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Chapter 1

General introduction



1-1 Domain swapping

Three-dimensional domain swapping (3D-DS) is a process in which two or more
identical protein monomers exchange the same domain or secondary structural elements
and fold into dimers or higher order oligomers whose units are structurally similar to the
original monomer (Figure 1-1) [1-4]. Crestfield and coworkers have proposed 3D-DS for
bovine pancreatic ribonuclease (RNase) in 1962 [5], which structures have been resolved
later (Figure 1-2A) [6, 7]. Bennett and coworkers introduced the phrase "domain
swapping" in 1994 after elucidating the diphtheria toxin monomer and dimer structures
(Figure 1-2B) [8]. Since then, approximately 600 domain-swapped structures have been

deposited in the Protein Data Bank [9].

6—60 >

monomer dimer trimer

Figure 1-1. Schematic diagram of 3D-DS. Protein monomers form dimer, trimer, and

higher order oligomers by 3D-DS.



RNase A N-terminal RNase A C-terminal RNase A C-terminal
domain-swapped dimer ~ domain-swapped dimer domain-swapped trimer

diphtheria toxin monomer  diphtheria toxin domain-swapped dimer

Figure 1-2. 3D-DS of proteins. (A) Crystal structures of RNase A monomer (PDB ID:
5RSA), N-terminal domain-swapped dimer (PDB ID: 1A2W), C-terminal domain-
swapped dimer (PDB ID: 1FOV), and domain-swapped trimer (PDB ID: 1JS0) and (B)
crystal structures of diphtheria toxin monomer (PDB ID: 1MDT) and domain-swapped
dimer (PDB ID: 1DDT).

Many heme proteins can form oligomers by 3D-DS by treatment with ethanol. Horse

cytochrome (cyt) ¢ can form a domain-swapped dimer and trimer by exchanging the C-

terminal a-helix between protein molecules (Figure 1-3A) [10], whereas Pseudomonas

aeruginosa (PA) cyt css1, Hydrogenobacter thermophilus (HT) cyt ¢ss2, and Shewanella

violacea (SV) cyt cs can swap the region containing the N-terminal o-helix and heme

between molecules and form dimers (Figures 1-3B, 1-3C, and 1-3D) [11-13]. Aquifex

aeolicus (AA) cyt css51 possesses a unique extra 310-0-310 helix and can form a dimer by



swapping the region containing this extra 310-a-310 helix and the C-terminal a-helix
(Figures 1-3E) [14]. The domain-swapped myoglobin (Mb) dimer was obtained by
converting the hinge loop in the monomer to a part of the long a-helix (Figures 1-3F) [15].
Recently, 3D-DS has also been used to construct novel artificial protein nanoarchitectures,

such as a protein nanocage [16] and a protein tetrahedron [17].
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Figure 1-3. Crystal structures of heme proteins that form oligomers by domain swapping:
(A) horse cyt ¢ monomer (PDB ID: 1HRC), cyt ¢ dimer (PDB ID:3NBS), and cyt ¢ trimer
(PDB ID:3NBT); (B) PA cyt ¢s551 monomer (PDB ID: 351C) and PA cyt ¢s51 dimer (PDB
ID: 3X39); (C) HT cyt ¢s52 monomer (PDB ID: 1YNR) and HT cyt ¢ss52 dimer (PDB ID:
3VYM); (D) SV cyt ¢s monomer (PDB ID: 5B6Q) and SV cyt ¢s dimer (PDB ID: 6K7C);
(E) AA cyt ¢s555 monomer (PDB ID: 2ZXY) and AA cyt ¢ss55 dimer (PDB ID: 3X15); (F)
Mb monomer (PDB ID: 1WLA) and Mb dimer (PDB ID: 3VM9).



1-2 Myoglobin

Mb is a monomeric oxygen storage heme protein existing in the aerobic muscle tissue
of vertebrates [18]. The first three-dimensional model of the Mb was revealed by the X-
ray analysis of sperm whale Mb [19], and it was determined at high resolution (2 A) later
[20]. In this thesis, I used horse Mb. Horse Mb consists of 153 amino acids with 8 a-
helices (A—H helix) and seven non-helical segments [21]. Between the E and F helices, a
heme pocket is formed. His93 (proximal His) of the F helix and a water molecule are
coordinated to the heme in the monomer, where the coordinated water is hydrogen bonded
to His64 (distal His) of the E helix (Figures 1-4). The domain-swapped Mb dimer was
obtained by treating the monomer with ethanol [15]. In the Mb dimer, the E and F helices
and the EF loop of the original monomer formed a long a-helix (Figures 1-5) [15]. The
coordination structure of the heme in the Mb dimer was similar to that in the monomer,
but His64 and His93 belonged to different protomers (Figures 1-6). The Mb dimer still
possessed the oxygen binding property, and it exhibited a slightly higher oxygen binding
affinity compared to that of monomer [15].

Owing to the well-studied structure and function, Mb has been widely used as a
model protein for creating functionalized supramolecular polymers and artificial

metalloenzymes [22-27].



Figure 1-4. Protein and heme coordination structures of horse Mb monomer (PDB ID:
IWLA): (A) Protein structure and (B) coordination structure. The heme, His64, and His93
are shown as stick models. The water molecule which is coordinated to the heme iron is
depicted as a red sphere. The N- and C-termini are labeled as N and C, respectively. The

heme is shown in yellow, and the nitrogen atoms of the His ligand are shown in blue.

Figure 1-5. Structures of horse Mb (A) monomer (PDB ID: 1WLA) and (B) dimer (PDB
ID: 3VM9). The hemes, His64, and His93 are shown as stick models. The monomer is
depicted in green, and the protomers in the dimer are depicted in green and cyan. The
hinge regions are depicted in red. The N- and C-termini are labeled as N and C,

respectively.



Figure 1-6. Protein and heme coordination structures of horse Mb dimer (PDB ID:
3VMYI): (A) Protein structure and (B) coordination structure. The hemes, His64 4, and
His93g (A and B represent different protomers) are shown as stick models. The water
molecule which was coordinated to the heme iron is depicted as a red sphere. Protomer A
and protomer B in the dimer are depicted in green and cyan, respectively. The N- and C-
termini are labeled as N and C, respectively. The nitrogen atoms of His ligand are shown

in blue.

Mb has been used to design a domain-swapped heterodimer with two different active
sites, in which two Mb surface mutants were constructed by modifying the charges of the
residues at the salt bridge of the domain-swapped dimer (Figures 1-7) [28]. Recently,
multiple metal-binding sites have been constructed in domain-swapped Mb mutant
dimers by arranging the His residues in the hinge region [29]. When the binding site
existed on the surface of the Mb dimer, it formed a typical octahedral Co*" complex,

whereas it formed a unique tetrahedral Co?" complex when the binding site existed deep



inside the protein (Figures 1-8) [29]. Thus, Mb has the potential to serve as a model for

protein engineering using domain swapping.
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Figure 1-7. Construction of heterodimers with different active sites based on 3D-DS: (A)
Design and (B) crystal structure (PDB ID: 3WYO) of Mb heterodimer. The hemes, His64,
and His93 are shown as stick models. The water molecule which is coordinated to the
heme iron is depicted as a red sphere. Protomers in the dimer are depicted in green and
orange, respectively.
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Figure 1-8. Crystal structures and schematic metal-coordination views of metal-bound
Mb mutant dimers: (A) Co*"-bound K78H/G80A/H82A Mb dimer (PDB ID: 7DGK), (B)
Co?"-bound K79H/G80A/H81A Mb dimer (PDB ID: 7DGN). The hemes and the side-
chain atoms of residues 64, 78, 79, 81, 82, 85, and 141 are shown as stick models. The
metal ions and water molecules are depicted as purple and red spheres, respectively, with
different sizes. Protomers (except the hinge region) in the K78H/G80A/H82A Mb dimer
and K79H/G80A/H81A Mb dimer are depicted in green and cyan. The hinge regions (77—
82) are depicted in red.

