance and utility
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1 Introduction

In nature, many proteins adopt oligomeric forms for biological
functions. Research activity on oligomeric protein design has
increased; for example, various shaped oligomeric proteins
have been constructed using fusion proteins’® and metal
coordination.*® Proteins with a specific structural motif have
been constructed with the assistance of computational
design.””® Moreover, the H-bond network helps drive the protein
to the folded state’®" and determines its mechanical and
thermodynamic properties.” Many experimental approaches,
including molecular dynamics (MD) simulation, have revealed
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of hydrogen bonds for designing a protein dimer from its monomer with 3D domain swapping.

the dynamic and structural properties of biological water at
protein interfaces.**** A better understanding of the effect of H-
bonds on protein structures will provide deeper understanding
of the principles of protein structure and will be useful for the
design of oligomeric proteins.

Three-dimensional domain swapping (3D-DS) was described
in diphtheria toxin by Eisenberg and coworkers in 1994.%° In 3D-
DS, one or more identical structural elements of a protein
molecule exchange between molecules, forming dimers or
oligomers.”*> Some 3D-DS proteins are relevant to biologically
related species® and disease-related aggregation.**** 3D-DS
structures are characterized by no specific properties, such as
chain length, structural class, or amino acid composition.*"**
This suggests that almost any protein has the potential to form
a 3D-DS structure. The insertion of three amino acids into the
middle of a 3D-DS homodimeric archaeal histone fold motif
resulted in a soluble and stable monomer.>” Several attempts
have also been made to construct a stable 3D-DS dimer from
a monomer by shortening the hinge region.*®*

We have previously shown that horse myoglobin (Mb) can
form a 3D-DS dimer, in which the hinge region K77-H82
(KKKGHH; K3;GH,) is converted from a loop to a helical struc-
ture connecting the neighboring E and F a-helices (Fig. S11).*° A
heterodimer with different active sites can be obtained by

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra06888a&domain=pdf&date_stamp=2021-11-22
http://orcid.org/0000-0002-9293-5799
http://orcid.org/0000-0003-4565-8917
http://orcid.org/0000-0002-5096-1104
http://orcid.org/0000-0001-8284-5709
http://orcid.org/0000-0002-3219-6007
http://orcid.org/0000-0003-3227-8376
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra06888a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011059

Open Access Article. Published on 23 November 2021. Downloaded on 4/5/2026 5:05:57 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

controlling the electrostatic interaction between the protomers
in the dimer.** To increase the helical propensity at the hinge
region, we mutated residues 80, 81, and 82 of wild type (WT) Mb
to Ala (Ks;A; Mb), which resulted in an increase in its 3D-DS
tendency.**** However, H82 was involved in the H-bond
network with K79 and D141 in the WT Mb 3D-DS dimer
(Fig. 1), whereas this H-bond network was not observed in the
3D-DS dimer of K3;A; Mb. It has been deduced that the H-bond
at the hinge region stabilizes the monomer structure against the
3D-DS dimer in Human Cellular Retinol Binding Protein I1.*>* On
the other hand, the 3D-DS dimer structure has been stabilized
by forming an anti-parallel B-sheet at the hinge region between
protomers with insertion of a QVVAG motif,>* whereas loop
deletion and insertion of a polyproline rod to the outer-surface
protein A from Borrelia stabilized the 3D-DS structure by
formation of the polyproline II structure at the hinge region.*®
In this study, to investigate the effect of the H-bond network
constructed at the hinge loop containing amino acid residues
and water molecules on 3D-DS, we introduced two Ala residues
at G80 and H81 but retained H82 to interact with K79 and D141
through water molecules at the hinge region (G80A/HS81A
(K3A,H) Mb). Additionally, L137 is located relatively close to
the H-bond network in the WT Mb 3D-DS dimer; thus, L137 was
additionally mutated to a hydrophilic amino acid: Glu and Asp
(G8OA/H81A/L137E (K3;A,H-L137E) Mb and G80A/H81A/L137D
(K3A,H-L137D) Mb). The dimer-to-monomer ratio increased in
the order WT Mb < K;A,H Mb < K;A,H-L137E Mb < K;A,H-
L137D Mb, according to the enhancement of the H-bond
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network at the hinge region, demonstrating the importance of
the H-bond network for the stabilization of the a-helices at the
hinge region and the 3D-DS dimer.

