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Chapter 1

General introduction



1.1. Protein oligomerization

Protein oligomers have gained interest, owing to their increased knowledge in
cells and promising utilization for future materials. Proteins are ‘biologically functional
molecules’ that are involved in all fundamental processes in life. Proteins have evolved
to be part of the sophisticated and highly efficient molecular machinery that controls the
function of the cell, such as transcription, catalysis, metabolism, transport, and structural
integrity [1]. Concomitantly, interest in protein—protein interactions has grown in the drug
development and chemical biology fields [2], because protein—protein interactions are
key factors to consider for conventional drug targets, such as enzymes and transcription
factors [3]. Hydrophobic and electrostatic interactions play significant roles in protein—
protein interactions, where shape complementarity and chemical components may

implement selectivity [4].

Oligomeric proteins, comprising two or more polypeptide chains, represent a
significant fraction of proteins in cells. The broad category of oligomeric proteins can be
classified by the subunit type, strength of subunit association, and duration and avidity of
subunit association [5]. Inter-subunit interfaces share common features containing
hydrophobic cores and/or polar surfaces [5]. Functional control, such as allosteric
regulation and the establishment of higher-order complexity, may be advantageous
features for oligomeric proteins from the perspective of protein evolution. Protein
oligomerization has probably evolved by a variety of mechanisms. Many primitive
proteins are homo- or hetero-oligomeric to effectively function; thus, the study of the

nature of protein oligomerization may elucidate features of protein evolution.



A recent survey suggests that 35% or more of the proteins in a cell are oligomeric
[6]. The proportion of oligomeric protein structures deposited in the Protein Data Bank is
significantly lower [7]. However, this may simply reflect experimental constraints
favoring the structural determination of small monomeric proteins. Most of the
oligomeric proteins are homo-oligomers [6]. Higher-order oligomers are less prevalent [6,
7], and a relatively small fraction of oligomeric structures have odd-numbered
stoichiometry. Essentially all homo-oligomeric proteins are symmetrical. The most

frequently symmetric is cyclic, dihedral, or cubic [6].

The association between subunits can vary in strength and duration. Some
proteins are found only, or primarily, in an oligomeric state [5], whereas other proteins
have a weak tendency to associate depending on environmental conditions, such as
concentration, temperature, and pH. Some proteins may oligomerize dynamically in
response to a stimulus, such as nucleotide binding, nucleotide hydrolysis, and

phosphorylation state [8].

A homo-dimeric protein has an isologous inter-subunit interaction between the
same surfaces of two subunits, giving rise to a dimer with 2-fold symmetry. A
heterologous interaction, with two complementary sites, is possible for higher oligomers
[5, 9]. Such an interaction can give rise to a discrete oligomer if the interaction is
circularly symmetrical or can lead to indefinite self-association if it is not, as in the case
of actin [9]. These classifications provide a valuable framework for thinking about protein

interfaces, but may not adequately encompass domain swapping [6].



1.2. Domain swapping

Three-dimensional (3D) domain swapping is the process by which two identical
proteins exchange the identical structural element ("domain") of their structures to form
an intertwined dimer or high-order oligomers. This phenomenon has been observed in
many proteins. If both the monomer and the dimer of a molecule exist in stable forms, in
which the dimer adopts a domain-swapped conformation and the monomer adopts a
closed conformation, the protein is considered to be a bona fide example of 3D domain

swapping [10] (Figure 1.1).
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Figure 1.1 Schematic diagram illustrating terms related to 3D domain swapping.

The concept of 3D domain swapping can be traced back about 60 years ago.
Bovine pancreatic ribonuclease (RNase A) forms dimers during lyophilization in acetic
acid. Based on elegant chemical modification experiments, Crestfield and co-workers
proposed in 1962 that a dimer of RNase A forms by exchanging the N-terminal fragments
[11]. The term 3D domain swapping' was first used to describe the structure of a
diphtheria toxin dimer [12] (Figure 1.2). This mechanism is essentially identical to what

is now called 3D domain swapping. The swapped domain can be as large as an entire



globular domain or can be as small as an a-helix or a B-strand. The swapped domains can

be either the N terminus or the C terminus, or both of those.