The helical propensity in the hinge region of Mb correlated well with domain
swapping tendency [30]. The helical propensity at the hinge region of wild-type (WT)
Mb was increased by triple mutation of residues 80, 81, and 82 to Ala (K3As Mb) (Figures
1-9), resulting in an increase in its domain swapping tendency [30]. Thermodynamic
analysis showed that the AGwm.p value of K3As Mb was largely negative at 61.5-70 °C,
whereas the AGw.p value of WT Mb was highly positive, because no dimer formed after

heating WT Mb at 65 °C. The AHw.p and ASm.p values were both negative for K3A; Mb,



indicating that the dimerization of K3A3 Mb was enthalpically favorable although it was

entropically unfavorable. The enthalpy gain and entropy loss during the dimerization of

K3A3 Mb can be explained by the increased stabilization of the a-helical structure and

decreased flexibility of the hinge region.
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Figure 1-9. Structures of (A) WT Mb dimer (PDB ID: 3VM9) and (B) K3A3 Mb dimer
(PDB ID: 6LTM). (C) and (D) are enlarged views of the hinge region of (A) and (B),
respectively. The hemes, and the side-chain atoms of residues 79, 82, and 141 are shown
as stick models. Water molecules are depicted as red spheres. H-bonds are shown as
dotted lines.
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1-3 H-bond network in proteins

H-bond network plays integral roles in protein structure [31-36], function [37-40],

and conformational dynamics [41-45]. In the last decade, many experimental and

computational methods have been developed to better understand the role of H-bond

network in protein structure. For example, X-ray and neutron diffractions have been

combined to study the H-bond network in the proteins of both crystallized and disordered

molecular ensembles. Electron densities are sensitive to atoms such as carbon, nitrogen,

and oxygen in X-ray diffraction, whereas neutron scattering gives insight into the pattern

of hydrogens [46-48]. However, X-ray crystallography can only determine the position

and sometimes the orientation of strongly bound water molecules, and cannot detect

highly fluctuating water molecules. Molecular simulations have been used to aid and

complement the understanding of hydration of protein.

The forces that drives protein-protein binding are polar and hydrophobic interactions

as well as hydrogen bonding. Kinetically, water molecules can guide a fully solvated

protein to recognize another fully solvated protein by a gradual expulsion of water layers

[45]. Protein-protein interfaces have varying degrees of solvation and spatial distribution

patterns. The level of hydration is obviously determined by the polarity and geometry of

the interface. For example, the hydration dynamics of protein under crowding conditions

11



were studies by molecular dynamics (MD) simulations (Figure 1-10) [49]. Water
dynamics slow down abruptly as protein separations decrease, and the transition to much
slower dynamics occurs at much shorter distances for the protein pair than for the protein
tetrahedron (Figure 1-10C). This simulation can be used as a reference for protein

oligomerization and aggregation at high protein concentrations.
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Figure 1-10. Example of the simulation analysis for water molecules between (A) two
proteins and (B) four proteins. (C) The number of H-bonds is practically unchanged with
the degree of confinement, while the H-bond dynamics exhibit a sharp transition at a

distance which changes markedly with the confining geometry. The figure is taken from

ref, [49].

The ability to accurately create new H-bond networks is critical for many problems

in protein design, and rational design approaches have successfully achieved networks

12



that specify membrane protein interactions (Figure 1-11) [50]. Developing computational

methods have recently provided scientific support for the design of more complex homo-

and hetero-oligomers with modular H-bond networks [51-54]. The design in Figure 1-12

was inspired by the DNA double helix and also broke the limits of DNA antiparallel

double helix, resulting in a range of oligomerization states (dimers, trimers, and

tetramers) and supercoil geometries [51]. These symmetric protein homo-oligomers have

been widely used in drug design and protein ion channel construction [52, 55].

MS1 MS1-V13T
Figure 1-11. Model of trimeric structure of MS1 and MS1-V13T. Side chains from

residues 13 and 14 are shown. Hydrogen bonds are represented as dashed lines. The figure
is taken from ref. [50].
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Figure 1-12. Crystal structures of eight different two-ring topological homo-oligomers.
The figure is taken from ref. [51].
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1-4 Purpose of this study

Various factors, such as helical propensity and hydrogen bonds, control protein

structures. We have previously shown that a frequently used model protein Mb can form

a domain-swapped dimer, and we 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, I focused on another factor that governs the protein structure, hydrogen

bonding. The effects of H-bond network on the domain swapping Mb dimer was

elucidated by the combination of X-ray crystallography, CD spectroscopy,

thermodynamics, and molecular dynamics simulation.

In chapter 2, I performed thermodynamic and spectroscopic studies on the

monomer—dimer equilibriums of Mbs that were mutated at the hinge region to enhance

the H-bond network in the dimer. The results revealed that enhanced H-bond network at

hinge region increased the 3D-DS tendency of Mb by stabilizing the dimer over the

monomer, demonstrating the importance of H-bond network on 3D-DS. In chapter 3, I

studied the effect of H-bond network on the dimer structure of mutant Mbs using X-ray

crystallography and MD simulations. The results confirmed that all Mb mutant dimers

contained a H-bond network similar to the WT Mb dimer at hinge region, and revealed

15



that the number of H-bonds increased and a-helices at the hinge region became more rigid

for mutants with a tighter H-bond network. In chapter 4, I concluded all of my results.
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Chapter 2
Thermodynamic and spectroscopic studies on the monomer-

dimer equilibriums of mutant Mbs
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2-1 Introduction

The high tendency of three-dimensional domain swapping (3D-DS) can be

introduced into a protein by modifying the putative hinge region (generally a loop) with

compelling strategies. Examples include shortening or lengthening hinge loop [1-7],

placing residues in a loop that are forced to adopt unusual dihedral angles [2, 8, 9], and

replacing a loop with an a helix that forms a coiled coil [10]. The change in the

conformation of the modified and strained hinge loop to an energetically favorable

extended conformation in the domain-swapped structure is the driving force for

oligomerization [11, 12].

It has been previously shown that horse myoglobin (Mb) can form a 3D-DS dimer,

in which the hinge region Lys77-His82 (KKKGHH; K3GH>) is converted from a loop to

a helical structure connecting the neighboring E and F a-helices [13]. A heterodimer with

different active sites can be obtained by controlling the electrostatic interaction between

the protomers in the dimer [14]. Gly and His are amino acids with low-helical propensity,

whereas Ala has high helical propensity [15]. To increase the helical propensity at the

hinge region, we mutated residues 80, 81, and 82 of wild type (WT) Mb to Ala (K3A3

Mb), which resulted in an increase in its 3D-DS tendency [15, 16]. However, His82 was

involved in the H-bond network with Lys79 and Asp141 in the WT Mb 3D-DS dimer
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(Figure 2-1), whereas this H-bond network was not observed in the 3D-DS dimer of K3A3

Mb.

In this study, I investigated the effect of the H-bond network on 3D-DS. I introduced

two Ala residues at Gly80 and His81 but retained H82 to interact with Lys79 and Asp141

through water molecules at the hinge region (GS80A/H81A (K3A2H) Mb). Additionally,

Leul37 is located relatively close to the H-bond network in the WT Mb 3D-DS dimer;

thus, Leul37 was additionally mutated to a hydrophilic amino acid: Glu and Asp

(G8OA/H81A/L137E (K3AH-L137E) Mb and G80A/H81A/L137D (K3A>H-L137D)

Mb). In this chapter, thermodynamic and spectroscopic studies were performed on these

mutant Mbs.
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Figure 2-1. X-ray crystal structure of the WT Mb 3D-DS dimer (PDB ID: 3VM9): (A,
B) overall structure and (C, 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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2-2 Materials and methods

2-2-1 Plasmids of WT and mutant Mbs

WT, K3A>H, K3A>H-L137E, and K3A;H-L137D Mb were produced from E. coli

LE392 cells containing the pEMBL19+ plasmid with Mb genes of WT, K3 AxH, K3A>H-

LI137E, and K3A>H-L137D, respectively. The amino acid sequences and the DNA

sequences of WT and mutant Mbs are summarized in Table 2-1. Mb mutant genes were

constructed using the KOD Plus Mutagenesis Kit (Toyobo, Japan) and confirmed by DNA

sequencing (ABI PRISM 310 genetic analyzer sequencing system, Applied Biosystems,

Inc.).

Table 2-1. Amino acid sequences (in one letter code) and DNA sequences of the WT and
mutant Mbs used in this study. The mutated amino acids and codons are shown in red

with underline.