2 Materials and methods
2.1 Preparation of Mb mutants

WT horse Mb was purchased from Sigma-Aldrich (Saint Louis,
MO, USA). Its K;A,H, K3A,H-L137E, and K3;A,H-L137D Mb
mutant genes were constructed using primers (Eurofins Genomics)
with the KOD Plus Mutagenesis Kit (Toyobo, Japan) and confirmed
by DNA sequencing (ABI PRISM 310 genetic analyzer sequencing
system, Applied Biosystems, Inc.). The primers used to generate the
mutations are listed in Table S1f. Mb mutants were expressed in
Escherichia coli LE392 cells. Al Mb mutants were obtained as
a mixture of monomer and dimer using a procedure similar to that
described previously.*” The monomers and dimers of K;A,H, K;A,H-
L137E, and K;A,H-L137D Mb were purified by size exclusion chro-
matography (SEC; HiLoad 26/60 Superdex 75 pg, GE Healthcare)
using a fast protein liquid chromatography (FPLC) system (Biologic
DuoFlow 10, Bio-Rad) with 50 mM potassium phosphate buffer, pH
7.0, at 4 °C. The Mb concentration was adjusted by the Soret band
intensity at 408 nm.

2.2 Analysis of the monomer and dimer ratio of Mb mutants

Monomer and dimer solutions (100 uM, in heme unit) of WT
and mutant Mbs were heated at 70 °C for 30 min. The K3;A,H Mb
monomer solution (100 uM) was also heated at 63.5 °C, 65.4 °C,
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Fig. 1 X-ray crystal structure of the WT Mb 3D-DS dimer (PDB ID: 3VM9): (A and B) overall structure and (C and D) enlarged view of the hinge
region K77-H82. (B) is a 180°-rotated view of (A). The two protomers are shown in green and cyan. The side-chain atoms of residues W7, K77,
K78, K79, H81, H82, and L137 and the hemes are shown as stick models. The Ca atoms of G80 are depicted as spheres. Water molecules are
depicted as red spheres. The H-bond network involving K79, H82, D141, and water molecules in the hinge region is shown as dotted lines. The
nitrogen and oxygen atoms of the hemes and the side chains of the stick-model residues are depicted in blue and red, respectively.
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67.5 °C, and 69.5 °C for 930 min, 750 min, 120 min, and 90 min,
respectively, and the K3;A,H-L137E and K3;A,H-L137D Mb
monomer solutions (5 uM) were heated at 67.2 °C, 69.5 °C,
71.3 °C, and 73.1 °C for 480 min, 150 min, 60 min, and 30 min,
respectively. No precipitation was observed during heating for
all mutants. The amount of the monomers and dimers in the
heated Mb protein solution was analyzed by SEC (HiLoad 16/60
Superdex 75 pg, GE Healthcare) using the FPLC system (Biologic
DuoFlow 10) with 50 mM potassium phosphate buffer, pH 7.0,
at 4 °C. The ratios of Mb monomer and dimer at various
temperatures were determined from the peak areas in the
elution curves of SEC. The areas were obtained by least-square
fitting of the peaks with Gaussian curves using the Igor Pro
6.0 software (WaveMetrics, Portland).