Since the report of the diphtheria toxin dimer, the domain swapping phenomenon
has been observed in many proteins [10], including heme proteins such as cytochrome
(cyt) ¢ [13], cyt chbse2[14], cyt ¢’ [15], and myoglobin [16] (Figure 1.2). Recently, domain
swapping has also been used to construct self-assembling artificial nanoarchitectures [14,

17-19] and control protein functions [20, 21].



cytochrome cbsg, myoglobin

Figure 1.2 Proteins that form oligomers by domain swapping: Crystal structures of (A)
RNase A monomer (PDB ID: 5SRSA), N-terminal domain-swapped dimer (PDB ID:
1A2W), C-terminal domain-swapped dimer (PDB ID: 1F0V) and trimer (PDB ID: 1JS0);
(B) diphteria toxin monomer (PDB ID: 1MDT) and domain-swapped dimer (PDB ID:
1DDT); (C) cytochrome ¢ monomer (PDB ID: 1HRC) and domain-swapped dimer (PDB
ID:3NBS); (D) cytochrome cbss> monomer (PDB ID: 3HNK) and domain-swapped dimer
(PDB ID:5AWI); and (E) myoglobin monomer (PDB ID: 1IMBN) and domain-swapped
dimer (3VMO).



1.3. Copper proteins

Copper is the second most abundant transition metal ion in nature after iron [22].
Like iron, copper is a redox-active metal and although essential, it is potentially toxic. To
avoid toxicity and overcome solubility problems of Cu(l), the intracellular concentration
of Cu is regulated via dedicated proteins that facilitate its uptake and efflux as well as
distribution to target Cu-dependent proteins and enzymes [23]. In living systems, copper
exists in two stable redox forms: Cu(I) and Cu(Il). Like most metals that play roles in
living cells, copper carries out various physiological functions in association with specific
proteins. Proteins that contain one or more coppers are called ‘copper proteins’. The
copper center in a copper protein has been traditionally classified into three types based
on their spectroscopic features [24], particularly by electronic absorption and electron

paramagnetic resonance spectra [25].

Type 1 copper proteins are characterized by a single copper atom center typically
coordinated with histidine, cysteine, and methionine in a distorted tetrahedral structure
[25] (Figure 1.3 A). Type 1 coper proteins are also characterized by an extraordinarily
intense absorption band near 600 nm, a relatively high redox potential, and an unusually
small hyperfine coupling constant for the paramagnetic [oxidized Cu(Il)] form of the
protein [26]. Type 1 copper proteins are usually called as ‘cuppredoxins’ that refer to a
group of copper proteins that share the same structural fold and perform biological
electron transfer through their redox reactivities [26, 27]. The term cupredoxin comes
from ‘ferredoxin’, the Fe-containing redox protein [25]. Examples for this type of copper

proteins are azurin, plastocyanin, stellacyanin, nitrite reductase, and laccase [25-27].



Type 2 copper proteins are characterized by a single copper atom center typically
coordinated with histidine, aspartic acid, and tyrosine in a distorted tetragonal structure
[25] (Figure 1.3 B). Type 2 copper proteins have a weak absorption band at ~700 nm and
a larger hyperfine coupling constant, and are paramagnetic in the Cu(Il) form [26]. Type
2 copper proteins are found in enzymes that function as catalysts [28]. The examples of
this group are superoxide dismutase, galactose oxidase, amine oxidase, nitrite reductase,

and laccase [25].

Type 3 copper proteins consist of a pair of coppers, each copper coordinated with
three histidine residues in a trigonal planar geometry [27] (Figure 1.3 C). It is
characterized by a strong absorption at ~330 nm and an antiferromagnetic feature [26].
Type 3 copper protein are found in catalysis and oxygen transport proteins [27].

Hemocyanin, tyrosinase, and catechol oxidase are included in this group [25].