WT Mb, amino acid sequence
GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEKFDKFKHLK
TEAEMKASEDLKKHGTVVLTALGGILKKKGHHEAELKPLAQSHATKHKIPI
KYLEFISDAITHVLHSKHPGDFGADAQGAMTKALELFRNDIAAKYKELGFQ
G

WT Mb, DNA sequence
GGTCTGTCTGATGGTGAATGGCAGCAGGTTCTGAACGTTTGGGGCAAAG
TTGAAGCTGACATCGCTGGTCACGGTCAAGAAGTCTTGATTCGACTGTTC
ACCGGCCACCCGGAAACTCTGGAAAAATTCGATAAATTCAAACACCTGA
AAACTGAAGCTGAAATGAAGGCGTCTGAAGATCTGAAAAAACATGGCA
CCGTTGTGTTAACTGCCCTAGGTGGCATCCTTAAGAAAAAAGGGCACCA
CGAAGCTGAGCTCAAACCGCTTGCGCAATCGCATGCTACTAAACACAAG
ATCCCGATCAAATACCTGGAATTCATCTCTGATGCGATCATCCACGTTCTG
CATTCTAAACATCCAGGTGACTTCGGTGCTGACGCTCAGGGTGCTATGAC
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CAAAGCTCTCGAGCTGTTCCGTAACGATATCGCTGCTAAGTACAAAGAAC
TGGGTTTCCAGGGT

K3A>H Mb, amino acid sequence
GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEKFDKFKHLK
TEAEMKASEDLKKHGTVVLTALGGILKKKAAHEAELKPLAQSHATKHKIPI
KYLEFISDAIIHVLHSKHPGDFGADAQGAMTKALELFRNDIAAKYKELGFQ
G

K3A>H Mb, DNA sequence
GGTCTGTCTGATGGTGAATGGCAGCAGGTTCTGAACGTTTGGGGCAAAG
TTGAAGCTGACATCGCTGGTCACGGTCAAGAAGTCTTGATTCGACTGTTC
ACCGGCCACCCGGAAACTCTGGAAAAATTCGATAAATTCAAACACCTGA
AAACTGAAGCTGAAATGAAGGCGTCTGAAGATCTGAAAAAACATGGCA
CCGTTGTGTTAACTGCCCTAGGTGGCATCCTTAAGAAAAAAGCGGCCCA
CGAAGCTGAGCTCAAACCGCTTGCGCAATCGCATGCTACTAAACACAAG
ATCCCGATCAAATACCTGGAATTCATCTCTGATGCGATCATCCACGTTCTG
CATTCTAAACATCCAGGTGACTTCGGTGCTGACGCTCAGGGTGCTATGAC
CAAAGCTCTCGAGCTGTTCCGTAACGATATCGCTGCTAAGTACAAAGAAC
TGGGTTTCCAGGGT

K3A>H-L137E Mb, amino acid sequence
GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEKFDKFKHLK
TEAEMKASEDLKKHGTVVLTALGGILKKKAAHEAELKPLAQSHATKHKIPI
KYLEFISDAIIHVLHSKHPGDFGADAQGAMTKALEEFRNDIAAKYKELGFQ
G

K3A>H-L137E Mb, DNA sequence
GGTCTGTCTGATGGTGAATGGCAGCAGGTTCTGAACGTTTGGGGCAAAG
TTGAAGCTGACATCGCTGGTCACGGTCAAGAAGTCTTGATTCGACTGTTC
ACCGGCCACCCGGAAACTCTGGAAAAATTCGATAAATTCAAACACCTGA
AAACTGAAGCTGAAATGAAGGCGTCTGAAGATCTGAAAAAACATGGCA
CCGTTGTGTTAACTGCCCTAGGTGGCATCCTTAAGAAAAAAGCGGCCCA
CGAAGCTGAGCTCAAACCGCTTGCGCAATCGCATGCTACTAAACACAAG
ATCCCGATCAAATACCTGGAATTCATCTCTGATGCGATCATCCACGTTCTG
CATTCTAAACATCCAGGTGACTTCGGTGCTGACGCTCAGGGTGCTATGAC
CAAAGCTCTCGAGGAATTCCGTAACGATATCGCTGCTAAGTACAAAGAA
CTGGGTTTCCAGGGT
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K3A>H-L137D Mb, amino acid sequence
GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEKFDKFKHLK
TEAEMKASEDLKKHGTVVLTALGGILKKKAAHEAELKPLAQSHATKHKIPI

KYLEFISDAITHVLHSKHPGDFGADAQGAMTKALEDFRNDIAAKYKELGFQ
G

K3A>H-L137D Mb, DNA sequence
GGTCTGTCTGATGGTGAATGGCAGCAGGTTCTGAACGTTTGGGGCAAAG
TTGAAGCTGACATCGCTGGTCACGGTCAAGAAGTCTTGATTCGACTGTTC
ACCGGCCACCCGGAAACTCTGGAAAAATTCGATAAATTCAAACACCTGA
AAACTGAAGCTGAAATGAAGGCGTCTGAAGATCTGAAAAAACATGGCA
CCGTTGTGTTAACTGCCCTAGGTGGCATCCTTAAGAAAAAAGCGGCCCA
CGAAGCTGAGCTCAAACCGCTTGCGCAATCGCATGCTACTAAACACAAG
ATCCCGATCAAATACCTGGAATTCATCTCTGATGCGATCATCCACGTTCTG
CATTCTAAACATCCAGGTGACTTCGGTGCTGACGCTCAGGGTGCTATGAC
CAAAGCTCTCGAGGATTTCCGTAACGATATCGCTGCTAAGTACAAAGAAC
TGGGTTTCCAGGGT

2-2-2 E. coli culture and Mb purification

The E. coli LE392 carrying pEMBL19+ plasmid with mutant Mb (K3A>H, K3 A>H-
L137E, and K3A;H-L137D Mb) gene was incubated in 2 mL of Luria-Bertani (LB) media
containing 100 pg/mL ampicillin at 37 °C for 11-12 h. Five hundred microliters of the
cultured E. coli solution was transferred to 30 mL of LB media containing 100 pg/mL
ampicillin, and the solution was incubated at 37 °C for 4 h. Five milliliters of the cultured
E. coli solution was transferred into 2 L of LB media containing 100 mg/L ampicillin in
a five-liter flask (6 flasks in total for one culture), and incubated at 37 °C for 16-18 h. The

cells were harvested by centrifugation at 8000 rpm and 4 °C for 5 min.
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Mb was purified by a previously reported method with modifications [17]. The

harvested cells that expressed mutant Mb (K3A>H, K3A>H-L137E, and K3A>H-L137D

Mb) were frozen by liquid nitrogen and thawed under running water, and subsequently

suspended in lysis buffer (1 mM EDTA, 50 mM Tris-HCI, pH 8.4, 2.67 g/L lysozyme,

17mg/L. DNase I), and stirred at 4 °C overnight. After centrifugation at 18000 rpm and

4 °C for 30 min, a hemin solution (8 mg/mL hemin in 0.1 mM NaOH) was added to the

protein solution with a final hemin concentration of 68 mg/L, and stirred at 4 °C for 20

min. Potassium ferricyanide was further added to the solution with a final concentration

of 10 mM, and stirred at 4 °C for 20 min. After centrifugation of the solution at 18000

rpm at 4 °C for 20 min, the dark red supernatant was treated with 20 % saturated

ammonium sulfate, and stirred at 4 °C for 20 min. After centrifugation of the solution at

18000 rpm and 4 °C for 20 min, the dark red supernatant was treated with 80 % saturated

ammonium sulfate, and stirred at 4 °C for 20 min. The protein suspension was centrifuged

at 18000 rpm and 4 °C for 30 min, and the obtained pellet was dissolved with ~200 mL

pure water. The ~200 mL protein solution was dialyzed four times which was in pure

water for 2 h, pure water for 2 h, 5 mM potassium phosphate (KPB) buffer, pH 6.0, for 2

h, and 5 mM KPB buffer, pH 6.0, overnight.
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The dialyzed protein was centrifuged at 18000 rpm and 4 °C for 30 min, and purified

by passing the protein solution through an anion exchange open column (DEAE-650C,

TOSOH) at 4 °C with 5 mM KPB buffer, pH 6.0. The obtained protein was purified by

cation exchange chromatography (CM cellulose, TOSOH) using an open column at 4 °C

with 5 mM KPB buffer, pH 6.0. The protein attached to the CM column was eluted with

50 mM KPB bufter, pH 7.0. The eluted protein was dialyzed in 5 mM KPB buffer, pH

6.0, overnight. The dialyzed protein was concentrated and purified by cation exchange

chromatography (CM cellulose, TOSOH) again, using a fast protein liquid

chromatography (FPLC) system (BioLogic DuoFlow 10) (flow rate, 2.0 mL/min;

monitoring wavelength, 280 nm and 408 nm; gradient, between 50 mM KPB buffer, pH

7.0, and 5 mM KPB buffer, pH 6.0; temperature, 4 °C). The monomer and dimer Mb

mutants were purified by size exclusion chromatography (SEC) (HiLoad 26/60 Superdex

75pg, GE Healthcare) using the FPLC system (flow rate, 1.0 mL/min; monitoring

wavelength, 280 nm and 408 nm; buffer, 50 mM KPB buffer, pH 7.0; temperature, 4 °C)

several times.