2.3 Optical absorption and circular dichroism
measurements

The absorption spectra of Mb monomers and dimers in their
met forms were measured with a UV-2450 spectrophotometer
(Shimadzu, Japan) using a 10 mm path-length quartz cell at 25 °C.
Circular dichroism (CD) spectra of monomers and dimers of WT
and mutant Mbs in their met forms were measured with a J-820
circular dichroism spectropolarimeter (Jasco, Japan) using a 1 mm
path-length quartz cell at 25 °C. CD ellipticity changes with
temperature at 222 nm for monomers and dimers of WT and
mutant Mbs in their met forms were measured with a J-820 circular
dichroism spectropolarimeter (Jasco) using a 1 mm path-length

quartz cell. The scan rate was 0.25, 0.5, or 1 °C min ™.

2.4 X-ray crystallography

Crystallization was carried out at 277 K using the sitting drop
vapor diffusion method with crystal plates (CrystalEX Second
Generation Corning 3552, Hampton Research, CA, USA). The
protein concentration was adjusted to 17 mg mL™" in 50 mM
potassium phosphate buffer, pH 7.0. Droplets prepared by
mixing 1 puL of protein solution with 1 pL of reservoir solution
were equilibrated. The best reservoir solutions were found to be
0.1 M Tris-HCI buffer, pH 7.0, containing 0.1 M sodium acetate
and 10% (w/v) PEG 6000 for the K3A,H Mb dimer; 0.1 M Tris-
HCI buffer, pH 7.0, containing 0.1 M sodium acetate, 10% (w/v)
PEG 6000, and 5% (w/v) PEG 8000 for K;A,H-L137E Mb dimer;
and 0.1 M Tris-HCI buffer, pH 7.0, containing 0.1 M sodium
acetate, 10% (w/v) PEG 6000, and 5% (v/v) PEG 200 for the
Ks:A,H-L137D Mb dimer.

The diffraction data of K;A,H, K;A,H-L137E, and K;A,H-
L137D Mb dimers were collected at the BL38B1, BL41XU, and
BL45XU beamlines, respectively, at SPring-8, Japan. The crystals
were mounted on cryo-loops and flash-frozen at 100 K in
a nitrogen cryo system. The diffraction data were collected
automatically using the ZOO system,*® and an automatic data
process was performed using the KAMO system.** The prelim-
inary structure was obtained by a molecular replacement
method (MOLREP)* using the atomic coordinates of the dimer
structure of WT horse Mb (PDB code: 3VM9) for all Mb dimers.
The structure refinements were performed using the program
REFMACS5.* The molecular model was manually corrected, and
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water molecules were picked up in the electron density map
using the program COOT.* The data collection and refinement
statistics are summarized in Table S27.

2.5 Molecular dynamics simulations of Mb

MD simulations were performed for WT, K;A,H, K;A,H-L137E,
and K;A,H-L137D Mb dimers. The standard force fields of the
proteins, the heme, and the water molecule (TIP3P**) were ob-
tained from CHARMM-GUL**® The box size was taken to be
120° A®, and the periodic boundary condition was used. The
particle mesh Ewald method*”*® with cutoff = 10 A was used for
Coulomb interaction calculations. The total charge of the
system was neutralized by adding Na' ions (Na' parameter was
o = 1.9623 A and ¢ = 0.24299 k] mol ). The Lennard-Jones
potential with cutoff = 12 A was used for van der Waals inter-
actions. After energy minimizations and 1.25 ns (At = 1 fs) of
equilibration simulations with position-restraints, 10 ns (At =2
fs) of production simulations were performed for the produc-
tion run. Each simulation was started at the corresponding
crystal structure. To accelerate the simulation, all chemical
bonds including hydrogens were constrained by the LINCS*
method. The temperature of these simulations was maintained
by Nose-Hoover thermostat® so that T = 300 K. The pressure
was controlled at 1 bar using a Parrinello-Rahman barostat.**
The trajectory after 3 ns was used for statistical analyses. The
trajectory was divided every 1 ns, and the error bar of a physical
quantity X was estimated from the eight ensembles as

((X = (X))*) ((-+) indicates the ensemble average).