Recently, two new copper centers that do not belong to the three traditional types
of copper centers have been discovered and characterized: Cua [29] and Cu, [30]. The
Cua center proteins are characterized by two copper atoms that are coordinated by two
histidine, one methionine, a protein backbone carbonyl oxygen, and two bridging cysteine
residues [31] (Figure 1.3 D). It is also characterized by strong absorption bands at 480
and 530 nm [25, 27]. This type of protein is also involved in electron transfer. Cyt ¢
oxidase, N>O reductase and menaquinol are members of this group of proteins. The Cu,
center proteins consist of four copper atoms that are coordinated by seven histidines and
bridged by sulfur atoms [25] (Figure 1.3 E). It is characterized by a strong absorption at

~640 nm. N2O reductase is an example of this group of proteins.
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Figure 1.3 Copper centers in copper proteins. (A) Azurin (PDB ID: 1RKR). (B)
Superoxide dismutase (PDB ID: 2SOD). (C) Hemocyanin (PDB ID: 1NOL). (D)
Cytochrome bas (PDB ID: 2CUA). (E) N>O reductase (PDB ID: IFWX).



1.4. Azurin

Azurin is a small (~14 kDa) blue-copper protein (belonging to the cupredoxin
family) that is believed to facilitate electron transfer in denitrification/respiration chains
[26]. Its redox partners, cytochrome css1 and nitrite reductase, have been identified from
in vitro experiments, but their relevance as physiological partners has not been established
in vivo [32]. It has been proposed that the physiological function of azurin in
Pseudomonas aeruginosa involves electron transfer, directly related to the cellular
response to oxidative stress [32]. Azurin has one a-helix and eight B-strands that fold into
a B-barrel structure arranged in a double-wound Greek key topology [26, 33] (Figure 1.4).
Proteins with the -barrel motif belong to the large family of sandwich-like proteins. The
structures of these proteins are characterized by two B-sheets packed against each other
like a sandwich. It was shown that 94% of all sandwich-like proteins contain an invariant
substructure consisting of two interlocked pairs of neighboring B-strands with eight
hydrophobic positions conserved [34]. In azurin, the two interlocked pairs correspond to
B-strands 3 and 4 and B-strands 6 and 7. One may speculate that the minimal transition

state for the folding of azurin involves interactions between conserved hydrophobic

amino acid residues: Val31, Leu33, Leu50, Tre52, Val95, Phe97, Tyr108, Phel10 [35].

10



Sheet B Sheet A

Figure 1.4 (A) Structure of azurin-I from Alcaligenes xylosoxidans (PDB ID:1RKR). The
disulfide bonds between Cys3 and Cys26 are depicted in yellow. The nitrogen atoms of
the side chains of His46 and His117 are depicted in blue, and the sulfur atoms of Cys3,
Cys26, Cys112, and Met121 are depicted in yellow. (B) Two-dimensional view of azurin’s
secondary structure elements. The 3 strands are represented by arrows, and the a-helix is

represented by an elongated box. The two sheets forming the sandwich are indicated and

labeled as Sheet A and Sheet B.
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Single-molecule force spectroscopy experiments revealed two-state and three-
state unfolding pathways for apoazurin and an additional four-state pathway for
holoazurin [36]. Steered molecular dynamics (SMD) simulations showed that apoazurin
unfold via a first transition state (TS), where 2-$8 and $7-B8 strand pairs rupture to form
an intermediate, which subsequently unfolds by the collective rupture of the remaining
strands. SMD simulation revealed details of the copper sequestration and predicted a
combined B4-B7 pair and copper coordination rupture to create the third TS in the four-

state pathway [36].

A disulfide bond in the N-terminal region between Cys3 and Cys26 stabilizes
the tertiary structure of azurin [37]. The protein structure of azurin defines the geometry
of the copper site, leading to an unusual Cu(Il) coordination, as in other blue copper
proteins [38]. In azurin, two histidine imidazoles (His46 and Hisl117), one cysteine
thiolate (Cys112), and two weaker axial ligands—the sulfur atom of methionine (Met121)
and the main chain carbonyl oxygen atom of glycine (Gly45)—are coordinated to the
copper (Cu(I)/Cu(Il)) in a trigonal bipyramidal geometry (Figure 1.5). The active site is
located on the edge of the B-barrel, and the residues involved in the metal binding in the
unfolded state (Met121, Cys112 and His117) are all in the loop between B-strands 7 and
8 [35]. Beedle and co-workers [39] reported complex unfolding features comprising two-
state and three-state pathways in azurin and plastocyanin. The three-state pathway was
stochastic, where the unraveling of the protein occurred from either termini. The reaction
of the intermediate in the three-state pathway has been attributed to the breaking of Cu-

Seys and Cu-Npis bonds.