WT Mb (from equine skeletal muscle) was purchased from Sigma-Aldrich (Saint

Louis, MO, USA). The WT Mb dimer was prepared by dissolving the WT Mb (1 mM) in

50 mM KPB buffer, pH 7.0, followed by an addition of 5 % (v/v) ethanol. The WT Mb
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solution was lyophilized, and the obtained precipitate was dissolved in 10 mL of 50 mM

KPB buffer, pH 7.0. The obtained WT Mb solution was filtered, and the WT Mb dimer

was purified by SEC (HiLoad 26/60 Superdex 75pg, GE Healthcare) (flow rate, 1.0

mL/min; monitoring wavelength, 280 nm and 408 nm; buffer, 50 mM KPB buffer, pH

7.0; temperature, 4 °C) several times [18].

Molar extinction coefficients of WT and mutant Mb monomers and dimers in their

met forms at 408 nm were determined by the hemochrome method [19]. The Mb

concentration was adjusted by the Soret band intensity at 408 nm.

2-2-3 Analysis of the monomer and dimer ratio of Mb after heating

Purified WT and mutant Mb monomers and dimers were incubated at 70 °C for 30

min. 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 KPB buffer, pH 7.0, at 4 °C. The ratios of Mb

monomer and dimer 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).
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2-2-4 Analysis of the thermodynamic parameters of Mb mutant

The 100 uM K3 A>H Mb monomer solution was heated for 90 min, 120 min, 750 min,

and 930 min at 63.5 °C, 65.4 °C, 67.5 °C, and 69.5 °C, respectively. The monomer-dimer

equilibrium of K3A>H Mb achieved before 750 min at 63.5 °C, 65.4 °C, 67.5 °C, and

before 90 min at 69.5 °C. The 5 uM K3A>H-L137E and K3;A>H-L137D Mb monomer

solutions were heated for 30 min, 60 min, 150 min, and 480 min at 67.2 °C, 69.5 °C,

71.3 °C, and 73.1 °C, respectively. The monomer-dimer equilibrium for both monomer

solutions achieved before 150 min at 67.2 °C, before 60 min at 69.5 °C, and before 30

min at 71.3 °C and 73.1 °C. No precipitation was observed during heating for all mutants.

Each experiment was repeated three times.

The equilibrium states for K3AoH Mb were achieved at 63.5 °C, 65.4 °C, 67.5 °C,

and 69.5 °C, and those for K3A;H-L137E and K3zA>H-L137D Mb were achieved at

67.2 °C, 69.5 °C, 71.3 °C, and 73.1 °C, and accurate dimer-to-monomer ratios at the

equilibrium state were obtained.

The equilibrium constant Keq and the Gibbs free energy change AGwm.p for the

monomer-to-dimer conversion of KsA>H, KzA,H-L137E, and K3;A>,H-L137D Mb were

obtained using egs. (1) to (5),

2 Monomer < Dimer (1)
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Keq = [Dimer]eq / [Monomer]eq (2)
where [Monomer]e; and [Dimer]eq are the monomer and dimer concentrations,
respectively, at the equilibrium. AGm.p can be calculated using the following equation

AGwmp = -RTInKq 3)
where R is the gas constant (8.3145 J-K'!-mol') and T is the temperature of the Mb
solution. AGwm.p can also be expressed as
AGwmp =AHwp - T ASup 4
From (3) and (4), we obtain,
InKeq= (AHv-p/R) * 1/T + ASmp/R (5)
By least-square fitting the plot InKeq vs. 1/T with (5) using the software Igor, we can

obtain AHwv.p and ASm-p from the slope (AHm-p/R) and intercept (ASm-p/R), respectively.

2-2-5 Optical absorption and circular dichroism measurements

The absorption spectra of WT and mutant 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. 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. CD ellipticity
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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 °C min!, 0.5 °C min!, or

1 °C min!.

2-3 Results and discussion
2-3-1 Monomer-dimer equilibrium of WT and mutant Mbs

Molar extinction coefficients at 408 nm of WT and mutant Mb monomers and dimers
in their met forms are listed in Table 2-2. The stability of the WT, K3A>H, K3A>H-L137E,
and K3A>H-L137D Mb dimers were compared by heating each monomer and dimer
solution at 70 °C for 30 min and subsequently analyzing the solution with size exclusion
chromatography (SEC) (Figure 2-2). For WT Mb, all of the dimers dissociated to
monomers upon heating, whereas no dimer formed from the monomer. The dimer-to-
monomer ratios after heating the monomer and dimer solutions were similar for each Mb
mutant, 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 K3 AoH,
K3A>H-L137E, and K3 A>H-L137D Mb, respectively, indicating stabilization of the dimer

by the mutation. Although the helical propensity of Ala is higher than that of His [15], the
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dimer-to-monomer ratio of K3A2H Mb was higher than that of K3As Mb, demonstrating

the importance of other factors on the stabilization of the dimer.

Table 2-2. Molecular extinction coefficients of WT and mutant Mb monomers and dimers.

Mb protein €408 nm (MM cm'?)
monomer dimer
WT Mb 188 188
KzAz2H Mb 181 181
KzAzH- L137E Mb 178 181
KzAzH- L137D Mb 180 180
A B
S S P o
5
. b Ses AmO% § J QO%A 10 %
§ ¢ 2% l&-‘;s% % k QS%A 7%
f% d 92 % AA 8 % 3| 93°/A 7 %
E o o7 %Jl - 0 20 40 60 80 100 120
E Elution Volume (mL)
S|t 97 % A 3%
g 98 % L 2%
h 98 % A 2%

1 I
0 20 40 60 80 100 120
Elution Volume (mL)

Figure 2-2. Size exclusion chromatography elution curves of WT and mutant Mbs: (a, b)
WT, (c, d) KsAxH, (e, f, 1, j) KsA2H-L137E, and (g, h, k, 1) K3A,H-L137D Mb. Elution
curves after heating the monomer (a, c, e, g, 1, k) and dimer (b, d, f, h, j, 1) at 70 °C for
(A) 30 min and (B) 60 min are shown. The intensities of the curves are normalized by the
total area of the curve. Measurement conditions: Mb concentration, (A) 100 uM (heme
unit), (B) 5 uM (heme unit); column, HiLoad 16/60, Superdex 75 pg; detection
wavelength, 280 nm (blue) and 408 nm (red); buffer, 50 mM potassium phosphate buffer,
pH 7.0; temperature, 4 °C.
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2-3-2 Thermodynamic studies of mutant Mbs

The thermodynamic parameters of 3D-DS for KsA>H, K3A,H-L137E, and K3A,H-
L137D Mb were obtained from the equilibrium dimer-to-monomer ratios at various
temperatures (Figure 2-3). The equilibrium constant Keq and the Gibbs free energy change
AGwm.p for the monomer-to-dimer conversion for K3A>H Mb at 63.5-69.5 °C and K3 AxH-
L137E Mb and K3A>H-L137D Mb at 67.2—73.1 °C were obtained using eqgs. (1) to (5).

