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Chapter 1

General introduction



1-1  Protein design

Protein design has become a useful method to create novel artificial proteins and

has been applied to biotechnology and pharmaceutics, such as bio-sensors and

bio-imaging. Protein supramolecules, including protein complexes, are attractive

because they can provide more sophisticated structures and functions than those of

monomeric proteins. Although it is difficult to control protein—protein interactions, such

as hydrophobic packing, electrostatic interaction, hydrogen bonding (H-bond), and van

der Waals interaction, many kinds of protein—protein interactions have been used to

control the protein supramolecular formation (/-4).

Protein—protein interactions have been controlled by introduction of

metal-binding sites into the protein surface (Figure 1.1). Artificial protein structures

have been constructed by introduction of metal binding sites into an a-helix bundle

protein (5), but undesirable structures may also form in addition to the desired structure.



Figure 1.1 Crystal structure of the 4 Zn / 4 Hiss-cyt cbser assembly (PDB: 2QLA). The
hemes are shown as stick models. Zn-coordinating aspartic acid and histidines are

shown as stick models. The Zn ions are shown as gray spheres.

Attempts to create hemeprotein oligomers have been performed. Hemeproteins

such as cytochrome (cyt) ¢ and horseradish peroxidase have been chosen as a protein

scaffold to construct supramolecular hemoproteins by chemical methods, attaching a

heme at the protein surface (6-9). Cyt cbse; and myoglobin mutants have also been used

to construct protein polymers by successive intermolecular heme—heme pocket

interactions. Formations of an one-dimensional linear structure, a two-dimensional

network, and a three-dimensional cluster were controlled by changing the molar ratio of

the hemeprotein and pivot molecule (Figure 1.2) (10-12).
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Figure 1.2 Schematic view of hemeprotein design with heme—heme pocket interaction.

However, the construction process of hemeprotein supramolecules by a

chemical method (i.e., removing the heme from the natural protein and chemically

attaching a heme to an unnatural position) is complex. Therefore, a new simple method

for construction of hemeprotein supramolecules is desired.



1-2  Domain swapping

3D domain-swapping (i.e., simply, domain-swapping) is a phenomenon that has
been observed in many proteins (/3-76). Domain-swapping is a mechanism for forming
oligomeric proteins from their monomers (Figure 1.3). In domain-swapping, one
domain of a protein is replaced by the same domain from an identical protein, forming
an intertwined dimer and high order oligomers. The first report on domain-swapping is
the structure of diphtheria toxin dimer reported by Bennett and coworkers in 1994

(Figure 1.4a) (17).

Hinge loop
Inter-domain interface / \ Swapped domain

N

- Inter-domain interface
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o J

Closed monomers Open monomers Domain-swapped dimer

Figure 1.3 Schematic diagram of domain-swapping.

Up to date, many domain-swapped oligomeric proteins have been reported

(18-20). The swapped domain can be as large as an entire globular domain as in

diphtheria toxin (Figure 1.4a) (/7). In cyanovirin-N (217), the swapped domain is half of



its molecule. The swapped domain can also be as small as an a-helix or a -strand (22)

as in the dimer of mouse Glucocorticoid-induced TNF receptor ligand (GITRL) (Figure

1.4b) (23). The swapped domains can be either the N terminus or the C terminus, or

both of those (/3). Some proteins form several domain-swapped structures. For example,

ribonuclease A forms at least two domain-swapped oligomers (24), exchanging the

N-terminal a-helix (25) and the C-terminal B-strand (26).

Figure 1.4 Protein structures formed by domain-swapping: (a) dimer of diphtheria toxin
(PDB ID code: 1DDT), (b) dimer of mouse glucocorticoid-induced TNF receptor ligand
(PDB ID code: 2Q80).

Another structural characteristic in domain-swapping is a flexible hinge region.
The hinge region links the two domains of the protomer. This is the only structural
difference between the monomer and oligomers.

The hinge loop modification has been also used for protein design. Changes in



the hinge loop can promote the domain-swapping oligomerization. A very stable dimer
can form by deletion of amino acids at the hinge loop (27-29). Deletion of six amino
acids residues at a surface loop transformed staphylococcal nuclease transfers a
monomeric protein into a very stable dimer (Figure 1.6a) (29). In pl3sucl, the
monomer—dimer equilibrium has been controlled by mutations of proline90 or proline92
at the hinge loop to alanine and changing the flexibility of the hinge loop (Figure 1.5)
(30). Similar oligomerization phenomena have been observed in domain 1 of
lymphocyte cell adhesion molecular CD2 (37), single-chain antibody variable fragment

(scFv) (32, 33), eye lens beta-crystallin (34), and other proteins (35-38).

Monomer
Pro90
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, 2

Dimer
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Figure 1.5 Protein structure of dimeric p13sucl (PDB ID code: 1SCE).

Recently, our group has reported a hinge loop mutant of Hydrogenobacter



thermophilus (HT) cyt cssz (39). Insertion of three glycine residues at the hinge loop
(between Alal8 and Lys19) reduced the steric hindrance in the domain-swapped
oligomer, which increased the amount of high-order oligomers (Figure 1.6b). This result
showed that the length and flexibility of the hinge loop affects the oligomerization of

proteins, and domain-swapping can be utilized to design proteins.
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Figure 1.6 Schematic view of (a) deletion of six amino acids at the surface loop of
staphylococcal nuclease for formation of a very stable dimer and (b) insertion of Gly
residues between Alal8 and Lysl9 at the hinge loop of cyt css; for formation of

high-order oligomers.



1-3  c-type cytochromes

1-3-1  Structure and function of cytochrome ¢

Cyt c is a globular protein with a heme covalently bound to the protein moiety

(40-42). Cyt c transfers electrons form cytochrome bc; complex to cytochrome c

oxidase in the respiratory chain of mitochondria, and also plays an important role in

apoptosis. The molecular weight of horse cyt ¢ is 12,400 Da. Its heme is covalently

linked with Cysteinel4 (Cys14) and Cys17 via two thioether bonds, and enveloped into

a hydrophobic area in the protein interior. Two axial ligands, histidinel8 (His18) and

methionine80 (Met80) are coordinated to the heme iron (Figure 1.7).

Figure 1.7 Structure of horse cyt ¢ (PDB ID code: 1HRC): (a) protein structure and (b)
active site structure. The heme is shown as a gray stick model. Side-chain atoms of

His18 and Met80 are shown as stick models.



HT cyt css; and Pseudomonas aeruginosa (PA) cyt c¢ss; belong to the cyt ¢
superfamily (Figure 1.8). His and Met (HT cyt css;, His14 and Met59; PA cyt css,
His16 and Met61) also coordinate to the heme iron (Figure 1.9). The amino acid
sequence of PA cyt ¢ss; (82 amino acids) matches 56% of that of HT cyt ¢ss, (80 amino
acids). However, the denaturation temperature (75,) of PA cyt ¢ss; is 82 °C, and that of
HT cyt c¢ss; is higher than 100 °C, owing to the dense packing by hydrophobic

interactions (43).

Figure 1.8 Protein structures of (a) HT cyt ¢ss» (PDB ID code: 1YNR) and PA cyt ¢ss;
(PDB ID code: 351C). The hemes are shown as gray stick models. Side-chain atoms of

heme-coordinating His and Met are shown as stick models.

10



Met59 Met61

His14

Figure 1.9 Active site structures of (a) HT cyt ¢ss; (PDB ID code: 1YNR) and (b) PA
cyt ¢ss1 (PDB ID code: 351C). The hemes are shown as gray stick models. Side-chain

atoms of heme-coordinating His and Met are shown as stick models

1-3-2  Oligomerization of cytochrome ¢

It has been reported that horse cyt ¢ forms oligomers by swapping its C-terminal

helix domain successively (Figure 1.10) (44). The X-ray diffraction crystal structures of

the cyt ¢ dimer and trimer showed that the oligomers form closed-ended

domain-swapped structures. Met80 was dissociated from the heme iron in the cyt ¢

dimer and trimer (Figure 1.11). The peroxidase activity of dimeric cyt ¢ was higher than

that of the cyt ¢ monomer, because the dissociation of Met80 created a binding site for

hydrogen peroxide.

11



Figure 1.10 Protein structures of domain-swapped horse cyt c¢ oligomers: (a)
monomeric horse cyt ¢ (PDB ID code: 1HRC), (b) dimeric horse cyt ¢ (PDB ID code:
3NBS), (c) trimeric horse cyt ¢ (PDB ID code: 3NBT). The hemes are shown as gray

stick models.

Figure 1.11 Active site structures of domain-swapped horse cyt ¢ oligomers: (a)
monomeric horse cyt ¢ (PDB ID code: 1HRC), (b) dimeric horse cyt ¢ (PDB ID code:
3NBS), and (c) trimeric horse cyt ¢ (PDB ID code: 3NBT). The hemes are shown as

gray stick models. Side-chain atoms of His18 and Met80 are shown as stick models.

HT cyt ¢ss; and PA cyt c¢ss; also form oligomers by domain-swapping. The

dimer of HT cyt c¢ss» formed by exchanging the region containing the N-terminal a-helix

and heme (Figure 1.12) (45, 46), where the swapped region was different from that of

12



the horse cyt ¢. The hinge loop of dimeric HT cyt ¢ss, was constructed with Alal8—

Lys20. His14 and Met59 coordinated to the heme iron in dimeric HT cyt css,, (Figure

1.13a), but the heme axial ligands belonged to different protomers. The structure of

dimeric PA cyt c¢ss; was also similar to that of dimeric HT cyt c¢ss;, and the region

containing the N-terminal helix and heme was exchanged between protomers (Figure

1.14). His and Met also coordinated to the heme iron in dimeric PA cyt css; (Figure

1.13b).