12
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Figure 1.5 Active site structure of azurin. Cu is coordinated by two histidine imidazoles
(His117 and His46), one cysteine thiolate (Cys112), and two weaker axial ligands—the
sulfur of a methionine (Metl121) and the main chain carbonyl oxygen atom of a glycine

(Gly45).

Azurins have been models for protein folding and metal binding studies [40, 41].
The 3D structures of azurin with and without a copper ion in the active site are identical,
indicating that the copper ion is not mandatory for obtaining a folded structure, although
the copper insertion may stabilize the 3D structure [42]. From equilibrium-unfolding
experiments of Cu(l)- and Cu(Il)-azurins, two-state like transitions were observed for
both copper oxidation states, but Cu(Il)-azurin was more stable than Cu(I)-azurin [43].
The copper remained bound to the polypeptide of azurin after unfolding, where the copper
reduction potential of unfolded azurin was 130 mV higher than that of folded azurin [43].
The higher copper reduction potential of unfolded azurin was achieved by the trigonal
Cu(I)-coordination [38]. Thermodynamic cycles connecting the folded apo without

copper, unfolded apo with copper, and folded holo, demonstrated that the copper ion

13



stabilizes the folded form substantially [41]. Folded Cu(I)- and Cu(Il)-azurins exhibit

folding free energies of —40 and —52 kJ/mol, respectively [43].

Two extreme scenarios have been investigated to address possible pathways for
the formation of active azurin (holoazurin): Cu binding before polypeptide folding (path
1) and copper binding after polypeptide folding (path 2) (Figure 1.6). The folding and
unfolding kinetics for apoazurin follows a two-state behavior [35, 44, 45]. The
extrapolated folding time in water is fast, whereas Cu uptake by folded apoazurin is slow
[44, 45]. In contrast, the formation of holoazurin is much faster when the polypeptide
folds in the presence of Cu [44, 46]. Holoazurin formation follows path 1, with rapid Cu
uptake before polypeptide folding. Thus, introducing Cu prior to protein folding results
in more than 1000-fold faster formation of holoazurin [44, 45]. Thus, if time of
biosynthesis should be minimized in the cell, Cu coordination before folding is the best

approach.

A
unfolding C
azui folding i

Figure 1.6 The two extreme paths to form active holoazurin: path 1, copper binding to
the unfolded protein followed by polypeptide folding (A-B-D); path 2, polypeptide
folding, followed by copper binding to the folded apo protein (A-C-D).



1.5.  Purpose of this study

Although the properties of blue copper proteins have been elucidated in details,
until now, there has been no report on domain swapping of a blue copper protein. In this
study, to investigate whether domain swapped oligomerization occurs in copper proteins,
the oligomerization condition was searched for Alcaligenes xylosoxidans azurin-1, one of
the two azurins isolated from Alcaligenes xylosoxidans GIFU 1051. Azurin oligomers
were obtained, and the azurin dimer was characterized by heat stability, absorption
spectroscopy, circular dichroism spectroscopy, electron paramagnetic resonance

spectroscopy, cyclic voltammetry, and x-ray crystallography.
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Chapter 2

Oligomerization of azurin
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2.1 Introduction

Various c-type cytochromes have been shown to domain swap by the procedure of
an addition of alcohol, lyophilization, and dissolution in buffer [1-3]. Myoglobin forms
a domain-swapped dimer by the treatment with ethanol [4]. Domain-swapped dimer of
cytochrome cbss> was obtained by the treatment of its monomer with acetic acid, where
two a-helices in the N-terminal region in a protomer interacted with two a-helices in the
C-terminal in the other protomer [1]. The treatment of horse ferric cytochrome ¢ monomer
with ethanol formed domain-swapped oligomers (dimer and trimer) by swapping the C-
terminal a-helix [5]. It has been reported that horse cytochrome ¢ forms oligomers during
protein folding [6, 7], and more domain-swapped oligomers were formed for higher
protein concentrations during folding of horse cytochrome ¢ [6].