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 K3A>H (table 2-3), K3A,H-L137E (table 2-4), and K3A,H-L137D Mb
(table 2-5), respectively, at 69.5 °C, where the AGm.p values (Table 2-6) were largely
negative. The AHwm.p and ASup values for the monomer-to-dimer conversion were
obtained from the van’t Hoff plot (InKeq vs. 1/T) (Table 2-3, Table 2-4, Table 2-5, and
Figure 2-3). The AHw.p and ASm-p values were both negative (Table 2-6), indicating that
the 3D-DS dimerization of the mutant Mbs was enthalpically favorable but entropically
unfavorable, similar to the characteristics of the GS80A (K3AH:2) and K3A3 Mb mutants
[16]. The enthalpy gain and entropy loss on the 3D-DS dimerization of these mutants can
be explained by the increased stability of the a-helical structure and decreased flexibility

of the dimer structure with the enhanced H-bond network in the hinge region.
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Table 2-3. Thermodynamic parameters of 3D-DS dimerization for K3A>H Mb

Temperature Keq InK,  1/T*1000 Standard deviation (In Kq)
63.5 °C 2.041 x10° 14.53 2.970 0.18
65.4 °C 1.627 x 10° 14.30 2.954 0.08
67.5°C 1.182 x 10° 13.98 2.936 0.06
69.5 °C 9.163 x 10° 13.73 2918 0.09

Table 2-4. Thermodynamic parameters of 3D-DS dimerization for K3A>,H-L137E Mb

Temperature Keq InKeq  1/T*1000  Standard deviation (In Keq)
67.2°C 1.535 x 107 16.54 2.938 0.09
69.5 °C 9.426 x 10° 16.06 2918 0.09
71.3 °C 5.639 x 10° 15.54 2.903 0.05
73.1°C 3.111 x 10° 14.95 2.888 0.04

Table 2-5. Thermodynamic parameters of 3D-DS dimerization for K3A>H-L137D Mb

Temperature Keq InK.q 1/T*1000  Standard deviation (In Keq)
67.2°C 6.451 x 107 17.98 2.938 0.08
69.5 °C 2.294 x 10’ 16.95 2918 0.09
71.3 °C 1.211 x 107 16.31 2.903 0.09
73.1°C 4.934 x 10° 15.41 2.888 0.05

Table 2-6. Thermodynamic parameters of 3D-DS dimerization for mutant Mbs.

K;AH Mb K;A,H-L137E Mb K3A;H-L137D Mb
KeqM™) (342.7 K) (9.2+0.8) x 10° (9.4+0.8) x 10° (2.3+£0.2) x 107
AGwp (kcal/mol) (342.7 K) -9.3+0.1 -10.9+0.1 -11.5+0.1
AHw.p (kcal/mol)? -30.8+ 1.1 —-63.2+5.1 -100.5 + 4.0
ASw.p (cal/mol)* —-62.7+3.1 —-152.8 + 14.9 -259.4+ 11.7

2 The temperature range for the calculation of AHm-p and ASmp is 336.7-342.7 K for KsA2H Mb and 340.4-346.3 K
for K3sA2H-L137E and K3A2H-L137D Mb.
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Figure 2-3. van’t Hoff plots of mutant Mbs. Experimental conditions: Mb concentration
(heme unit), 100 uM for K3A>H Mb, and 5 uM for K;A>H-L137E and K3A>H-L137D
Mb; solution conditions: 50 mM potassium phosphate buffer, pH 7.0; temperature, 63.5,
65.4, 67.5, and 69.5 °C for K3A,H Mb, and 67.2, 69.5, 71.3, and 73.1 °C for K3A,H-
L137E and K3A;H-L137D Mb.

2-3-3 Spectroscopic studies of mutant Mbs

The optical absorption spectra of the monomer and dimer of K3 A>H, Kz A,H-L137E,
and K3A>;H-L137D Mb in the met form were all similar to each other and similar to those
of the WT Mb monomer and dimer (Figure 2-4), indicating that the mutation and
dimerization did not significantly alter the heme coordination structure. The overall CD
spectra of the Mb monomer and dimer of the mutants in the met form were similar to the
corresponding spectra of WT Mb (Figure 2-5), indicating that the mutations did not

perturb the structure of the Mb monomer and dimer significantly. However, the difference
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in the CD ellipticity between the monomer and dimer was slightly larger for K3A2H-

L137E and K3A>H-L137D Mb than for WT and K3A>H Mb, indicating that the helicity

increased in solution slightly more for the conversion of the monomer to dimer in K3 A,H-

L137E and K3A>H-L137D Mb than in WT and K3A>H Mb.

300 400 500 600 700 800
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300 400 500 600 700 800
Wavelength (nm)

200

1504

emM” cm™)

1004

50

300 400 500 600 700 800
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300 400 500 600 700 800
Wavelength (nm)

Figure 2-4. Optical absorption spectra of WT and mutant Mbs in their met forms: (A)
WT, (B) K3A2H, (C) K3A2H-L137E, and (D) K3A>H-L137D Mb. The spectra of the Mb

monomer (blue) and dimer (red) are shown. Measurement conditions: solution condition,

50 mM potassium phosphate buffer, pH 7.0; path length, 10 mm; temperature, 25 °C.
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Figure 2-5. CD spectra of WT and mutant Mbs in their met forms: (A) WT, (B) KzAxH,
(C) K3AH-L137E, and (D) K3A2H-L137D Mb. The spectra of the Mb monomer (blue)
and dimer (red) are shown. Measurement conditions: Mb concentration, 5~6 uM (heme
unit); solution condition, 50 mM potassium phosphate buffer, pH 7.0; path length, 1 mm;

temperature, 25 °C.

The CD ellipticity changes at 222 nm of WT and mutant Mbs in met form with

increasing temperature were monitored to investigate the secondary structural changes by

heating (Figure 2-6). The denaturation temperature was 84, 81, 82, and 81 °C for WT,

KsAH, K3A>H-L137E, and K3 A,H-L137D Mb, respectively, indicating similar stabilities

between WT and mutant Mbs. The intensity of the CD ellipticity increased relatively

rapidly from ~65 °C for the WT 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 (Figure 2-6A). A slight ellipticity change was observed for the

K3A>H Mb dimer at 76—78 °C, which may correspond to the conversion of the dimers to

monomers, owing to the stabilization of the dimer (Figure 2-6). Dissociation of the dimer

was not observed for KzAxH-L137E and K3A>2H-L137D Mb instead, a clear conversion

of monomers to dimers was observed at 68 and 67 °C, respectively (Figures 2-6C, D),

corresponding to the high stability of the dimers (Figure 2-2). When we decreased the

temperature increase rate in the measurement for K3AoH-L137E and K3A>H-L137D Mb,

more monomers converted to dimers at lower temperatures, indicating that the monomer-

to-dimer conversion is a relatively slow process (Figure 2-7).
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Figure 2-6. Change in CD ellipticity at 222 nm with temperature increase for WT and
mutant Mbs in their met forms: (A) WT, (B) K3A2H, (C) K3A;H-L137E, and (D) K3A,H-
L137D Mb. The changes in the Mb monomer (blue) and dimer (red) are shown.
Measurement conditions: Mb concentration (heme unit), 30~33 uM; solution condition:
50 mM potassium phosphate buffer, pH 7.0; path-length, 1 mm; temperature, 25-100 °C;

scan rate, 1 °C min .
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Figure 2-7. CD ellipticity changes at 222 nm with temperature for K3A;H-L137E and
K5A2H-L137D Mb in their met forms: (A) K3A>H-L137E and (B) K3A2H-L137D Mb.
The changes in the Mb monomer (blue) and dimer (red) are shown. Measurement
conditions: Mb concentration, 30~33 pM (heme unit); solution condition, 50 mM
potassium phosphate buffer, pH 7.0; path length, 1 mm; temperature, 25-100 °C; scan

rate, 0.25 °C min™ ', 0.5 °C min ! or 1 °C min .
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2-4 Conclusion

All of the dimers of WT Mb dissociated to monomers upon heating at 70 °C for 30

min, whereas no dimer formed from its monomer. The dimer-to-monomer ratios after

heating the monomer and dimer solutions were similar for KzA>H, K3A>H-L137E, and

K3AH-L137D Mb, demonstrating that the Mb mutants were under monomer-dimer

equilibrium after heating. The AGwm.p values at 69.5 °C for KzAH, K3A>2H-L137E, and