Figure 1.12 Protein structure of dimeric HT cyt ¢ss, (PDB ID code: 3VYM). The hemes
are shown as gray stick models. Each protomer is shown in brown or light brown.
Side-chain atoms of His14 and Met59 are shown as stick models.

13



Met59

His14

Figure 1.13 Active site structures of (a) dimeric HT cyt ¢ss» (PDB ID code: 3VYM) and
(b) dimeric PA cyt ¢ss; (PDB ID code: 3X39). The hemes are shown in gray stick
models. Each protomer is shown in brown or light brown for dimeric HT cyt css;, and
green and light blue for dimeric PA cyt cssp1. Side-chain atoms of heme-coordinating
His and Met are shown as stick models.

Figure 1.14 Protein structure of dimeric PA cyt ¢ss; (PDB ID code: 3X39). The hemes
are shown as gray stick models. Each protomer is shown in green or light blue.
Heme-coordinating side-chain atoms of His16 and Met61 are shown as stick models.

14



1-3-3  Functional changes of cytochrome c

In cyt ¢, functional change by modification of its heme coordination has been

reported (47-49). Removal of the heme-coordinating Met induces the reactivity of cyt ¢

with external ligands. For example, peroxidase activity increases by Met dissociation

from the heme iron (50). In addition, dimeric horse cyt ¢ can bind cyanide ion due to

Met80 dissociation from the heme iron (5/). Removal of Val83 and Gly84 caused

Met80 dissociation from the heme iron, and induced Met80 oxidation by the reaction of

the heme with molecular oxygen in the presence of a reducing agent (Figure 1.15) (52).

delete
amino acids Mot Met_
~a~ _ ,0
(from DTT etc.) O2 o
— Fell — . Fle“ —
Oxidized form Oxy complex
Met\ > Met\ 2
e” 2H* B i
R [ — N
H20 — FeIVL — Fell —
Compound I Oxidative
PDB: 1HRC modification

Figure 1.15 Structure of horse cyt ¢ (PDB ID code: 1HRC) (left). The C-terminal
a-helix is shown in brown. The heme is shown as a stick model. The deleted amino
acids (Val83 and gly84), which caused Met80 dissociation from the heme iron, are
shown in red. Met80 is shown in yellow. Putative reaction mechanism for its Met80

oxidation by formation of an oxygenated species and Compound I (right).
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1-4  Purpose of this study

Cyt ¢ forms oligomers by domain-swapping and changes its function by

modification of the coordination structure at the heme active site. Replacement of

heme-coordinating Met to Ala creates a binding site for external ligands. In this study,

heterodimers with different active sites were constructed based on domain-swapping

using Met-depleted c-type cytochromes (cyts). The structures of the heterodimers were

determined by X-ray crystallography. To obtain functional insight into Met-depleted

c-type cyts, the oxygen binding character of Met-depleted c-type cyt is investigated by

resonance Raman spectroscopy.

16
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Chapter 2
Construction of c-type cytochrome heterodimers with

different active sites
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Section 2-1
Construction of heterodimer with different active sites

using c-type HT wild-type cyt css; and its mutant
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2-1-1 Introduction

Myoglobin (Mb) has been shown to domain swap and forms a dimer (/).

Recently, our group has reported a Mb heterodimer with two different active sites by

controlling the salt bridges sites at the protomer interface of the domain-swapped dimer

(2). In the wild-type Mb dimer, four salt bridges are formed at the surface of the

protomers. We designed two mutants; one mutant with only positive residues at the

hinge loop and the other mutant with only negative residues at the hinge loop. In

addition, the heme active site was modified to a bis—His coordination site for the mutant

with a positive interface. These two mutants formed a heterodimer with different active

sites by domain-swapping. This result proposed a new example for rational protein

design base on domain-swapping.

In this study, I extended this concept to c-type cytochrome. I used HT cyt c¢ss».

Met59, which coordinates to the heme iron, was replaced with Ala in HT cyt css»

(MS59A cyt css2) to allow external ligands to bind to the heme iron. Then, I constructed a

heterodimer with different active sites by domain-swapping wild-type cyt c¢ss; and

mutant M59A cyt cssy (Figure 2.1).
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Figure 2.1 Design strategy for construction of the HT wild-type-M59A cyt css2

heterodimer.
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2-1-2 Materials and methods

2-1-2-1  Plasmids for HT wild-type cyt css; and HT mutant MS9A cyt css»

Plasmid pKO2 was used for expression of HT wild-type cyt css,. Met59 of HT

cyt csso was substituted with Ala (HT M59A cyt c¢ss;). Point mutation of Met to Ala was

introduced into pKO2 by PCR-based in vitro mutagenesis using forward and reverse

primers (Eurofins genomics) (Table 2.1) and Primer STAR max DNA polymerase

(Takara Bio). Plasmid DNA was prepared using Escherichia coli (E.coli) DH5a cells,

and purified with QIAprep spin Mini prep kit (Qiagen). DNA sequencing was

conducted with the BigDye Terminator version 3.1 cycle sequencing kit (Applied

Biosystems, Inc., Foster City, CA) and an ABI PRISM 3100 genetic analyzer

sequencing system (Applied Biosystems, Inc.). The constructed plasmid was introduced

into E.coli JCB387 cells containing the PEC86 plasmid DNA.

2-1-2-2  Purification of HT wild-type cyt css; and HT MS9A cyt css»

HT wild-type cyt css; and HT M59A cyt css, were overproduced in E. coli

JCB387 cells. The E. coli cells were grown aerobically in 25 g/L LB broth at 37 °C until

ODggo reached around 1.5, and then harvested by centrifugation (8,000 g, 5 min, 4 °C).

After centrifugation, the cells were suspended in spheroplasting buffer (100 mM
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Tris-HCI buffer, pH 8.0, containing 10 mM EDTA and 20 % (w/v) sucrose) to extract
periplasmic protein by the osmotic method. Suspended cells were incubated on ice for
30 min, and then centrifuged (13,700 g, 30 min, 4 °C). The resulting supernatant was
collected. The cells were suspended again in pure water and incubated on ice for 30 min.
After centrifugation (13,700 g, 30 min, 4 °C), the supernatant was collected and added
to the supernatant obtained in the previous step. The protein solution was dialyzed
overnight at 4 °C with 25 mM sodium acetate buffer, pH 5.0. The proteins were
oxidized by an addition of excess (~10 fold) potassium ferricyanide. The proteins in 25
mM sodium acetate buffer, pH5.0, were purified by cation exchange chromatography
(CM-cellulose column (Wako), HiTrap SP column (GE healthcare)) with a gradient of 0
to 300 mM NaCl. Subsequently, the proteins were purified by size exclusion
chromatography (HiLoad 26/60 Superdex 75, GE healthcare) using a fast protein liquid
chromatography (FPLC) system (BioLogic DuoFlow 10, Bio-Rad, CA) at 4 °C with 50
mM potassium phosphate buffer, pH 7.0.

The molar extinction coefficient of HT M59A cyt c¢ss; protein was obtained with
the pyridine hemochrome method (¢ = 160,000 + 2000 M 'cm ™' at 401 nm) (3). The
concentration of the monomer was calculated from the absorbance at 401 nm with the

absorption coefficient.
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2-1-2-3  Oligomerization of HT wild-type-MS9A cyt css; heterodimer

HT wild-type cyt c¢ssp and HT MS59A cyt ¢ss» were mixed with 1:1 molar ratio in

50 mM potassium phosphate buffer, pH 7.0. Ethanol was added to the mixture solution

at 50 °C as a final concentration of 80 % (v/v). The resulting precipitate was separated

from the supernatant by centrifugation at 10,000 g for 10 min. The obtained precipitate

was lyophilized to remove the residual ethanol and then dissolved with 2 mL of 50 mM

potassium phosphate buffer, pH 7.0, at 4 °C. The dimers were separated by size

exclusion chromatography (HiLoad 26/60 Superdex 75, GE healthcare) using the FPLC

system (BioLogic DuoFlow 10, Bio-Rad, CA) at a flow rate of 1.0 mL/min at 4 °C. The

fraction containing dimers was incubated at 75 °C for 3 hrs to allow dissociation of the

mutant M59A cyt ¢ss; homodimer. The mutant M59A cyt css; homodimer is unstable

because of the loss the bond between the heme and Met. The dimer fraction was

collected for further purification to separate the heterodimer from the wild-type cyt css»

homodimer. The solution of heterodimer and wild-type cyt ¢ss, homodimer mixture was

reduced by a mild reducing agent, ascorbic acid (~5 fold). The His/Met-coordinated site

is reduced by ascorbic acid, but the His/H,O-coordinated site can not be reduced by

ascorbic acid. The heterodimer contained two active sites, one His/Met-coordination

and one His/H,O-coordination. On the other hand, the wild-type cyt c¢ss, homodimer
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contained two His/Met-coordination sites. The heterodimer was reduced for a single
charge, whereas the wild-type homodimer was reduced by two charges. This charge
difference allowed to separate the two dimers by ion exchange chromatography. After
removal of ascorbic acid by a PD-10 desalting column (GE healthcare), the dimers were
purified by a Mono S™ 5/50 GL column (GE healthcare) using the FPLC system with
10 mM potassium phosphate buffer, pH 7.0, at a flow rate of 0.5 mL/min at 4 °C. The
fractions containing the dimers were eluted with a gradient of 55—75 mM Na,SO4 over
a period of 80 min. The cation exchange chromatography (Mono S™ 5/50 GL column)
was performed again to purify the heterodimer.

The molar extinction coefficient of the heterodimer was obtained by the pyridine
hemochrome method (236,000 = 1500 M 'cm ™' at 402.5 nm) (3). The concentration of
the heterodimer was calculated from the absorbance at 402.5 nm with the absorption

coefficient.