Since there is no report on oligomerization of copper proteins, in this chapter I tried
to oligomerize azurin by a similar procedure that was used for the oligomerization of
cytochrome c. I focused on the purification and characterization of the azurin dimer

because the dimer is the simplest oligomer.
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2.2 Material and methods

2.2.1  Azurin-I from Alcaligenes xylosoxidans GIFU1051

Azurin-1 from Alcaligenes xylosoxidans GIFU1051 was produced from E. coli
BL21(DE3) cells containing the pTAZ 1-1 plasmid with the azurin-I gene of Alcaligenes

xylosoxidans GIFU1051. The amino acid sequence of azurin-I is shown below:

10 20 30 40 50
AECSVDIAGIlT DQMQFDKKEi TVSKSCKQFTl‘ VNLKHPGKL}L KNVMGHNWVIl.
60 70 80 90 100
TKQADMQGA\lf NDGMAAGLDIL NYVKKDDAR\lf IAHTKVIGG(|3 ETDSVTFDVé
110 120 129

| | |
KLAAGQDYAY FCSFPGHFAL MKGVLKLVD

2.2.2  E. coli culture and azurin purification

E. coli BL21(DE3) cells containing the pTAZ 1-1 plasmid with the azurin-I gene of
Alcaligenes xylosoxidans GIFU1051 (obtained from Prof. Kunishige Kataoka, Kanazawa
University) were incubated in 10 mL of Luria-Bertani (LB) media containing 100 pg/mL
ampicillin at 37 °C for 7-8 h. The culture was transferred into 2 L of LB media containing
100 mg/L ampicillin and 1 mM CuCly, and subsequently incubated at 37 °C. When the
ODeoo reached 0.6 after about 3.5 h of culture, isopropyl p-D-1-thiogalactopyranoside
(Wako; final conc. 0.5 mM) was added to the culture. After the culture was further
incubated under the same conditions for 12 h, the cells were harvested by centrifugation

at 8000 rpm and 4 °C for 5 min.
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Azurin-1 was purified by a previously reported method with modifications.[8] The
cultured E. coli cell pellet (8 g) was suspended in 160 mL of 30 mM Tris-HCI buffer, pH
8.3, containing 20% sucrose and 1 mM ethylenediaminetetraacetic acid (Wako). The
suspension was stirred at room temperature for 15 min, and centrifuged at 5000 g and
4 °C for 15 min. The pellet was quickly resuspended in 250 ml of cold water (4 °C) for
osmotic shock, and stirred for 15 min. After centrifugation at 5000 g and 4 °C for 15 min,
CuSO04 (final conc., 1 mM) was added to the supernatant, and the solution was stirred at
room temperature for 1 h. Potassium ferricyanide (final conc., 0.1 mM) was further added
to the solution, and the solution was stirred at room temperature for 1 h. The pH of the
solution was adjusted to 4.0 by an addition of acetic acid. After centrifugation of the pH-
adjusted solution at 5000 g and 4 °C for 15 min, the blue supernatant was purified by
cation exchange chromatography (carboxymethyl cellulose, TOSOH) using an open
column (¢$2.8 cm x 15 cm) at room temperature with 50 mM ammonium acetate buffer,
pH 4.0. The protein was eluted with 50 mM ammonium acetate bufter, pH 4.0, containing
50 mM NaCl. The fractions containing azurin were concentrated and then purified by size
exclusion chromatography (SEC; HiLoad 26/60 Superdex 75, GE Healthcare) using a fast
protein liquid chromatography (FPLC) system (BioLogic DuoFlow 10, Bio-Rad) with 50
mM sodium acetate buffer, pH 5.0, at 4 °C. Dithiothreitol (DTT)-reduced azurin was
prepared by reduction of Cu(Il)-azurin with DTT (Nacalai tesque), and removing DDT
from the DTT-reduced azurin solution by ultrafiltration (Amicon Ultra-15, Merck
Millipore). Cu(I)-azurin was prepared by reduction of Cu(Il)-azurin with potassium
ferrocyanide, and removing potassium ferrocyanide from the Cu(I)-azurin solution by

anion exchange chromatography (diethylaminoethyl cellulose (DEAE), TOSOH) by

25



passing the solution through an open column (p1.5 cm % 6.0 cm) at room temperature.