K3AH-L137D Mb were largely negative. The AHmp and ASu.p values were both

negative, indicating that the 3D-DS dimerization of the mutant Mbs was enthalpically

favorable but entropically unfavorable. The optical absorption spectra and CD spectra of

mutant Mb were similar to the corresponding spectra of WT Mb, indicating the mutations

did not perturb the structure of Mb monomer and dimer significantly. The intensity of the

CD ellipticity change was observed for the dissociation of the dimers to monomers by

heating for the WT and K3A;H Mb. Dissociation of the dimer was not observed for

Ks3A;H-L137E and K3A;H-L137D Mb; instead, a clear conversion of monomers to

dimers was observed at 68 and 67 °C, respectively, corresponding to the high stability of

the dimers. All the results indicate that enhanced the H-bond network at the hinge region

of Mb dimer can increase 3D-DS tendency by stabilizing the dimer over the monomer,

demonstrating that the H-bond network is an important factor in 3D-DS.
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Chapter 3
Effect of H-bond network on the dimer structures of mutant

Mbs
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3-1 Introduction

Atomic-level protein structure information is important for understanding the

structure-function relationship of proteins and is currently obtained mainly with X-ray

diffraction. However, some water molecules will be missing in the crystal structures

because of resolution limit. On the other hand, molecular dynamics (MD) simulations

have the ability to recover the positions of water molecules determined experimentally.

Therefore, the X-ray crystallography and MD simulations are combined to investigate the

details of water structures and interactions to the binding sites, especially in biomolecules

[, 2].

In this chapter, I screened the crystallization conditions and obtained good quality

crystals of Ks3A;H, K3A,H-LI37E, and K3A,H-L137D Mb dimers for X-ray

crystallography analysis. Additionally, MD simulations were performed on WT and

mutant Mb dimers to reveal the structure and H-bond network in the solution state. The

studies of X-ray crystallography and MD simulations supported the hypothesis that the

helices at the hinge region become more tighter and the Mb dimer is stabilized when the

H-bond network at the hinge region is enhanced.
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3-2 Materials and methods

3-2-1 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 17 mg/mL in 50 mM potassium phosphate buffer,

pH 7.0. Droplets prepared by mixing 1 pL of protein solution with 1 pL 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 KzA>H Mb

dimer; 0.1 M Tris-HCI buffer, pH 7.0, containing 0.1 M sodium acetate and 10 % (w/v)

PEG 6000 with 5% (w/v) PEG 8000 for K3zA>H-L137E Mb dimer; and 0.1 M Tris-HCI

bufter, pH 7.0, containing 0.1 M sodium acetate and 10% (w/v) PEG 6000 with 5% (v/v)

PEG 200 for the K3A;H-L137D Mb dimer.

The diffraction data of KsAH, K3A>H-L137E, and KzA2H-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 [3],

and an automatic data process was performed using the KAMO system [4]. The

preliminary structure was obtained by a molecular replacement method (MOLREP) [5]
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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
REFMACS [6]. The molecular model was manually corrected, and water molecules were
picked up in the electron density map using the program COOT [7]. The data collection

and refinement statistics are summarized in Table 3-1.

S7



Table 3-1. Statistics of data collection and structure refinement of Kz AxH, Kz A,H-L137E,

and KsA>H-L137D Mb dimers.

K3A2H Mb dimer

K;3;A;H-L137E Mb

dimer

K;3;A;H-L137D Mb

dimer

Data collection

20181026

20210214

20210622

X-ray source

SPring-8 (BL38B1)

SPring-8 (BL41XU)

SPring-8 (BL45XU)

Wavelength (A) 1.0000 1.0000 1.0000
Space group P2,2,2, P2,2,2, P2,2,2,
Unit cell parameters

a, b, c (A) 57.4,62.5,83.1 57.5, 63.0, 83.4 56.2,62.9, 82.0

a, B,y () 90, 90, 90 90, 90, 90 90, 90, 90
Resolution (A) 47.35-1.16 47.32-1.38 46.33-1.39

(1.18-1.16) (1.40-1.38) (1.41-1.39)
Number of unique 101566 (4675) 62992 (3135) 59149 (2987)
reflections
Runerge” 0.034 (0.455) 0.131 (1.17) 0.018 (0.189)
Rineas 0.037 (0.502) 0.137 (1.24) 0.026 (0.268)
Completeness (%) 97.0 (91.4) 99.9 (97.8) 100.0 (99.5)
<l/o(ly> 23.1 (3.3) 10.9 (1.0) 24.8 (3.9)
CCin 0.999 (0.893) 0. 998 (0.865) 0.999 (0.856)
Redundancy 6.4 (5.6) 1.0 (1.0) 1.9 (1.8)
Refinement
Program REFMAC 5.8 REFMAC 5.8 REFMAC 5.8
Resolution (A) 41.71-1.16 47.32-1.38 46.37-1.39
(1.19-1.16) (1.42-1.38) (1.43-1.39)

Number of reflections 96318 (6650) 59812 (43006) 56262 (4089)
Ruor” 0.197 (0.245) 0.165 (0.278) 0.207 (0.291)
Riiee” 0.206 (0.266) 0.205 (0.289) 0.234 (0.325)
Completeness (%) 96.7 (91.9) 99.9 (98.4) 100.0 (99.6)
Number of atoms in an
asymmetric unit

Protein 2390 2397 2398

Water 318 298 235

Heme 86 86 86
Average B factors (A?)

Protein 17.0 23.7 26.0

Water 243 28.7 31.1

Heme 12.4 18.8 20.0
Ramachandran plot (%)

Favored 98.01 98.01 98.68

Allowed 1.99 1.99 1.32

Outlier 0.00 0.00 0.00

Statistics for the highest-resolution shell are given in parentheses.

" Rmerge=2nki | | — <I>| (Zna| 1 )7
 Rimerge=Xk | | ] 1)) . ) o

Rwork=2nki | | Fobs | — K| Featc Ezhm | Foos |) —, k: scaling factor. Rsee Was computed identically,
except where all reflections belong to a test set of 5 % of randomly selected data.
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3-2-2 Molecular dynamics simulation of Mb

MD simulations were performed for WT, K3zA>H, K3zA>H-L137E, and K3A;H-
L137D Mb dimers. The standard force fields of the proteins, the heme, and the water
molecule (TIP3P [§]) were obtained from CHARMM-GUI [9-11]. The box size was taken
to be 120° A®, and the periodic boundary condition was used. The particle mesh Ewald
method [12, 13] 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
0=1.9623 A and €=0.24299 kJ/mol.). The Lennard-Jones potential with cutoff = 12 A
was used for van der Waals interactions. After energy minimizations and 1.25 ns (Az =1
fs) of equilibration simulations with position-restraints, 10 ns (A =2 fs) of production
simulations were performed for the production run. To accelerate the simulation, all
chemical bonds including hydrogens were constrained by the LINCS [14] method. The
temperature of these simulations was maintained by Nose-Hoover thermostat [15] so that
T'=300 K. The pressure was controlled at 1 bar using a Parrinello-Rahman barostat [16].
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).
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The distance between the center-of-mass coordinates of residues 77—82 in chain A

and chain B were calculated; the centroid was defined as follows.