2-1-2-4  MALDI-TOF mass measurement
The buffer of protein solutions was changed to pure water by ultra filtration
using Amicon Ultra (MWCO 3000, Millipore). MALDI-TOF mass spectrum of

heterodimer was obtained with an Autoflex II mass spectrometer (Bruker Daltonics) in
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linear mode using sinapinic acid as a matrix.

2-1-2-5  Optical absorption spectra and circular dichroism (CD) measurements

UV-2450  spectrophotometer  (Shimadzu, Japan) and J-725 CD

spectropolarimeter (Jasco, Japan) were used for optical absorption and CD

measurements, respectively. 1-cm-path-length and 0.1-cm-path-length quartz cells were

used for optical absorption and CD measurements, respectively.

2-1-2-6  Stability measurement of heterodimer

The stability of the heterodimer was measured by incubation of the heterodimer

solution for 30 min at various temperatures (70 to 90 °C), and then analyzed by size

exclusion chromatography (Superdex 75 10/300 GL) using the FPLC system (BioLogic

DuoFlow 10, Bio-Rad, CA) with 50 mM potassium phosphate buffer, pH 7.0, at a flow

rate of 0.5 mL/min at 4 °C.

2-1-2-7  Reduction potential measurement

Cyclic voltammetry responses were conducted with an ALS-612DN

electrochemical analyzer (BAS Inc., Tokyo, Japan). An Au electrode acted as a working
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electrode. A Pt wire and Ag/AgCl (3 M NaCl) were used as counter and reference

electrodes, respectively. The collected data of potentials were referred to normal

hydrogen electrode (NHE). The modification of the surface of the Au electrode was

performed by the following procedure (4). The working Au electrode was rinsed with

ethanol and pure water. Subsequently, the electrode was polished with 0.05 um alumina

water slurry. The electrode surface was rinsed with pure water to remove residual

adsorbed impurities. Then the electrode was cleaned by electrochemical

oxidation/reduction treatment (5). The Au electrode surface was modified by dipping

the electrode in to a | mM 4-mercaptopyridine water solution for 30 seconds and rinsed

with pure water. Cyclic voltammograms were recorded in 50 mM potassium phosphate

buffer, pH 7.0, containing 200 mM NaCl. Each sample (monomers, 0.1 mM (heme

unit); heterodimer, 0.2 mM (heme unit)) was degassed and flowed argon gas for at least

5 min to remove oxygen from the protein solution. The measurements were performed

at room temperature at least three times.

2-1-2-8  X-ray crystallographic analysis

Crystals of HT wild-type—MS59A cyt css» heterodimer was obtained by the sitting

drop vapor diffusion method with crystal plates (CrystalClear D Strips, Douglas

35



Instruments, Hampton Research, CA). Oxidized heterodimer was dissolved in 10 mM
HEPES buffer, pH 7.0. The protein concentration of the heterodimer was 19.2 mg/mL.
Droplets were prepared by mixing 1 pL of the heterodimer solution with 1 pL reservoir
solution and were equilibrated. The best reservoir solution was found to be 1.6 M
sodium citrate tribasic dehydrate, pH 6.5. A crystal was observed after incubation at
25 °C for four days.

The diffraction data were collected at the BL26B1 beamline of SPring-8 (Japan)
for heterodimer using a MX225HE (Rayonix). The crystal was mounted on a cryo-loop
and flash-frozen at 100 K in a nitrogen cryo system. The crystal-to-detector distance
was 180 mm, and the wavelength was 1.0000 A. The oscillation angle was 1.0°, and the
exposure time was 5 s per frame. The total number of frames was 180. The diffraction
data were processed using the program HKL.2000 (6).

The preliminary structure was obtained by a molecular replacement programs
using the atomic coordinates of the structure of monomeric HT wild-type cyt ¢ss, (PDB
code: 1YNR) as a starting model for the heterodimer.

The structure refinement was performed using the program, REFMAC (7, §).
The molecular model was manually corrected, and water molecules were picked up in

the electron density map using the program, COOT (9). The data collection and
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refinement statistics of the heterodimer is summarized in Table 2.2.

Table 2.1 Nucleotide sequences of primers.

Primer Sequence”

HT-M59A-fw GTTCCCGCGCCTCCTCAAAATGTAACCG
HT-M59A-rv AGGAGGCGCGGGAACAGAACCCCACAC

*Underlines indicate the nucleotides for the modified amino acid
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Table 2.2 Statistics of data collection and structure refinement of heterodimeric HT

wild-type—M59A cyt csso.

Data collection

X-ray source

SPring-8 (BL26B1)

Wavelength (A) 1.0000

Space group €222,

Unit cell parameters

a, b, c (A) 634 115.1 832
a, B,y (°) 90.0 90.0 90.0
Resolution (A) 50.0—1.80 (1.83—1.80)
Number of unique reflections 29399 (1549)
Rierge” 0.070 (0.718)
Completeness (%) 100.0 (99.8)
<I/o(l> 34.3 (3.0)
CCin 0.999 (0.875)
Redundancy 7.2 (6.6)
Refinement

Resolution (A) 50.0—1.80 (1.85—1.80)
Number of reflections 26998 (2009)
Ryor® 0.2233 (0.278)
Riree’ 0.2533 (0.306)
Completeness (%) 99.7 (96.7)
Number of atoms in an asymmetric unit

Protein 1819

Water 79

Heme 128
Average B factors (A%

Protein 36.6

Water 29.0

Heme 25.7
Ramachandran plot (%)

Favored 100.0
Allowed 0

Outlier 0

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

aRmergezzhkl | I-<I> | (thl| 1 |)_l'

bRwork=Ehk1 ’ | Fobs | — k’ Fcalc | | ( Ehkl | Fobs | ) _1, k: scaling factor. Rfree was computed

identically, except where all reflections belong to a test set of 5 % of randomly selected

data.



2-1-3  Results and discussion

Oligomers formed by an addition of 80 % (v/v) ethanol at 50 °C to a mixture of
HT wild-type cyt css, and mutant M59A cyt c¢ssp. The oligomers were separated by size
exclusion chromatography (Figure 2.2). The peak correspond to the dimer was obtained
in the size exclusion chromatogram. The peaks correspond to high order oligomers were
also observed as is the case of HT wild-type cyt css oligomerization (4). The dimer
fraction was further purified by cation exchange chromatography (Mono S™ 5/50 GL
column) (Figure 2.3). The observation of several peaks in the Mono S chromatogram
indicate that the dimer fraction includes several dimer forms, i.e., the heterodimer and
homodimers. Each peak in the chromatogram was analyzed by MALDI-TOF mass
spectrometry. The mass spectrum of the fraction at 33—38 mL is shown in Figure 2.4.
The mass spectrum showed two peaks at m/z 9189 and m/z 9128. These peaks at 9189
and 9128 corresponded well to theoretical molecular weights of positively charged
wild-type cyt css, and mutant M59A cyt c¢ss,, respectively. These results indicate that

HT wild-type cyt css» and M59A cyt css, constructed the dimer.
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Figure 2.2 Size exclusion chromatogram of HT wild-type-M59A cyt c¢ss, oligomer.
Measurement conditions: column, HiLoad 26/60 Superdex 75; flow rate, 1.0 mL/min;
monitoring wavelength, 280 nm (blue) and 409 nm (red); solvent, 50 mM potassium
phosphate buffer (pH 7.0); temperature, 4 °C.
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Figure 2.3 Cation exchange chromatogram of HT wild-type-M59A cyt css2
heterodimer. Measurement conditions: column, Mono S™ 5/50 GL column; flow rate,
0.5 mL/min; monitoring wavelength, 280 nm (blue), 403 nm (pink) and 409 nm (red);
solvent, buffer A: 10 mM potassium phosphate buffer (pH 7.0) and buffer B: 10 mM
potassium phosphate buffer (pH 7.0), containing 250 mM Na,SOy; gradient 22—-30 % of

B buffer over a period of 80 min (green); temperature, 4 °C.
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Figure 2.4 MALDI-TOF mass spectrum of the purified HT wild-type and M59A cyt

¢ss2 heterodimer. Measurement conditions: solvent, pure water; matrix, sinapinic acid.

To investigate the stability, the HT wild-type cyt csso—MS59A cyt csso

heterodimer was incubated for 30 min at various temperatures between 70 to 90 °C

(Figure 2.5). The heterodimer dissociated to monomers by the incubation higher than

80 °C. The temperature for dissociation of wild-type cyt c¢ss, homodimer was 90 °C (4).