The distance between the center-of-mass coordinates of
residues 77-82 in chains A and B were calculated; the centroid
was defined as follows:

82
2 St
i=77 jei
T (1)

> m;

i=77 jei

Xam) =

where X, is the centroid of chain A(B), 7 is the residue index, j
is the atom index included in the i-th residue, m; is the mass of
the j-th atom, and x}® is the atomic coordinate of the j-th atom.

3 Results and discussion

K3A,H, K3A,H-L137E, and K3A,H-L137D Mb were purified, and
the molar extinction coefficients at 408 nm of their monomers
and dimers in the met forms were determined by the hemo-
chrome method,”* where the values were similar between the
monomer and dimer for each species (Table S31). The stability
of the dimer was compared among WT, K;A,H, K;A,H-L137E,
and K3;A,H-L137D Mb by heating each monomer and dimer
solution at 70 °C for 30 min and subsequently analyzing the
solution with SEC. All of the dimers of WT Mb dissociated to
monomers upon heating, whereas no dimer formed from its
monomer (Fig. S2). The dimer-to-monomer ratios after heating
the monomer and dimer solutions were similar for K;A,H Mb,
as well as for K3;A,H-L137E and K3;A,H-L137D Mb,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Thermodynamic parameters of 3D-DS dimerization for mutant Mbs

K3;A,H-L137E K3;A,H-L137D

KsAH
Keg" M) (9.2 £ 0.8) x 10°
AGy_p® (keal mol ™) -9.3 £0.1
AHy P (kcal mol’l) —30.8+1.1
ASyp” (cal mol™) —62.7 £ 3.1

(9.4 + 0.8) x 10° (2.3 £0.2) x 107

—10.9 £ 0.1 —11.5 £ 0.1
—63.2 £ 5.1 —100.5 £ 4.0
—152.8 £ 14.9 —259.4 £11.7

@ Values at 342.7 K. ? The temperature range for the calculation of AHy;_p and ASy,_p is 336.7-342.7 K for K3A,H Mb and 340.4-346.3 K for K;A,H-

L137E and K;A,H-L137D Mb.

demonstrating that the Mb mutants were under monomer—
dimer equilibrium after heating. Dimer-to-monomer ratios of
92, 97, and 98% were obtained after heating K;A,H, K3;A,H-
L137E, and K3;A,H-L137D Mb, respectively, indicating stabili-
zation of the dimer by the mutation. Although the helical
propensity of Ala is higher than that of His,** the dimer-to-
monomer ratio of K;A,H Mb was higher than that of K;A; Mb
(Fig. S2t), demonstrating the importance of other factors on the
stabilization of the dimer.

The dimer-to-monomer ratios at equilibriums for K;A,H,
K3;A,H-L137E, and K;A,H-L137D Mb were obtained at various
temperatures from the monomer and dimer peak areas in the
elution curves of SEC (Table. S4t). The equilibrium constant K
and the Gibbs free energy change AGy._p for the monomer-to-
dimer conversion of K;A,H, K;A,H-L137E, and K;A,H-L137D
Mb were obtained at various temperatures using eqn (2) and (3),

K.y = [dimer].,/[monomer]., (2)
AGM—D = —RTIn Keq (3)

where [monomer].q and [dimer].q are the monomer and dimer
concentrations, respectively, R is the gas constant (8.3145 J K"
mol %), and T is the temperature of the Mb solution (Table 1).

181 K AH-L137D Mb
171
g
E 16- KyA,H-L137E Mb
154
144 KoAH Mb
T T T T T T
288 290 292 294 296 298
10°T (K"

Fig. 2 van't Hoff plot of mutant Mbs. Experimental conditions: Mb
concentration (heme unit), 100 uM for KzA,H Mb, and 5 uM for KzA,H-
L137E and KzA,H-L137D Mb; 50 mM potassium phosphate buffer, pH
7.0; temperature, 63.5, 65.4, 67.5, and 69.5 °C for KsA,H Mb, and 67.2,
69.5, 71.3, and 73.1 °C for KzA,H-L137E and KzA,H-L137D Mb.