82 A(B)
i=77 Zjei m;Xx;

82
i=77 z:J'Ei m;

Xam) =

where X, gy is the centroid of chain A(B), i is the residue index, j is the atom index

(B)

included in the i-th residue, m; is the mass of the atom, and xij is the atomic

coordinate of the j-th atom.
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3-3 Results and discussion
3-3-1 Protein structures

All crystals of mutant Mb dimers were obtained at 4 °C within 7 days (Figure 3-1).
The X-ray crystal structures of K3AxH, K3A>H-L137E, and K3A>H-L137D Mb dimers
were determined at 1.16 A (PDB ID: 7V5P), 1.38 A (PDB ID: 7V5Q), and 1.39 A (PDB
ID: 7V5R) resolution, respectively (Figure 3-2). All dimers exhibited similar overall
structures to that of the WT Mb 3D-DS dimer (PDB: 3VM9, Figure 3-3), and all structures
contained a H-bond network at the hinge region involving Lys79, His82, Asp141, and
water molecules, with most H-bond distances in the range 2.5-3.2 A (Figure 3-4). Glu137
interacted with Trp7 via water molecules in the K3A2H-L137E Mb dimer (Figure 3-2E),
whereas a new hydrogen bond was formed between Lys79 and Asp137 in the KzA>H-
L137D Mb dimer, extending the H-bond network from that of WT and K3 A>H Mb (Figure
3-2F and Figure 3-5). 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.
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Figure 3-1. Crystals obtained after incubation of (A) K3 A>H Mb, (B) KsA>H-L137E Mb,
and (C) KsAoH-L137D Mb dimers at 4 °C within 7 days. The best reservoir solutions for
Mb dimer were (A) 0.1 M Tris-HCI buffer, pH 7.0, containing 0.1 M sodium acetate and
10% (w/v) PEG 6000, (B) 0.1 M Tris-HCl bufter, pH 7.0, containing 0.1 M sodium acetate
and 10 % (w/v) PEG 6000 with 5% (w/v) PEG 8000, and (C) 0.1 M Tris-HCI buffer, pH
7.0, containing 0.1 M sodium acetate and 10% (w/v) PEG 6000 with 5% (v/v) PEG 200,

respectively.
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Figure 3-2. X-ray crystal structures of the Mb mutant 3D-DS dimers: (A) K;A>H (PDB
ID: 7V5P), (B) K3A2H-L137E (PDB ID: 7V5Q), and (C) K3A;H-L137D Mb (PDB ID:
7V5R). (D), (E), and (F) are enlarged views of the hinge regions of (A), (B), and (C),
respectively. The two protomers are shown in green and cyan. The side-chain atoms of
residues Trp7, Lys79, His82, Leul37/Glul37/Asp137, Asp141 and the hemes are shown
as stick models. Water molecules are depicted as red spheres. The H-bond network
involving Lys79, His82, Asp141, 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.

63



Figure 3-3. Superimposed structures of WT and mutant Mb dimers: WT (gray), KzA>H
(red), KsAoH-L137E (blue), and K3A,H-L137D Mb (magenta). The hemes are shown as
stick models.
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Figure 3-4. Distances of H-bonds in (A) K3 A2H Mb dimer, (B) K3A>H-L137E Mb dimer,
and (C) K3A;H-L137D Mb dimer. The two protomers are shown in green and cyan,
respectively. The side-chain atoms of residues W7, K79, H82, L137/E137/D137, and
D141 and the hemes are shown as stick models. Water molecules are depicted as red
spheres. The H-bond network involving W7, K79, H82, L137/E137/D137, D141, and

water molecules at the hinge region are shown as dotted lines. Distance unit: A.
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Figure 3-5. Superimposed structures of the hinge region of WT and mutant Mb dimers:
WT (gray), K3sAzH (red), KsA2H-L137E (blue), and K3A>H-L137D Mb (magenta). Lys79,
His82, Leul37/Glul37/Asp137, Aspl41, and hemes are shown as stick models. The H-
bonds between Lys79 and Aspl137 are shown as dotted lines. A and B in the residue

number represent each protomer.

3-3-2 Molecular dynamics studies on the dimer structure of WT and mutant Mbs
The obtained X-ray crystal structures are snapshots of energetically stable structures,
and the observation of water molecules 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 Figure 3-1, i.e.,
Trp7, Lys79, His82, Leu/Asp/Glul37, and Asp141, by MD simulation (Figure 3-6). The
H-bonds of these amino acid residues with H-bond mediating water molecules within
cutoff = 7 A were included. WT, K3 AxH, K3A,H-L137E, and K3A2H-L137D Mb 3D-DS

dimers contained approximately 72, 85, 94, and 97 H-bonds, respectively, at the hinge
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region (Figure 3-7A). 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 correlated well
with that of the number of H-bonds (WT Mb < K3 A>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 K3;A>H Mb dimers, whereas the conversion of the monomers to
dimer was observed for K3AH-L137E and K3A>H-L137D Mb (Figure 2-6). This
difference could be attributed to the difference in the monomer and dimer stability at
approximately 65—75 °C. Since the K3A>H-L137E(D) Mb dimer apparently contains
more H-bonds than the WT and Kz A>H Mb dimers, the K3AoH-L137E(D) Mb dimer may
be stabilized over the monomer though the H-bond network but not much for the WT and
K5A2H Mb dimers.

To investigate the effect of the H-bonds on the a-helical structure at the hinge region,
the histogram of the distance between the center-of-mass coordinates of residues 77—82
in chains A and B was calculated during MD simulation, which is referred to as the
centroid distance (Figure 3-7B). The centroid distances in WT, K3A>H, K3A,H-L137E,
and K3A;H-L137D 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
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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 K3;A>H Mb dimer, indicating greater compactness of
the KsAoH Mb dimer at the hinge region with approximately 15 more H-bonds (Figure
3-7A). For the K3A>H-L137E(D) Mb dimer, the centroid distance was very stable with
shorter distances: 8.08 A (K3A>H-L137E Mb) and 7.95 A (K3AH-L137D Mb),
supporting the hypothesis of a tight H-bond network in the K3 Ao H-L137E(D) Mb dimer.
For the WT and K3;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; K3A2H Mb: —0.70 (Figure 3-8). The centroid distance was distributed in the range
of 8-11.5 A and 7.5-11 A for the WT and K3A>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 KsA>H Mb dimer could be attributed to the increase in the
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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.
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Figure 3-6. The trajectory of the root-mean-square-distance (RMSD) of WT (black),
K3AH (red), K3sAoH-L137E (blue) and K3 A,H-L137D Mb dimers (magenta).
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Figure 3-7. MD simulation for WT (black), K3A>H (red), KsA2H -L137E (blue), and
K5A2H -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.
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Figure 3-8. Scatter plot of the number of H-bonds (x-axis) and the distance between hinge
centroids (y-axis). The distributions of WT (black points), K3A>H (red points), K3A>H-
L137E (blue points) and K3A>H-L137D Mb dimers (magenta points).

3-4 Conclusion

The X-ray crystal structures of K3zAH, K3A,H-L137E, and K3A>H-L137D Mb
dimers exhibited similar overall structures to that of the WT Mb 3D-DS dimer, and all
structures contained a H-bond network at the hinge region involving Lys79, His82,
Aspl41, and water molecules, with most H-bond distances in the range 2.5-3.2 A.Glu137
interacted with Trp7 via water molecules in the K3 AoH-L137E Mb dimer, whereas a new
hydrogen bond was formed between Lys79 and Asp137 in the K3A,H-L137D Mb dimer,

extending the H-bond network from that of WT and K3A>H Mb. The extended H-bond
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network with more water molecules may stabilize the helical structure at the hinge region

and thereby stabilizes the 3D-DS dimer. To verify the structures and investigate the H-

bonds in solution, the number of H-bonds formed for the specific amino acid residues

Trp7, Lys79, His82, Leu/Asp/Glul37, and Aspl41, was analyzed by MD simulation

within cutoff =7 A. WT, KzAxH, K3A;H-L137E, and K3A;H-L137D Mb 3D-DS dimers

contained approximately 72, 85, 94, and 97 H-bonds, respectively, at the hinge region.

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 same tendency as the number of H-bonds was found for the centroid

distance. The combination of X-ray crystallography and MD simulations confirmed that

all Mb mutant dimers contained a H-bond network similar to the WT Mb dimer at hinge

region, and revealed that the number of H-bonds increased and a-helices at the hinge

region became more rigid for mutants with a tighter H-bond network.

71



Reference

[1] M. E. Wall, G. Calabro, C. 1. Bayly, D. L. Mobley & G. L. Warren, Biomolecular

solvation structure revealed by molecular dynamics Simulations. J. Am. Chem. Soc.

141, 4711-4720 (2019).

[2]  O.Caldararu, M. M. Ignjatovic, E. Oksanen & U. Ryde, Water structure in solution

and crystal molecular dynamics simulations compared to protein crystal structures.

RSC Adv. 10, 8435-8443 (2020).

[3] K. Hirata, K. Yamashita, G. Ueno, Y. Kawano, K. Hasegawa, T. Kumasaka & M.

Yamamoto, ZOO: an automatic data-collection system for high-throughput

structure analysis in protein microcrystallography. Acta Crystallogr. D Struct. Biol.

75, 138-150 (2019).