Thus, the dissociation temperature of the cyt ¢ heterodimer was a little lower than that

of the wild-type homodimer. These results suggest that the ligation of Met to the heme

iron stabilizes the domain-swapped dimer.
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Figure 2.5 Size exclusion chromatograms of HT wild-type-M59A cyt ¢ss» heterodimer
with and without incubation: (a) Without incubation; (b) after incubation at 70 °C for 30
min; (c) after incubation at 75 °C for 30 min; (d) after incubation at 80 °C for 30 min;
(e) after incubation at 85 °C for 30 min; (f) after incubation at 90 °C for 30 min.
Measurement conditions: column, Superdex 75 10/300 GL; flow rate, 0.5 mL/min;
monitoring wavelength, 409 nm; solvent, 50 mM potassium phosphate buffer (pH 7.0);
temperature, 4 °C.
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To obtain information on the active site and secondary structures, I performed
optical absorption and CD measurements. The Soret band of oxidized HT wild-type—
M59A cyt css; heterodimer was observed at 402.5 nm (Figure 2.6a, blue). The
absorption coefficient of the Soret band for the heterodimer was calculated as 236,000 +
1500 M"'em ', The absorption coefficient value of HT wild-type cyt ¢ss, monomer was
reported as € = 109,000 + 2000 M 'cm ' (4) at 409 nm, and that of HT M59A cyt c¢ss,
monomer was obtained as £ = 160,000 + 1000 M 'cm ' at 401 nm. The absorption
spectrum of the heterodimer was similar to that of the sum spectrum of the absorption
spectra of HT wild-type and M59A cyt c¢ss, (Figure 2.6a). These results show that the
active sites of the heterodimer correspond to the active sites of wild-type cyt c¢ss» and
MS59A cyt csso. The CD spectra (Figure 2.6b) were also similar between the heterodimer
and the sum spectrum of the CD spectra of the monomers. These results show that the

secondary structure of the heterodimer was also similar to those of the monomers.
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Figure 2.6 Optical absorption (a) and CD spectra (b) of the oxidized species of HT
wild-type cyt css2 (green), HT M59A cyt c¢sss (red), heterodimer (blue), and calculated
sum spectrum of HT wild-type cyt css; and HT M59A cyt c¢ss, (black). Measurement
conditions: sample concentration, (a) 7—9 uM (heme unit) and (b) 5 uM (protein);
solvent, 50 mM potassium phosphate buffer (pH 7.0); temperature, (a) room
temperature and (b) 25 °C.
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To obtain detailed structural information of the heterodimer, I performed

crystallization of the heterodimer. I obtained high quality crystals (Figure 2.7).

0.3 mm

Figure 2.7 Crystals picture of HT wild-type-M59A cyt c¢ss; heterodimer

The structure of heterodimer at 1.8 A resolution exhibited a domain-swapped
structure. The swapped domain contained the N-terminal a—helix and heme (Figure 2.8).
However, each active site of the heterodimer showed an electron density of an average
of His—Fe-Met and His—Fe-H,O coordinations (Figure 2.9). It was difficult to

distinguish the two different coordination structures in the heterodimer.
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Figure 2.8 Crystal structure of HT wild-type-M59A cyt css; heterodimer. The hemes
are shown as stick models. Each protomer is shown in blue or red. Side-chain atoms of
His14 and Met59 are shown as stick models.

Figure 2.9 2Fo — Fc electron density map of the active site of HT wild-type-M59A cyt
¢ss2 heterodimer. The map is shown as mesh and contoured at 1 6. The hemes are shown
as stick models. Atoms of Hisl4 and Met59 are shown as stick models. The

heme-coordinating water molecule is shown as red sphere.
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The overlapped view of the heterodimer with the wild-type monomer is showed
in Figure 2.10. The protein structure of the heterodimer corresponded well to that of the
wild-type monomer. The root-mean-square deviation (rmsd) values of the Ca atoms
were calculated between the structures of the heterodimer and the wild-type monomer.
The rmsd value was obtained as 0.31-0.42 A (four molecules in the asymmetric unit for
HT cyt ¢ss, monomer) (Table 2.3). These values indicate that the structures were similar

between each unit of the heterodimer and the wild-type monomer.

Figure 2.10 Overlapped view of the structures of the heterodimer (red and blue) and HT
wild-type cyt ¢ss; monomer (PDB ID: 1YNR) (gray). Side-chain atoms of His14, Met59,

and the hemes are shown as stick models.
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Table 2.3 Rmsd values of the Ca atoms between the cyt css; heterodimer and HT

wild-type cyt ¢ssp monomer.”

Rmsd (A)
HT wild-type—M59A cyt ¢ss; heterodimer” 0.31-0.42

“There are four independent molecules in the asymmetric unit of the monomeric HT
wild-type cyt css; crystal, whereas there are two protomers in the asymmetric unit of the
heterodimer.

®Residues 1—17 of one protomer and residues 22—80 in the other protomer in the dimer
were compared with the corresponding structural region of the monomer. The hinge
loop (Alal8—Lys21) was excluded from the calculation.

To investigate the effect of domain-swapping on the function of the heterodimer,
cyclic voltammetry was performed to obtain the redox potentials of the heterodimer and
monomers (Figure 2.11). The midpoint redox potentials of HT wild-type cyt ¢ss, and
HT M59A cyt ¢ss, monomers were obtained as 230 = 3 mV and -94 = 5 mV (vs NHE)
in 50 mM potassium phosphate, pH 7.0, in the presence of 200 mM NaCl at room
temperature. The redox potential values of the monomers were similar to the reported
values (4, 10-12). The redox potentials of the heterodimer were obtained as 184 + 4 mV
and -208 = 5 mV. The 184 = 4 mV peak may correspond to the His/Met-coordinated
site, whereas the peak at -208 = 5 mV may correspond to the His/H,O-coordinated site.

The redox potential of each peak of the heterodimer decreased 46 mV for

His/Met-coordinated site and 114 mV for the His/H,O-coordinated site. Higher solvent
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accessibility stabilized the ferric form of heme proteins. The structure of heterodimer
was slightly changed by domain-swapping, especially around the hinge loop. These
structural changes may cause the change of solvent accessibility of the heme active site,
contributing to the decrease in the redox potentials of the domain-swapped heterodimer

compared to those of the monomers.

o Jr
4

-04 -0.2 0.0 0.2 0.4
Pontential (V versus NHE)

Figure 2.11 Cyclic voltammograms of HT M59A cyt ¢ss; monomer (red), HT wild-type
cyt ¢ss; monomer (green) and the heterodimer (blue). Scan rate, 20 mV/s; buffer, 50
mM potassium phosphate buffer (pH 7.0), containing 200 mM NaCl.
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2-1-4 Conclusion

Heterodimer consisted of HT wild-type and M59A cyt ¢ss» has been constructed

by exchanging the N-terminal region containing the heme. The heterodimer contained

two different active sites, His—=Fe—Met and His—Fe—-H»O. These results demonstrate that

domain-swapping can be utilized to design multi-heme proteins with different active

sites.
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Section 2-2
Construction of heterodimer with different active sites using chimeric

proteins PAc-HTc M61A and HTc-PAc
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2-2-1 Introduction

Since it was difficult to distinguish two different coordination sites of the cyt

¢ss2 heterodimer, a new heterodimer was constructed using chimeric proteins base on

domain-swapping. Domain-swapped HT cyt c¢ss» dimer and PA cyt ¢ss; dimer have been

reported, which exhibited similar swapping region, N-terminal region containing the

heme (4, 13). The heme active sites were similar between dimeric PA cyt ¢ss; and HT

cyt ¢ss2, where Met and His were coordinated to the heme iron. In this study, PA cyt ¢ss;

and HT cyt css; were used to construct chimeric proteins. We exchanged the N-terminal

and C-terminal domains of PA cyt c¢ss; and HT cyt ¢ss, between each other to obtain two

chimeric proteins, PAc-HTc and HT¢c-PAc (Figure 2.12). Met was replaced with Ala in

the PAc-HTc chimeric protein, and a heterodimer was constructed by domain-swapping

PAc-HTe M61A and HTc-PAc. This heterodimer would contain different active sites.
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Pseudomonas aeruginosa HTc-PAc

cyt cs5; (PA eyt css;) * N-domain of HT cyt css,
* C-domain of PA cyt css;

Exchange domains
Remove methionine Oligomerization

.................. ) ﬁ

Heterodimer
PAc-HTc M61A
Hydrogenobacter thermophilus + N-domain of PA cyt css
cyt cssy (HT eyt css7)  C-domain of HT cyt css, with Met to Ala substitution

Figure 2.12 Design strategy for construction of the heterodimer of PAc-HTc M61A and
HTc-PAc
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2-2-2 Materials and methods

2-2-2-1 Plasmids for PAc-HTc M61A and HTc-PAc

Synthesized DNAs encoding PAc-HTc and HTc-PAc (Eurofins genonics) were

treated with restriction enzyme, EcoRI and Sall. The resulting DNA fragments were

ligated to pKK223-3 expression plasmid treated with EcoRI and Sall. Met61 of

PAc-HTc was substituted with Ala (PAc-HTc M61A). Point mutation of Met to Ala

was introduced by PCR-based in vitro mutagenesis using forward and reverse primers

(Euro fins genomics) (Table 2.4), and Primer STAR max DNA polymerase (Takara

Bio). Plasmid DNAs were prepared using E. coli DH5a cells, and purified with

QIAprep spin Mini prep kit (Qiagen). DNA sequencing was conducted with the BigDye

Terminator version 3.1 cycle sequencing kit (Applied Biosystems, Inc., Foster City,

CA) and an ABI PRISM 3100 genetic analyzer sequencing system (Applied Biosystems,

Inc.). The constructed plasmids were introduced into E. coli JCB387 cells containing

the PEC86 plasmid DNA.

2-2-2-2  Purification of chimeric proteins PAc-HTc M61A and HTc-PAc

PAc-HTc M61A and HTc-PAc were overproduced in E. coli JCB387 cells. The

E. coli cells were grown aerobically in 25 g/L. LB broth at 37 °C until ODggo reached
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around 1.5, then harvested by centrifugation (8,000 g, 5 min, 4 °C). After centrifugation,
the cells were suspended in spheroplasting buffer (100 mM Tris-HCI buffer, pH 8.0,
containing 10 mM EDTA and 20 % (w/v) sucrose) to extract periplasmic protein by the
osmotic method. Suspended cells were incubated on ice for 30 min, and then
centrifuged (13,700 g, 30 min, 4 °C), the resulting supernatant was collected. The cells
were suspended again in pure water and incubated on ice for 30 min. After
centrifugation (13,700 g, 30 min, 4 °C), the supernatant was collected and added to the
supernatant obtained in the previous step. The protein solution was dialyzed overnight
at 4 °C with 25 mM sodium acetate buffer, pH 5.0. The proteins were oxidized by an
addition of excess (~10 fold) potassium ferricyanide. Protein solution was purified by
cation exchange chromatography (CM-cellulose column (Wako), HiTrap SP column
(GE healthcare)) with a gradient of 0 to 300 mM Na,SO,. Subsequently, proteins were
purified by size exclusion chromatography (HiLoad 26/60 Superdex 75, GE healthcare)
using a FPLC system (BioLogic DuoFlow 10, Bio-Rad, CA) at 4 °C, with 50 mM
potassium phosphate buffer, pH 7.0.