Apoazurin was prepared by the method previously reported [9].

2.2.3  Azurin oligomerization

Cu(Il)-azurin was oligomerized at pH 4.0-7.0 by treatment with ethanol, 2,2,2-
trifluoroethanol (TFE), or 2-mercaptoethanol (2-ME) by the following procedure. The
azurin solution was lyophilized after an addition of ethanol (final conc., 70 % (v/v)), TFE,
(final conc., 5 % (v/v)) or 2-ME (final conc., 140 mM), and the obtained precipitate was
dissolved in 50 mM potassium phosphate buffer, pH 7.0. Subsequently, CuSOs (final
conc., 5 mM) was added to the azurin solution, and the solution was incubated at room
temperature for 1 h. DTT (final conc., 40 mM) was further added to the incubated azurin
solution to reduce the disulfide bonds that may form oligomers, and the solution was
incubated at room temperature for 3 h. After the solution was centrifuged and filtered to
remove precipitates, the solution was analyzed by SEC (Superdex 75 10/300 GL, GE
Healthcare) using the FPLC system (BioLogic DuoFlow 10) with 50 mM potassium

phosphate bufter, pH 7.0, at 4 °C.

Various conditions were investigated for the oligomerization of Cu(Il)-azurin by the
treatment with 2-ME at pH 4.0. To investigate the 2-ME concentration dependence on the
oligomerization of Cu(Il)-azurin, similar procedures using different 2-ME concentrations
(final conc. 70, 140, 280, 420, and 560 mM) were performed. Similar procedures using
different Cu(Il)-azurin concentrations (final conc. 0.5, 1.0, 1.5, 2.0, and 3.0 mM) were
performed to investigate the protein concentration dependence on the oligomerization. To
investigate the effect of DTT after dissolution of the lyophilized azurin with buffer, DTT

was added to the solution with different concentrations (final conc. 0, 10, 20, 30, and 40
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mM) after lyophilization, dissolution, addition of CuSO4 (final conc., 5 mM), and

incubation at room temperature for 1 h.

To elucidate the effects of the copper oxidation state and disulfide bond formation on
azurin oligomerization, Cu(I)-, Cu(Il)-, and DTT-reduced azurins were oligomerized by
an addition of TFE (final conc., 5 % (v/v)) with a similar procedure, except at pH 5.0,
because Cu(l)-azurin precipitated at pH 4.0. To investigate the effect of Cu(Il) ions on the
azurin oligomerization at the dissolution (refolding) process, apoazurin was lyophilized
at pH 4.0 in the presence of 140 mM 2-ME, followed by dissolution (final conc. of
apoazurin, 5 mM) in Tris-HCI buffer, pH 7.4, containing 5 mM CuCl; (or CaCl,) or
dissolution in the Tris-HCI buffer not containing CuCl; and CaCl,. CuCl; (final conc., 5
mM) was added to the azurin solution 5 min after the lyophilized solution was dissolved

in the absence of CuCl..