© 2021 The Author(s). Published by the Royal Society of Chemistry

The Keq values were obtained as (9.2 + 0.8) x 10° M, (9.4 +
0.8) x 10° M~ ', and (2.3 £ 0.2) x 10’ M " for K;A,H, K;A,H-
L137E, and K3;A,H-L137D Mb, respectively, at 69.5 °C, and the
AGyp values calculated from eqn (3) were relatively strongly
negative. The AHyp and ASy.p values for the monomer-to-
dimer conversion were obtained from the van't Hoff plot
(In Keq vs. 1/T) (Fig. 2). The AHyp and ASyp values were both
negative, indicating that the 3D-DS dimerization of the mutant
Mbs was enthalpically favorable but entropically unfavorable,
similar to the characteristics of the G80A (K3AH,) and K3;A; Mb
mutants.** The enthalpy gain and entropy loss on the 3D-DS
dimerization of these mutants can be explained by the
increased stability of the o-helical structure and decreased
flexibility of the dimer structure with the enhanced H-bond
network in the hinge region (see text below). Concerning the
heat capacity change AC,, between the monomer and dimer, we
could not obtained accurate values due to the limited temper-
ature range. However, AC, may be small, since the three
dimensional structures are similar between the monomer and
dimer of mutant Mbs except for the hinge region.
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Fig. 3 Changes in CD ellipticity at 222 nm with temperature increase
for WT and mutant Mbs in the met form: (A) WT, (B) KzAxH, (C) KzAH-
L137E, and (D) KszA,H-L137D Mb. The changes in the Mb monomer
(blue) and dimer (red) are shown. Measurement conditions: Mb
concentration (heme unit), 30-33 pM; 50 mM potassium phosphate
buffer, pH 7.0; path-length, 1 mm; temperature, 25-100 °C; scan rate,
1°C min~t.
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The optical absorption spectra of the monomer and dimer of
K;A,H, K3;A,H-L137E, and K;A,H-L137D Mb in the met form
were all similar to each other and similar to those of the WT Mb
monomer and dimer (Fig. S31), indicating that the mutation
and dimerization did not significantly alter the heme coordi-
nation structure. The overall CD spectra of the Mb monomer
and dimer of the mutants in the met form were also similar to
the corresponding spectra of WT Mb (Fig. S47), indicating that
the mutations did not perturb the structure of the Mb monomer
and dimer significantly. However, the difference in the CD
ellipticity between the monomer and dimer was slightly larger
for K;A,H-L137E and K;A,H-L137D Mb than for WT and K;A,H
Mb, indicating that the helicity increased in solution slightly
more for the conversion of the monomer to dimer in K;A,H-
L137E and K3A,H-L137D Mb than in WT and K;A,H Mb.

The denaturation temperature was 84, 81, 82, and 81 °C for
WT, K;A,H, K;A,H-L137E, and K;A,H-L137D Mb in the met
form, respectively, according to the CD ellipticity changes at
222 nm with increasing temperature (Fig. 3), indicating similar
stabilities between WT and mutant Mbs. The intensity of the CD
ellipticity increased relatively rapidly from ~65 °C for the WT
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Mb dimer until it overlapped with the ellipticity of the WT Mb
monomer at ~75 °C, which we attributed to the dissociation of
the dimers to monomers by heating (Fig. 3A). A slight ellipticity
change was observed for the K;A,H Mb dimer at 76-78 °C,
which may correspond to the conversion of the dimers to
monomers (Fig. 3B), owing to the stabilization of the dimer
(Fig. 3). Dissociation of the dimer was not observed for K;A,H-
L137E and K3;A,H-L137D Mb; instead, a clear conversion of
monomers to dimers was observed at 68 and 67 °C, respectively
(Fig. 3C and D), corresponding to the high stability of the
dimers (Fig. S21 and Table 1). When we decreased the temper-
ature increase rate in the measurement for K;A,H-L137E and
K;A,H-L137D Mb, more monomers converted to dimers at
lower temperatures, indicating that the monomer-to-dimer
conversion is a relatively slow process (Fig. S57).