Molar extinction coefficients of chimeric proteins were obtained with the
pyridine hemochrome method (¢ = 147, 500 + 2000 M 'em' at 401 nm for the

PAc-HTe M61A mutant; € = 116,800 + 3000 M 'cm™' at 409 nm for the HTc-PAc) (3).
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The concentrations of the chimeric proteins were calculated from the absorbance at 401

nm and 409 nm with the absorption coefficients.

2-2-2-3  Oligomerization of HTc-PAc and PAc-HTc M61A heterodimer
HTc-PAc and PAc-HTc M61A were mixed with 1:1 molar ratio in 50 mM
potassium phosphate buffer, pH 7.0. Ethanol was added to the mixture solution at 50 °C
as a final concentration of 80 % (v/v). The resulting precipitate was separated from the
supernatant by centrifugation at 10,000 g for 10 min. The obtained precipitate was
lyophilized to remove the residual ethanol and then dissolved with 2 mL of 50 mM
potassium phosphate buffer, pH 7.0, at 4 °C. The Oligomer formation was analyzed by
size exclusion chromatography (HiLoad 26/60 Superdex 75, GE healthcare) with the
FPLC system (BioLogic DuoFlow 10, Bio-Rad, CA) at a flow rate of 1.0 mL/min at
4 °C. Fraction containing dimers was collected and the buffer was changed to 25 mM
sodium acetate buffer, pH 5.0. The dimers were further purified by cation exchange
chromatography (Mono S™ 5/50 GL column, GE healthcare) using the FPLC system
with 25 mM sodium acetate buffer, pH 5.0, at a flow rate of 0.5 mL/min at 4 °C. The
fractions containing the dimers were eluted with a gradient of 25 to 125 mM Na,SO4

over a period of 200 min. The cation exchange chromatography (Mono S™ 5/50 GL
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column) was performed again to purify heterodimer.
The molar extinction coefficient of the heterodimer was obtained by pyridine
hemechrome method (253,400 + 2000 M 'cm "' at 402 nm) (2). The concentration of the

heterodimer was calculated from the absorbance at 402 nm.

2-2-2-4  MALDI-TOF mass measurement

The buffer of protein solutions was changed to pure water by ultra filtration
using Amicon Ultra (MWCO 3000, Millipore). MALDI-TOF mass spectrum of
heterodimer was obtained with an Autoflex II mass spectrometer (Bruker Daltonics) in

linear mode using sinapinic acid as a matrix.

2-2-2-5  Optical absorption spectra and CD measurements

UV-2450  spectrophotometer  (Shimadzu, Japan) and J-725 CD
spectropolarimeter (Jasco, Japan) were used for optical absorption and CD
measurements, respectively. 1-cm-path-length and 0.1-cm-path-length quartz cells were

used for optical absorption and CD measurements, respectively.

2-2-2-6  Stability measurement of heterodimer
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The stability of the heterodimer was measured by the incubation of the

heterodimer solution for 30 min at various temperatures (50 to 75 °C), and then

analyzed by size exclusion chromatography (Superdex 75 10/300 GL, GE helthcare)

using the FPLC system (BioLogic DuoFlow 10, Bio-Rad, CA) equilibrated with 50 mM

potassium phosphate buffer, pH 7.0, at a flow rate of 0.5 mL/min at 4 °C.

2-2-2-7  Reduction potential measurement

Redox potentials were measured as described above (section 2-1-2-7)

2-2-2-8  X-ray crystallographic analysis

Crystals of HTc-PAc and PAc-HTc M61A heterodimer was obtained by the

sitting drop vapor diffusion method with crystal plates (CrystalClear D Strips, Douglas

Instruments, Hampton Research, CA). Oxidized heterodimer was dissolved in 10 mM

HEPES buffer, pH 7.0. The protein concentration of the heterodimer was 14.2 mg/mL.

Droplets were prepared by mixing 1 pL of the heterodimer solution with 1 pL reservoir

solution and were equilibrated. The best reservoir solution was found to be 100 mM

MES, pH 6.5, containing 25 % (w/v) PEG 6,000 for heterodimer. A crystal was

observed after incubation at 4 °C for one month.
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The diffraction data were collected at the BL26B1 beamline of SPring-8 (Japan)
for heterodimer using a EIGER4M (Dectris). The crystal was mounted on a cryo-loop
and flash-frozen at 100 K in a nitrogen cryo system. The crystal-to-detector distance
was 125 mm, and the wavelength was 1.0000 A. The oscillation angle was 1.0°, and the
exposure time was 5 s per frame. The total number of frames was 180. The diffraction
data were processed using the program HKL.2000 for heterodimers.

The preliminary structure was obtained by a molecular replacement programs
using the atomic coordinates of the structures of monomeric HT wild-type cyt css; (PDB
code: 1YNR) and PA wild-type cyt ¢ss; (PDB code: 351C) as a starting models for the
heterodimer.

The structure refinement was performed using the program, REFMAC (7, 8).
The molecular model was manually corrected, and water molecules were picked up in
the electron density map using the program, COOT (9). The data collection and

refinement statistics of the heterodimer is summarized in Table 2.5.

Table 2.4 Nucleotide sequences of primers.

Primer Sequence”

PAc-HTc/M61A-fw  GTTCCCGCACCTCCTCAAAATGTAACCGATG
PAc-HTc/M61A-rv.  AGGAGGTGCGGGAACAGAACCCCACAC

#Underlines indicate the nucleotides for the modified amino acid.

59



Table 2.5 Statistics of data collection and structure refinement for HTc-PAc¢ and
PAc-HTec M61A heterodimer.

Data collection

X-ray source SPring-8 (BL26B1)
Wavelength (A) 1.0000

Space group P2,

Unit cell parameters

a, b, c (A) 32.1 659 354
a, B,y (°) 90.0 103.7 90.0
Resolution (A) 50.0-1.55 (1.58-1.55)
Number of unique reflections 21840 (1164)
Ruerge” 0.044 (0.533)
Completeness (%) 99.5 (96.3)
<I/o(l> 26.6 (2.0)
CCin 0.998 (0.755)
Redundancy 3.3(.1)
Refinement

Resolution (A) 34.4-1.55 (1.59-1.55)
Number of reflections 19118 (1134)
Ryor” 0.2087 (0.266)
Riree” 0.2376 (0.279)
Completeness (%) 96.6 (73.6)
Number of atoms in an asymmetric unit

Protein 1208

Water 67

Heme 86
Average B factors (A%

Protein 19.3

Water 19.2

Heme 9.6
Ramachandran plot (%)

Favored 100.0
Allowed 0

Outlier 0

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

aRmergezzhkl | I-<I> | (thl| 1 |)_l'

bRwork=Ehk1 ’ | Fobs | — k’ Fcalc | | ( Ehkl | Fobs | ) _1, k: scaling factor. Rfree was computed
identically, except where all reflections belong to a test set of 5 % of randomly selected
data.
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2-2-3 Results and discussion

Oligomers formed by an addition of 80 % (v/v) ethanol at 50 °C to a mixture of

chimeric proteins. The peak correspond to the dimer was obtained in the size exclusion

chromatogram. The dimeric cyt ¢ was purified by cation exchange chromatography

(Figure 2.14). The observation of several peaks in Mono S chromatogram indicate that

the dimer fraction includes several dimer forms, i.e., the heterodimer and homodimers.

Each peak in the chromatogram was analyzed by MALDI-TOF mass spectrometry. The

MALDI-TOF mass spectrum of the fraction 72—78 mL is shown in Figure 2.15. The

spectrum showed two peaks at m/z 9110 and m/z 9328. These peaks at m/z 9110 and

m/z 9328 corresponded well to theoretical molecular weights of positively charged

chimeric HTc-PAc and PAc-HTc M61A, m/z 9111 and m/z 9329, respectively. These

results indicate that HTc-PAc and PAc-HTe M61A constructed the dimer.
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Figure 2.13 Size exclusion chromatogram of HTc-PAc and PAc-HTc M61A oligomer.
Measurement conditions: column, HiLoad 26/60 Superdex 75; flow rate, 1.0 mL/min;
monitoring wavelength, 280 nm (blue) and 409 nm (red); solvent, 50 mM potassium

phosphate buffer (pH 7.0); temperature, 4 °C.
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Figure 2.14 Cation exchange chromatogram of HTc-PAc and PAc-HTc M61A dimers.
Measurement conditions: column, Mono S™ 5/50 GL column; flow rate, 0.5 mL/min;
monitoring wavelength, 280 nm (blue), and 409 nm (red); solvent, buffer A: 25 mM
sodium acetate buffer (pH 5.0), and buffer B: 25 mM sodium acetate buffer (pH 5.0),
containing 250 mM Na,SO,; gradient 10-50 % of B buffer over a period of 200 min

(green); temperature, 4 °C.
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Figure 2.15 MALDI-TOF mass spectrum of the purified heterodimer. Measurement

conditions: solvent, pure water; matrix, sinapinic acid.