[4] K. Yamashita, K. Hirata & M. Yamamoto, KAMO: towards automated data

processing for microcrystals. Acta Crystallogr. D Struct. Biol. 74, 441-449 (2018).

[5] A. Vagin & A. Teplyakov, MOLREP: an automated program for molecular

replacement. J Appl Crystallogr 30, 1022-1025 (1997).

[6] A. T. Brunger, P. D. Adams, G. M. Clore, W. L. DeLano, P. Gros, R. W. Grosse-

Kunstleve, J. S. Jiang, J. Kuszewski, M. Nilges, N. S. Pannu, R. J. Read, L. M.

Rice, T. Simonson & G. L. Warren, Crystallography & NMR system: A new

72



[7]

[8]

[9]

[10]

[11]

software suite for macromolecular structure determination. Acta Crystallogr. D

Biol. Crystallogr. 54, 905-921 (1998).

P. Emsley & K. Cowtan, Coot: model-building tools for molecular graphics. Acta

Crystallogr. D Biol. Crystallogr. 60, 2126-2132 (2004).

W. L. Jorgensen, J. Chandrasekhar, J. D. Madura, R. W. Impey & M. L. Klein,

Comparison of simple potential functions for simulating liquid water.

J. Chem. Phys. 79, 926-935 (1983).

S. Jo, T. Kim, V. G. Iyer & W. Im, CHARMM-GUI: a web-based graphical user

interface for CHARMM. J. Comput. Chem. 29, 1859-1865 (2008).

B. R. Brooks, C. L. Brooks, 3rd, A. D. Mackerell, Jr., L. Nilsson, R. J. Petrella, B.

Roux, Y. Won, G. Archontis, C. Bartels, S. Boresch, A. Caflisch, L. Caves, Q. Cui,

A. R. Dinner, M. Feig, S. Fischer, J. Gao, M. Hodoscek, W. Im, K. Kuczera, T.

Lazaridis, J. Ma, V. Ovchinnikov, E. Paci, R. W. Pastor, C. B. Post, J. Z. Pu, M.

Schaefer, B. Tidor, R. M. Venable, H. L. Woodcock, X. Wu, W. Yang, D. M. York

& M. Karplus, CHARMM: the biomolecular simulation program. J. Comput.

Chem. 30, 1545-1614 (2009).

J. Lee, X. Cheng, J. M. Swails, M. S. Yeom, P. K. Eastman, J. A. Lemkul, S. Wei,

J. Buckner, J. C. Jeong, Y. Qi, S. Jo, V. S. Pande, D. A. Case, C. L. Brooks, 3rd, A.

73



[12]

[13]

[14]

[15]

[16]

D. MacKerell, Jr., J. B. Klauda & W. Im, CHARMM-GUI Input Generator for

NAMD, GROMACS, AMBER, OpenMM, and CHARMM/OpenMM Simulations

Using the CHARMM36 Additive Force Field. J. Chem. Theory Comput. 12, 405-

413 (2016).

T. Darden, D. York & L. Pedersen, Particle mesh Ewald - an N.Log(N) method for

Ewald sums in large systems. J. Chem. Phys. 98, 10089-10092 (1993).

T. E. Cheatham, J. L. Miller, T. Fox, T. A. Darden & P. A. Kollman, Molecular-

Dynamics Simulations on Solvated Biomolecular Systems - the Particle Mesh

Ewald Method Leads to Stable Trajectories of DNA, RNA, and Proteins. J. Am.

Chem. Soc. 117, 4193-4194 (1995).

B. Hess, H. Bekker, H. J. C. Berendsen & J. G. E. M. Fraaije, LINCS: a linear

constraint solver for molecular simulations. J. Comput. Chem. 18, 1463-1472

(1997).

S. Nose, Constant temperature molecular-dynamics methods.

Prog. Theor. Phys. Suppl., 1-46 (1991).

M. Parrinello & A. Rahman, Polymorphic transitions in single-crystals - a new

molecular-dynamics method. J. Appl. Phys. 52, 7182-7190 (1981).

74



Chapter 4

Conclusion
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It has been reported that horse myoglobin (Mb) can form a 3D-DS dimer, in which

the hinge region Lys77-His82 (KKKGHH; K3GH>) is converted from a loop to a helical

structure connecting the neighboring E and F a-helices. Gly and His are amino acids with

low-helical propensity, whereas Ala has high helical propensity. To increase the helical

propensity at the hinge region, we mutated residues 80, 81, and 82 of WT Mb to Ala

(K3A3 Mb), which resulted in an increase in its 3D-DS tendency. However, His82 was

involved in the H-bond network with Lys79 and Aspl141 in the WT Mb 3D-DS dimer,

whereas this H-bond network was not observed in the 3D-DS dimer of K3A3z Mb. Thus,

in this thesis, I investigated the effect of H-bond network on 3D-DS of Mb.

I introduced two Ala residues at Gly80 and His81 but retained His82 to interact with

Lys79 and Asp141 at the hinge region (G80A/H81A (K3A2H) Mb). Additionally, Leul37

is located relatively close to the H-bond network in the WT Mb 3D-DS dimer; thus,

Leul37 was additionally mutated to a hydrophilic amino acid: Glu and Asp

(GSOA/H81A/L137E (K3A;H-L137E) Mb and GS80A/HS81A/L137D (K3A,H-L137D)

Mb). All of the dimers of WT Mb dissociated to monomers upon heating at 70 °C for 30

min, whereas no dimer formed from its monomer. The dimer-to-monomer ratios after

heating the monomer and dimer solutions were similar for KzA>H, KsA>H-L137E, and

K3A;H-L137D Mb, demonstrating that the Mb mutants were under monomer-dimer
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equilibrium after heating. The AGm.p values at 69.5 °C for KsA>H, K3A>H-L137E, and
K3A;H-L137D Mb were largely negative. The AHum.p and ASw.p values were both
negative, indicating that the 3D-DS dimerization of the mutant Mbs was enthalpically
favorable but entropically unfavorable. The optical absorption spectra and CD spectra of
mutant Mb were similar to the corresponding spectra of WT Mb, indicating the mutations
did not perturb the structure of Mb monomer and dimer significantly. The intensity of the
CD ellipticity change was observed for the dissociation of the dimers to monomers by
heating for the WT and K3A;H Mb. Dissociation of the dimer was not observed for
K3A;H-L137E and K3A,H-L137D Mb; instead, a clear conversion of monomers to
dimers was observed at 68 and 67 °C, respectively, corresponding to the high stability of
the dimers. These results provide thermodynamic and spectroscopic characterization of
the monomer-dimer equilibrium among mutant Mbs, supporting the hypothesis that H-
bond network at hinge region can affect the 3D-DS tendency by stabilizing the dimer over
the monomer.

The X-ray crystal structures of KsA>H, K3A>H-L137E, and K3A;H-L137D Mb
dimers exhibited similar overall structures to that of the WT Mb 3D-DS dimer, and all
structures contained a H-bond network at the hinge region involving Lys79, His82,

Asp141, and water molecules, with most H-bond distances in the range 2.5-3.2 A. Glu137
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interacted with Trp7 via water molecules in the K3AoH-L137E Mb dimer, whereas a new
hydrogen bond was formed between Lys79 and Asp137 in the K3A,H-L.137D Mb dimer,
extending the H-bond network from that of WT and K3A>H Mb. 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. To verify the structures and investigate the H-
bonds in solution, the number of H-bonds formed for the specific amino acid residues
Trp7, Lys79, His82, Leu/Asp/Glul37, and Aspl41, was analyzed by MD simulation
within cutoff = 7 A. WT, K3A,H, K3A,H-L137E, and K3A,H-L137D Mb 3D-DS dimers
contained approximately 72, 85, 94, and 97 H-bonds, respectively, at the hinge region.
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 same tendency as the number of H-bonds was found for the centroid
distance. 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. This
study provides a new perspective on utilizing hydrogen bonds in the design of stable 3D-
DS oligomers.

Although we can obtain a small amount of 3D-DS Mb trimer and tetramer by

treatment with ethanol, the structures have not been resolved so far. One reason could be
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that these structures are not stable. Since the H-bond network can increase the 3D-DS

tendency by stabilizing helices at the hinge region and the 3D-DS dimer. I hope that this

study can be extended to the future design of stable Mb trimer, tetramer, and other higher

order oligomers.
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