The X-ray crystal structures were determined at 1.16 A (PDB
ID: 7V5P), 1.38 A (PDB ID: 7V5Q), and 1.39 A (PDB ID: 7V5R)
resolution, respectively (Fig. 4 and Table S21). All dimers
exhibited similar overall structures to that of the WT Mb 3D-DS
dimer (PDB: 3VM9, Fig. S671), and all structures contained an H-
bond network at the hinge region involving K79, H82, D141, and

D
' L D141
1137 ﬁ: fﬁ‘;A A
W7,
E
D141,
E137.¢
W7,
F

w7g
D141
B\‘?’ "‘2.5"\0137,\
»-‘ -4
Dly“‘" K79, H8 a2 D141,

A

W

Fig. 4 X-ray crystal structures of the mutant Mb 3D-DS dimers: (A) KzA,H (PDB ID: 7V5P), (B) KsA,H-L137E (PDB ID: 7V5Q), and (C) KsA,H-L137D
Mb (PDB ID: 7V5R). (D), (E), and (F) are enlarged views of the hinge regions of (A), (B), and (C), respectively. The representations of the amino acids

are the same as those in Fig. 1.
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water molecules, with most H-bond distances in the range 2.5-
3.2 A (Fig. S71). E137 interacted with W7 via water molecules in
the K3A,H-L137E Mb dimer (Fig. 4E), whereas a new hydrogen
bond was formed between K79 and D137 in the K;A,H-L137D
Mb dimer, extending the H-bond network from that of WT
and K3;A,H Mb (Fig. 4F and S87t). The extended H-bond network
with more water molecules may stabilize the helical structure at
the hinge region and thereby stabilizes the 3D-DS dimer.

The obtained X-ray crystal structures are snapshots of ener-
getically stable structures, and the observation of water mole-
cules may depend on the resolution of the crystal structure. To
verify the structures and investigate the H-bonds in solution, we
analyzed the number of H-bonds formed for the specific amino
acid residues in Fig. 4, i.e.,, W7, K79, H82, L/D/E137, and D141,
by MD simulation (Fig. S91). The H-bonds of these amino acid
residues with H-bond mediating water molecules within cutoff
= 7 A were included. WT, K;A,H, K3;A,H-L137E, and Ks;A,H-
L137D Mb 3D-DS dimers contained approximately 72, 85, 94,
and 97 H-bonds, respectively, at the hinge region (Fig. 5A). The
stability of the Mb dimer increased as the number of H-bonds at
the hinge region increased, owing to the inhibition of the
dimer-to-monomer conversion by the tight H-bond network.
The order of the dimer-to-monomer ratio (Fig. S2t) correlated
well with that of the number of H-bonds (WT Mb < K3A,H Mb <
K3A,H-L137E Mb < K3A,H-L137D Mb). From the experiments,
thermal conversion of the dimer to monomers was observed for
WT and K;A,H Mb dimers, whereas the conversion of the
monomers to dimer was observed for K;A,H-L137E and K;A,H-
L137D Mb (Fig. 3). This difference could be attributed to the
difference in the monomer and dimer stability at approximately
65-75 °C. Since the K;A,H-L137E(D) Mb dimer apparently
contains more H-bonds than the WT and K;A,H Mb dimers, the
K;A,H-L137E(D) Mb dimer may be stabilized over the monomer
though the H-bond network but not much for the WT and
K;A,H Mb dimers.