To investigate the stability, the HTc-PAc and PAc-HTc M61A heterodimer was
incubated for 30 min at various temperatures between 50 to 75 °C (Figure 2.16). The

heterodimer dissociated to monomers by the incubation higher than 60 °C, but not at

temperatures lower than 50 °C.
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Figure 2.16 Size exclusion chromatograms of HTc-PAc and PAc-HTc M61A
heterodimer with and without incubation: (a) Without incubation; (b) after incubation at
50 °C for 30 min; (¢) after incubation at 55 °C for 30 min; (d) after incubation at 60 °C
for 30 min; (e) after incubation at 65 °C for 30 min; (f) after incubation at 70 °C for 30
min; (g) after incubation at 75 °C for 30 min. Measurement conditions: column,
Superdex 75 10/300 GL; flow rate, 0.5 mL/min; monitoring wavelength, 409 nm;
solvent, 50 mM potassium phosphate buffer (pH 7.0); temperature, 4 °C.

To obtain information on the active site and secondary structures, I performed

optical absorption and CD measurements. The Soret band of oxidized HTc-PAc and
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PAc-HTc M61A heterodimer was observed at 402 nm (Figure 2.17a, blue). The
absorption coefficient of the Soret band for the heterodimer was calculated as 253,400 +
2000 M 'em™'. The absorption coefficient value of PA wild-type cyt ¢ss; monomer was
reported as € = 106,100 M 'ecm ' at 409 nm (/4), and that of HT M59A cyt c¢ss;

monomer was obtained as € = 160,000 + 1000 M 'cm '

at 401 nm in this study. The
absorption spectrum of the heterodimer was similar to that of the sum spectrum of the
absorption spectra of PA wild-type cyt c¢ss; and HT M59A cyt cssy (Figure 2.17a). The
CD spectra were also similar between the heterodimer and the sum spectrum of the CD

spectra of the monomers. These results show that the active site and secondary

structures of the heterodimer were similar to those of the monomers.
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Figure 2.17 Optical absorption (a) and CD spectra (b) of the oxidized HTc-PAc and
PAc-HTc M61A heterodimer (blue), calculated sum spectrum of PA wild-type cyt css;
and HT M59A cyt css; (black), HT MS59A cyt c¢sso (red) and PA cyt c¢ss; (green).
Measurement conditions: sample concentration (heme), (a) 7-9 uM and (b) 10 uM;
solvent, 50 mM potassium phosphate buffer (pH 7.0); temperature, (a) room
temperature and (b) 25 °C.

66



To obtain detailed structural information of the heterodimer, I performed

crystallization of the heterodimer. I obtained high quality crystals (Figure 2.18).

Figure 2.18 Crystals picture of HTc-PAc and PAc-HTc M61A heterodimer.

The structure of HTc-PAc and PAc-HTc M61A heterodimer at 1.55 A resolution
exhibited a domain-swapped structure (Figure 2.19). The swapped domain contained
the N-terminal a—helix and heme. The heterodimer contained two different active sites.

The overlapped view of the HTc-PAc and PAc-HTc M61A heterodimer with the
PA cyt ¢ss; and HT cyt c¢ss, wild-type monomers is shown in Figure 2.20. The protein
structure of the heterodimer corresponded well to those of the wild-type monomers. The
rmsd values of the Ca atoms were calculated between the heterodimer and the wild-type

monomers. The rmsd values were obtained as 0.50 A for PA part of heterodimer and
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0.27-0.42 A for HT M59A part of heterodimer (four molecules in the asymmetric unit
for HT cyt css, monomer) (Table 2.6). These values indicate that the structures were
similar between each unit of the heterodimer and the wild-type monomers.

In the active site structures of the PA cyt css; part of the heterodimer, His and
Met coordinated to the heme as in the PA wild-type cyt css; (Figure 2.21). Due to
replacement of Met with Ala in PAc-HTc M61A, a water molecule coordinated to the
heme of HTc-PAc in the HT M59A cyt css; part of the heterodimer.

The Fe-His14 distances of the heterodimer were 2.04 and 2.02 A (PA cyt css5
part of heterodimer: 2.04 A; HT M59A cyt css, part of heterodimer: 2.02 A), whereas
the Fe-Met61 and Fe-OH, distances were 2.29 A and 2.00 A, respectively. These
distances were similar to the corresponding distances in the HT cyt ¢ss» and PA cyt ¢ss;
monomers (HT cyt css, monomer: Fe-His14, 2.05-2.09 A; Fe-Met59, 2.33-2.40 A; PA
cyt css; monomer: Fe-Hisl16, 1.99 A; Fe-Met61, 2.36 A) (Table 2.7), although the
ligands are different between HT wild-type cyt css; monomer (Met) and the HT M59A
cyt c¢ssy part of the heterodimer (H,O). There are five water molecules in the heme
pocket of the HT M59A cyt css, part of the heterodimer. The hydrogen bonding network

was created in the heme pocket of the heterodimer (Figure 2.22).
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Figure 2.19 Crystal structure of HTc-PAc and PAc-HTc M61A heterodimer. Chimeric
protein HTc-PAc is shown as green and orange and PAc-HTc M61A is shown as yellow
and cyan. The exchanged domains are shown as cyan and orange. The hemes,
side-chain atoms of His16 and Met59 of the PA cyt c¢ss; part and His14 of the HT M59A

Cyt cssp part are shown as stick models. Water molecules at the heme pocket are shown
as red sphere.

Figure 2.20 Overlapped view of the HTc-PAc and PAc-HTc M61A heterodimer
(orange-green and cyan-yellow, respectively) with PA wild-type cyt css; monomer
(PDB ID: 351C) and HT wild-type cyt c¢ss; monomer (PDB ID: 1YNR) (gray).
Side-chain atoms of His14, His16, Met59, and the hemes are shown as stick models.
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Figure 2.21 Active site structures of the heterodimer of HTc-PAc and PAc-HTc M61A
(a and b), PA wild-type cyt ¢ss; monomer (c) (PDB ID: 351C) and HT wild-type cyt ¢ss»
monomer (d) (PDB ID: 1YNR). The hemes are shown in stick models. The green, cyan
regions in (a) and orange, yellow regions in (b) belonged to different protomers.
Side-chain atoms of heme-coordinating His and Met are shown as stick models. Water

molecules in the heme pocket are shown as red sphere in (b).
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90°

Figure 2.22 Schematic view of the hydrogen bonds in the heme pocket of the HT
MS59A cyt cssy part of the HTc-PAc and PAc-HTc M61A heterodimer. Lys47, 1le48,
Gly52, and Pro62 are shown as yellow stick models. The heme is shown as an orange
stick model. Hydrogen bonds between the backbone atoms are depicted in black broken
lines. The oxygen atoms of the heme are depicted in red. Water molecules are shown as

red sphere.

Table 2.6 Rmsd values of the Ca atoms between the protomers of the HTc-PAc and
PAc-HTc M61A heterodimer and PA wild-type cyt css; or HT wild-type cyt css2

monomer”,

Rmsd (A)
PA Cyt C551 partb 0.50
HT M59A Cyt C552 partc 0.27-0.42

“There are four independent molecules in the asymmetric unit of the monomeric HT
wild-type cyt c¢ss; crystal, whereas there are two protomers in the asymmetric unit of the
heterodimer of HTc-PAc and PAc-HTc M61A.

PResidues 1-18 of one PAc-HTc M61A and residues 20-80 of HTc-PAc were
compared with the corresponding structural region of the monomeric PA wild-type cyt
¢ss1. The hinge loop (Asp19-Met22) in PA wild-type cyt ¢ ss; was excluded from the
calculation.

‘Residues 1-16 of HTc-PAc and residues 23-82 of PAc-HTc M61A were compared
with the corresponding structural region of the monomeric HT wild-type cyt ¢ ss». The

hinge loop and heme-coordinating Met (Lys17-Lys19 and Met59 in HT wild-type cyt ¢
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s52) were excluded from the calculation.

Table 2.7 Fe—His and Fe—Met distances of the HTc-PAc and PAc-HTec M61A

heterodimer, PA wild-type cyt ¢ss; monomer, and HT wild-type cyt ¢ss, monomer °.

Fe—His (A) Fe—Met (or H,0) (A)
PA wild-type cyt css;” 1.99 2.36
PA Cyt Cs551 part 2.04 2.29
HT wild-type cyt css5° 2.05-2.09 2.33-2.40
HT M59A cyt css, part 2.02 2.00 (H,0)

“There is one dimer molecule in the asymmetric unit of the heterodimer of the HTc-PAc
and PAc-HTc M61A crystal.

°PDB ID: 351C.

‘PDB ID: 1YNR. There are four independent HT cyt ¢ss, molecules in the asymmetric
unit of the monomeric HT cyt css; crystal.

To investigate the effect of domain-swapping on the function of heterodimer,
cyclic voltammetry was performed to obtain the redox potentials of the heterodimer and
monomers (Figure 2.23). The midpoint redox potentials of monomeric PA wild-type cyt
¢ss1 and HT M59A cyt ¢ss» monomers were obtained as 278 £ 3 mV and -94 = 5 mV (vs
NHE) in 50 mM potassium phosphate, pH 7.0, in the presence of 200 mM NaCl at room
temperature. The redox potential values of the monomers were similar to the reported
values (/1-13). The redox potentials of the heterodimer were obtained as 232 + 4 mV
and -135 £ 5 mV. The 232 + 4 mV peak may correspond to the His—Met coordinated
site, whereas the peak at -135 + 5 mV may correspond to the His—H,O coordinated site.

The redox potential of each peak of the heterodimer decreased 46 mV for
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His/Met coordinated site and 41 mV for the His/H,O-coordinated site. Higher solvent
accessibility stabilized the ferric form of heme proteins. The structure of heterodimer
was slightly changed by domain-swapping, especially around the hinge loop. These
structural changes may cause the change of solvent accessibility of the heme active site,
contributing to the decrease in the redox potentials of the domain-swapped heterodimer

compared to those of the monomers.

0.1 pA

| | |
-0.3 0.0 0.3

Pontential (V versus NHE)

Figure 2.23 Cyclic voltammograms of HT M59A cyt ¢ss» monomer (red), PA wild-type
cyt ¢ss; monomer (green) and the heterodimer of HTc-PAc and PAc-HTc M61A (blue).
Scan rate, 20 mV/s; buffer, 50 mM potassium phosphate buffer (pH 7.0), containing 200
mM NaCl.
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2-2-4 Conclusion

A heterodimer has been constructed by exchanging the N-terminal region

containing the heme between chimeric proteins of PA cyt css; and HT M59A cyt c¢ss».

The heterodimer contained two different active sites; His—Fe-Met and His—Fe-H,O.

The active sites of the heterodimer maintained the active site structures of PA wild-type

cyt ¢ss; and HT MS9A cyt c¢ssp. These results show that domain exchanging concept

based on domain-swapping can be utilized to design multi-heme proteins with different

active sites.
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Chapter 3
Resonance Raman studies on the oxygenated complexes of

Met-depleted c-type cytochromes
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3-1 Introduction

Besides electron transfer in the respiratory chain of mitochondria, cyt ¢ also

plays an important role in apoptosis. Hydrophobic interactions between the hydrophobic

cavity of cyt ¢ and phospholipids induce dissociation of Met80 from the heme iron

(Figure 3.1). Met80 of cyt ¢ oxidizes the negatively charge phospholipids, which is

related to the initial step of apoptosis (/, 2). As a result, the peroxidase activity of cyt ¢

increases.

The axial ligands play important roles in modulation of the structure and

function of heme proteins, such as redox potential, electronic structure, spin state and

electron transfer rate (3-8). Redox potential of cyt ¢ was decreased from +260 mV to

-170 mV in the presence of cardiolipin, because Met dissociated from the heme iron (9).

Cyt ¢ may react with external ligands by removal of the heme-coordinating Met. The

oxygenated species of yeast iso-1 M80A cyt ¢ mutant has been reported by Bren and

Gray (Figure 3.2) (10). But the details of the active site character are as yet unrevealed.

In this study, resonance Raman studies were performed to reveal the detailed character

of the oxygenated species of heme coordinating Met-depleted ¢ type cytochromes.
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hydrophobic cavity

Figure 3.1 Structure of horse cyt ¢ (PDB ID code: 1HRC). The heme is shown as a gray

stick model. Hydrophobic side-chain atoms are shown as pink stick models.
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Figure 3.2 Absorption spectra of oxygenated and carbon monoxide bound species of
yeast iso-1 M8O0A cyt ¢ (10).
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3-2  Materials and methods
3-2-1  Plasmid for horse M80A cyt ¢

Plasmid for expression of horse cyt ¢ was constructed as described previously
(11). Met80 of horse cyt ¢ was substituted with Ala (horse M80A cyt ¢). Point mutation
of Met to Ala was introduced by PCR-based in vitro mutagenesis using forward and
reverse primers (Eurofins genomics) (Table 3.1), and Primer STAR max DNA
polymerase (Takara Bio). Plasmid DNA were prepared using E. coli DH5a cells, and
purified with the QIAprep spin Mini prep kit (Qiagen). DNA sequencing was conducted
with the BigDye Terminator version 3.1 cycle sequencing kit (Applied Biosystems, Inc.,
Foster City, CA) and an ABI PRISM 3100 genetic analyzer sequencing system (Applied
Biosystems, Inc.). The constructed plasmids were introduced into E. coli Rosetta™

2(DE3)pLysS cells.

3-2-2  Purification of cyt ¢ mutants

Horse M80OA cyt ¢ was overproduced in E. coli cells. The E. coli cells were
grown aerobically in 25 g/ LB broth at 37 °C until the ODgg reached around 1.5-1.8,
and then harvested by centrifugation (8,000 g, 5 min, 4 °C). After centrifugation, the

cells were suspended in a minimal volume of 50 mM potassium phosphate buffer (pH
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7.0), and subsequently the cells were freezed in liquid nitrogen and melted in flowed
water at least 3 times. DNase was added to the protein solution and stirred for 1 hour at
4 °C. The supernatant was collected after centrifugation (13,700 g, 30 min, 4 °C). The
protein solution was dialyzed overnight at 4 °C with 5 mM potassium phosphate buffer,
pH 7.0. The proteins were oxidized by an addition of excess (~10 fold) potassium
ferricyanide. The protein solution was purified by cation exchange chromatography
(CM-cellulose column (Wako), HiTrap SP column (GE healthcare)), and size exclusion
chromatography (HiLoad 26/60 Superdex 75, GE healthcare) using the FPLC system
(BioLogic DuoFlow 10, Bio-Rad, CA) at 4 °C with 50 mM potassium phosphate buffer,
pH 7.0. HT M59A cyt ¢s5, mutant was purified as described above in chapter 2.

The molar extinction coefficient of horse M80A cyt ¢ has been reported (71, 12).
The molar extinction coefficient of HT M59A cyt ¢ss; (¢ = 160,000 + 2000 M 'cm ™" at
401 nm) as described above in chapter 2. The concentrations of the proteins were
calculated from the absorbance at 406 nm and 401 nm with the absorption coefficient

for horse M80A cyt ¢ and HT M59A cyt css», respectively.

3-2-3  Optical absorption measurement

Optical absorption spectra were measured with a UV-2450 spectrophotometer

82



(Shimadzu, Japan) using a 1-cm-path-length quartz cell at 25 °C. The oxidized horse
MS8OA cyt ¢ species was placed under N, atmosphere using a vacuum line and reduced
by an addition of excess (~5 fold) dithionite to the protein solution. The dithionite
solution (50 mM, ~1.5 puL) was added to the oxidized horse M80A cyt ¢ solution (~10
uM, 1.5 mL). The HT M59A cyt css; was treated in the same procedures as those of
horse M80A cyt c¢. The reduced and oxygenated species of horse M80A cyt ¢ and HT
MS59A cyt css; were confirmed by their absorption spectra.

For autoxidation reaction experiments, reduced horse M80A cyt ¢ (~1 mM) and
HT M59A cyt csso (~0.5 mM) were diluted (~100 times) with 0.7 mL of 50 mM
potassium phosphate buffer, pH 7.0 (in air) to obtain the oxygenated species. The final
concentration of horse M80OA cyt ¢ was ~10 uM, and the final concentration of HT

MS59A cyt ¢sso was ~5 uM. The time dependent UV-vis spectra were measured.

3-2-4  Resonance Raman measurements

Resonance Raman scattering of horse M80A cyt ¢ and HT M59A cyt css, was
excited at 405.1 nm with a diode laser (ONDAX SureLook™, Model
LM-403-PLR-40-2) at room temperature and detected with a liquid nitrogen-cooled

CCD (Roper Scientific, 7375-0001) attached to a single polychromator (SPEX, 750M).

83



A spinning cell was used to avoid the damage of the sample. The slit width was set to
110 pm. The laser power was adjusted to 3.5-3.8 mW at the sample point. The sample
cell was spun at 2000 rpm to avoid laser heating. Concentrated oxidized horse M80A
cyt ¢ (1 mM) solution was placed under N, atmosphere using a vacuum line, and
reduced by an addition of dithionite (final concentration ~5 mM) to the protein solution.
To obtain '°0, adducts of horse M80A cyt ¢, reduced horse M8OA cyt ¢ solution was
diluted 40 times with '°O,-saturated buffer. The '*0, complexes of horse M80A cyt ¢
was obtained with same method using '*0, instead of '°0,. The '°O, and '*0, adducts
of HT M59A cyt css; were obtained as same method with those of horse M80A cyt c.
The final concentrations of horse M80A cyt ¢ and HT M59A cyt ¢ss, were adjusted to
20 uM and 10 uM, respectively. Raman shifts were calibrated with indene and CCly as

standards. Accuracy of the peak positions of the resonance Raman bands was + 1 cm™.
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Table 3.1 Nucleotide sequences of primers.

Primer Sequence”

Horse cyt c-M80A-fw ACAAAAGCGATCTTTGCTGGCATTAAG
Horse cyt c-M80A-rv AAAGATCGCTTTTGTTCCAGGGATGTA

#Underlines indicate the nucleotides for the modified amino acid.
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3-3  Results and discussion

The Soret band of oxidized horse M80A cyt ¢ was observed at 406 nm and its Q
bands were observed at 533 nm and 560 nm, which were very similar to reported results
(Figure 3.3, black) (10, 12). For reduced M80A cyt ¢, the Soret band and Q-bands were
observed at 412 nm and 550 nm, respectively (Figure 3.3, blue). The reduced M80OA cyt
c reacted with oxygen, and the Soret band shifted to 408 nm and the Q-bands were
observed at 538 nm and 571 nm (Figure 3.3, red). Autoxidation reaction occurred, but
the rate was slow (Figure 3.4). These results indicate that oxygenated horse M8OA cyt ¢

1s stable.
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Figure 3.3 Optical absorption spectra of horse M80A cyt c¢: Black, oxidized species;
blue, reduced species; red, oxygenated species. Measurement conditions: sample
concentration (heme), ~10 uM; solvent, 50 mM potassium phosphate buffer (pH 7.0);

temperature, 25 °C.
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Figure 3.4 Time dependent UV-vis spectra of oxygenated horse M80OA cyt c. The
oxygenated species was obtained by dilution of reduced horse M80OA cyt ¢ with buffer.
The spectra were recorded after 15 seconds (black), 5 min, 10 min, 20 min, 30 min, 60
min, 90 min, and 120 min (blue). Measurement conditions: sample concentration
(heme), ~10 uM; solvent, 50 mM potassium phosphate buffer (pH 7.0); temperature,
25 °C.