To investigate the effect of the H-bonds on the a-helical
structure at the hinge region, we calculated the histogram of the
distance between the center-of-mass coordinates of residues
77-82 in chains A and B in the dimer during MD simulation,
which is referred to as the centroid distance (Fig. 5B). The
centroid distances in WT, K;A,H, K;H,A-L137E, and K;H,A-
D137 Mb dimers in the crystal structures were 7.6, 7.9, 7.9,
and 7.8 A, respectively. These values were in good agreement
with the distances of the (shorter distance) peaks obtained by
MD simulation except for the WT Mb dimer (Fig. 5B). For the
WT Mb dimer, the distance was about 9 A, which was longer by
2 A than that obtained from the X-ray crystal structure. The
shorter distance in the crystal structure may be attributed to the
stabilization of the crystal structure to the most stable structure,
while the protein structure fluctuates in solution, making the
centroid distances shorter and similar among WT and mutant
Mbs in the crystals. In the MD simulation, the same tendency as
the number of H-bonds was found for the centroid distance.
The WT Mb dimer showed longer centroid distances than the
K3A,H Mb dimer, indicating greater compactness of the K;A,H
Mb dimer at the hinge region with approximately 15 more H-
bonds (Fig. 5A). For the K3;A,H-L137E(D) Mb dimer, the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 MD simulation for WT (black), KsAxH (red), KsAxH -L137E (blue),
and KzA,H -L137D Mb dimers (magenta). (A) Population of the number
of H-bonds among W7, K79, H82, L/D/E137, D141, and surrounding
water molecules. The H-bonds within 7 A measured from these amino
acid residues were counted considering the tight H-bond network. (B)
Population of the centroid distance. The definition of the centroid is
described in the Materials and methods section.

centroid distance was very stable with shorter distances: 8.08 A
(K;A,H-L137E Mb) and 7.95 A (K;A,H-L137D Mb), supporting
the hypothesis of a tight H-bond network in the K;A,H-
L137E(D) Mb dimer. For the WT and K;A,H Mb dimers that
have broader distribution, the centroid distance negatively
correlated with the number of H-bonds; correlation coefficient,
WT Mb: —0.81; K3A,H Mb: —0.70 (Fig. S10t). The centroid
distance was distributed in the range of 8-11.5 A and 7.5-11 A
for the WT and K;A,H Mb dimers, respectively, both with an
~3.5 A distribution, which was approximately half of the cutoff
= 7 A. The decrease in the centroid distance in the K;A,H Mb
dimer could be attributed to the increase in the number of H-
bonds included in the tight H-bond network, supporting the
hypothesis that the H-bond network is an important driving
force for the 3D-DS dimerization of Mb.

4 Conclusions

Experimental and theoretical analyses of WT and mutant Mbs
revealed that the 3D-DS dimer is stabilized when the H-bond
network at the hinge region is enhanced. Thermodynamic
and CD studies showed that the WT Mb dimer dissociates to
monomers upon heating at ~70 °C, whereas K;A,H-L137E and
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K3A,H-L137D Mb monomers are converted to dimers by the
heating. X-ray crystal structures revealed that the H-bond
network is enhanced in the order WT < K;A,H < K;A,H-L137E
=~ K;3;A,H-L137D Mb. In the crystal structure of the K;A,H-
L137E Mb dimer, the mutated E137 interacted with W7,
whereas the mutated D137 interacted with K79 in the K;A,H-
L137D Mb dimer, both enhancing the H-bond network. The
MD simulations revealed that the number of H-bonds increases
in the order WT < KzA,H < Kz;A,H-L137E < K;A,H-L137D Mb. It
also indicated that the distance between the centroids of the
two helices in the hinge region decreases in the same order.
These results provide additional evidence for the hypothesis
that the 3D-DS dimer becomes more stable compared to the
monomer as the H-bond network at the hinge region of the
dimer is enhanced in Mb. This study provides a new perspective
on utilizing hydrogen bonds in the design of stable domain-
swapped oligomers.
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