The resonance Raman measurements were performed to reveal the detail
character of oxygenated horse M80A cyt ¢ (Figure 3.5). In the high frequency region,
the strongest band (v4 band) is known as an oxidation state marker band (/3-18). In the
spectrum of the oxidized species, the v4 band was observed at 1376 cm™ (Figure 3.5a).
On the other hand, the v4 band was observed at 1357 cm™ in the spectrum of the
reduced species (Figure 3.5b). These frequencies were in good agreement for the ferric

and ferrous states of traditional heme proteins. In the spectrum of the oxygenated

87



species, the v4 band was observed at 1377 cm™’, due to decrease in the electron density
of the heme iron by coordination of the oxygen molecule (Figure 3.5¢). The v; band is
sensitive to the oxidation and spin states (/4, 20). In the spectrum of the oxidized
species, the v3 band was observed at 1503 cm™, typical for a low-spin ferric species
(Figure 3.5a). This frequency indicates that the OH™ is coordinated to the heme iron in
the oxidized state. In the spectrum of the reduced species, the v; band was observed at

1469 cm™, indicating a high-spin 5-coordinated species (Figure 3.5b).
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Figure 3.5 Resonance Raman spectra of (a) oxidized, (b) reduced, and (c) oxygenated
of horse M80OA cyt c. Measurement conditions: sample concentration (heme), 20 uM;
solvent, 50 mM potassium phosphate buffer (pH 7.0); laser power, 3.5 mW; excitation,

405.1 nm; accumulation, (a, b) 5 min and (c) 20 min. temperature, room temperature.
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Figure 3.6 Resonance Raman spectra of oxygenated horse M80OA cyt c. (a) '°0, adduct
(black); (b) '®0, adduct (blue); (c) the difference spectrum between the spectra of the
1°0, adduct and '®0, adduct and is expanded 20 times. Measurement conditions: sample
concentration (heme), 20 pM; solvent, 50 mM potassium phosphate buffer (pH 7.0);
temperature, room temperature; laser power, 3.5 mW,; excitation, 405.1 nm;

accumulation, 20 min.

In the difference spectrum between the spectra of the '°0O, adduct and the '*0O,
adduct, two difference patterns were observed with all other major Raman bands
cancelled out between the spectra of '°0, and '*0, adducts (Figure 3.6¢). A peak at 576
cm’ in the spectrum of the '°0, species shifted to 544 cm™ in the spectrum of the '*0O,
species. A peak at 1148 cm™ in the spectrum of the '°0; species shifted to 1077 cm™ in
the spectrum of the '*0, species. From the frequencies and isotope frequency shifts, the
576 cm™ band is assigned to the Fe—O stretching mode, and the 1148cm™ band is
assigned to the O-O stretching mode. However, the enhancement of the vo.o band was
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rather special for His-ligated hemeproteins. Enhancement of the vr..0o mode has been

suggested to occur when a H-bonding network exists between the heme-bound oxygen

and its surrounding environment. In the structure of yeast iso-1 K72A cyt ¢, water

molecules existed around the heme open cavity due to the dissociation of Met80 from

the heme iron (Figure 3.7a). A hydrogen-bond formed between Tyr67 and the oxygen

atom of H,O or OH’, and a hydrogen-bonding network existed around the heme.

Moreover, in the domain-swapped dimeric structure of horse cyt ¢, Met was also

dissociated from the heme iron, and a H-bond existed between the heme-bound oxygen

of HO/OH™ and Tyr67 (Figure 3.7b). Therefore, the enhancement of the vo.o mode in

cyt ¢ may be due to the H-bonding network around the heme.
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Figure 3.7 H-bond network around the heme of (a) yeast iso-1 K72A cyt ¢ (PDB ID
code: 4MUS) and (b) dimeric horse cyt ¢ (PDB ID code: 3NBS). The heme and Tyr67
and His18 are shown as stick models. Water molecules at the heme pocket are shown as
red spheres.
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To check the Fe-O stretching mode for other c-type cyt ¢, I prepared the
oxygenated species of heme-coordinating methionine depleted HT M59A cyt ¢ssp. The
oxidized, reduced, and oxygenated species of HT M59A cyt c¢ss; were prepared with

same method as those of horse M80A cyt c.
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Figure 3.8 Optical absorption spectra of HT M59A cyt cssp. Black, oxidized species;
blue, reduced species; red, oxygenated species. Measurement conditions: sample
concentration (heme), ~6 uM; solvent, 50 mM potassium phosphate buffer (pH 7.0);

temperature, 25°C.

The absorption spectra of oxidized, reduced, and oxygenated species of HT
MS59A cyt cssp are shown in Figure 3.8. The Soret band of oxidized HT M59A cyt css»
was observed at 400 nm and its Q bands were observed at 529 nm, 560 nm, and 620 nm

(Figure 3.8, black). For reduced HT M59A cyt c¢ss,, the Soret band was observed at 415
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nm, and the Q-band shifted to 549 nm (Figure 3.8, blue). Reduced HT M59A cyt css2

reacted with an oxygen molecule, and the Soret band shifted to 403 nm and the Q-bands

were observed at 520 nm and 550 nm (Figure 3.8, red). These results indicate formation

of the oxygenated species of HT M59A cyt css,. Autoxidation of the oxygenated species

of HT M59A cyt ¢ss; also occurred (Figure 3.9).

1.0 / 0.10
0.8 - - 0.08
(0] >
2 0.6- -0.06 3
© (]
.e -
; ]
2 0.4+ -0.04 5
0.2 - 0.02
0.0 . ~ /— . I 0.00

360 400 440 480 560 640 720 800
Wavelength (nm)

Figure 3.9 Time dependent UV-vis spectra of oxygenated HT M59A cyt css;. The
oxygenated species was obtained by dilution of reduced HT M59A cyt ¢ss, with buffer.
The spectra were recorded after 15 seconds (black), 5 min, 10 min, 20 min, 30 min, 60
min, 90 min, and 120 min (blue). Measurement conditions: sample concentration
(heme), ~6 uM; solvent, 50 mM potassium phosphate buffer (pH 7.0); temperature,
25 °C.
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Resonance Raman measurements were also performed to investigate the
oxygenated HT M59A cyt cssy species (Figure 3.10). The black and blue spectra in
Figure 3.10 represent the '°O, adduct and '*O, adduct of HT MS59A cyt csso,
respectively. The red spectrum represents the difference spectrum between the spectra
of the '°0, adduct and '®O, adduct and is expanded 20 times (Figure 3.10c). In the
difference spectrum, the different patterns were observed with all other major Raman
bands cancelled out between the spectra of '°0O, and '*0, adducts. A peak at 580 cm™ in
the spectrum of the '°0, species shifted to 553 cm™ in the spectrum of the '*O, species.
This band is assigned to the Fe-O stretching mode.

The vre.0 frequencies of horse M80OA cyt ¢ and HT M59A cyt ¢ss, were higher
compared to those of other oxygenated hemeproteins, such as Mb and Hb (Table 3.2)
(20-22). The Fe-O stretching frequencies have been shown to decrease when the
electron density of the heme decreases. In cyt ¢, the ligand coordinated to the heme iron
may be relatively strong compared to those of other heme proteins. The strong Fe-O
bond character of c-type cyts may be related to the high stabilities of their oxygenated

species as well as the peroxidase activity of cyt c.
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Figure 3.10 Resonance Raman spectra of oxygenated HT M59A cyt cssy. (a) '°O,
adduct (black); (b) '*0, adduct (blue); (c) the difference spectrum between the spectra of
the '°0, adduct and 'O, adduct and is expanded 20 times. Measurement conditions:
sample concentration (heme), 10 pM; solvent, 50 mM potassium phosphate buffer (pH
7.0); temperature, room temperature; laser power, 3.8 mW; excitation, 405.1 nm;

accumulation, 20 min.

Table 3.2 The Fe-O stretching frequencies of hemeproteins.

Hemeproteins Vre.o (cm™)
Hemoglobin 569
Myoglobin 571
Horseradish peroxidase 562
Cytochrome c oxidase 571
Horse M80A cyt ¢ 576
HT M59A cyt cs52 580
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34 Conclusions

The replacement of Met to Ala in cytochromes created a binding site for an

oxygen molecule. The vg..0 and vo.o modes of horse M80A cyt ¢ and the Vg..o mode of

HT M59A cyt css» were observed. Interestingly, the ve.o frequencies of Met-depleted

of c-type cyts were relatively high compared to those of other heme proteins. The strong

Fe-O bond character may be related to the high stability of the oxygenated species of

c-type cytochrome, as well as the peroxidase activity of cyt c.
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Chapter 4

Conclusion
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Two heterodimers of c-type cytochromes with different active sites have been

successfully constructed based on domain-swapping. The swapped domains contained

the N-terminal region and heme. The heterodimers contained two different active sites,

His—Fe—Met and His—Fe—H,O. Each active site of HT wild-type-M59A cyt css»

heterodimer exhibited an electron density of an average of His—Fe—Met and His—Fe—

H,0 coordination. The active sites of the HTc-PAc and PAc-HTe M61A heterodimer

maintained the active site structures of PA wild-type cyt ¢ss; and HT M59A cyt c¢ss).

These results show that artificial heme protein oligomers with different active sites and

ligand binding properties can be constructed based on domain swapping.

The Vge.0 and vo.o modes of horse M80A cyt ¢ and the vg..o mode of HT M59A

cyt c¢ss» were observed. Interestingly, the vp.o frequencies of Met-depleted of c-type

cyts were relatively high compared any other vg..o frequency detected for oxygenated

heme proteins so far. The strong Fe—O bond character of c-type cyts may be related to

the high stabilities of their oxygenated species, as well as the peroxidase activity of cyt

For future studies, properties of the oligomers may be applied to protein

engineering and medical application such as sensors and enzymes. Other multi-heme

proteins with different active sites and ligand binding properties may be constructed
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by using domain-swapping concept with new functions.
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