2.24  Dimer purification

To obtain the azurin dimer, oligomerization was performed by the addition of 2-ME
(final conc., 140 mM) to Cu(Il)-azurin (final conc., 1.5 mM) in 50 mM ammonium acetate
buffer, pH 4.0. The azurin solution was lyophilized, dissolved in phosphate buffer, pH 7.0,
and subsequently CuSOs (final conc., 5 mM) was added to the solution. After incubation
of the azurin solution at 25 °C for 1 h, DTT (final conc., 40 mM) was added to the solution,
and the solution was further incubated at room temperature for 3 h. The solution was
centrifuged and filtered to remove precipitates, and subsequently the azurin dimer was
purified by SEC (HiLoad 26/60 Superdex 75) using the FPLC system (BioLogic
DuoFlow 10) with 50 mM potassium phosphate buffer, pH 7.0, at 4 °C. The azurin dimer

was oxidized by an addition of potassium ferricyanide to the dimer solution, and
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potassium ferricyanide was removed from the dimer solution by passing the solution
through the DEAE open column (¢$1.5 cm x 6.0 cm) with 50 mM potassium phosphate
buffer, pH 7.0. The obtained dimer was purified by cation exchange chromatography
(MonoS, GE Healthcare) using the FPLC system (BioLogic DuoFlow 10) with a sodium
sulfate concentration gradient (0—300 mM) and 50 mM sodium acetate buffer, pH 5.0, at
4 °C, and SEC (HiLoad 26/60 Superdex 75) using the FPLC system (BioLogic DuoFlow

10) under the same conditions as stated above for SEC.

2.2.5 Dimer characterization

The heat stability of the azurin dimer was investigated by incubating the dimer in 50
mM potassium phosphate buffer, pH 7.0, at 60 and 70 °C for 1 h, and subsequently
analyzing the solution by SEC (Superdex 75 10/300 GL) using the FPLC system
(BioLogic DuoFlow 10) with 50 potassium phosphate buffer, pH 7.0, at 4 °C. The molar
extinction coefficients of the Cu(Il)-azurin monomer and dimer were calculated by
measuring the absorption spectrum and copper quantity of the same azurin solution. The
absorption spectra of the Cu(Il)-azurin monomer and dimer in 50 mM potassium
phosphate buffer, pH 7.0, were measured with a UV-2450 spectrophotometer (Shimadzu)
using a 1 cm path-length quartz cell at 25 °C. The copper quantities of the same solutions
were determined with an ICPM-8500 inductively coupled plasma mass spectrometer
(Shimadzu) at 25 °C, where azurin was denatured with aqua regia. The EPR spectra of
Cu(Il)-azurin monomer and dimer in 100 mM 2-(N-morpholino)ethanesulfonic acid
(MES) buftfer, pH 6.5, were measured with a JES-FA100N electron spin resonance
spectrometer (JEOL) at 77 K. The microwave frequency was 9.134 GHz, and the

microwave power was 0.998 mW. The circular dichroism (CD) spectra of the Cu(Il)-
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azurin monomer and dimer (5.0 uM, copper unit) in 50 mM potassium phosphate buffer,
pH 7.0, were measured with a J-725 CD spectropolarimeter (Jasco) using a 0.1 cm path-
length quartz cell at 25 °C. CD ellipticity at 222 nm of azurin monomer (5.0 uM, copper
unit) in 50 mM potassium phosphate buffer, pH 7.0 was monitored at 25-95 °C with an
increase of 1 °C/min to measure the protein stability. Cyclic voltammetry (CV) responses
of Cu(Il)-azurin monomer and dimer (200 uM, copper unit) in 100 mM MES bufter, pH
6.5, were measured with an ALS-612DN electrochemical analyzer (BAS Inc.). An Au
electrode was used as a working electrode, and Pt wire and Ag/AgCl (3M NaCl) were
used as counter and reference electrodes, respectively. The redox potentials were
calculated with respect to the normal hydrogen electrode (NHE). Modification of the
surface of the Au electrode was performed by the following procedure[10]. The surface
of the Au electrode was polished with 0.05 um alumina water slurry and subsequently
rinsed with pure water. To remove residual organic compounds from the electrode surface,
the Au electrode was cleaned by electrochemical oxidation/reduction treatment. The Au
electrode was dipped in a methanol solution containing 1 mM 4-mercaptopyridine (Wako)
for 1 min, and subsequently rinsed with pure water. All the measurements were performed
at room temperature and flowing Ar gas for at least 5 min to remove oxygen dissolved in

the solution.
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2.3 Results

2.3.1 Azurin purification

The final step for the purification of Cu(Il)-azurin is size exclusion chromatography
(SEC). The SEC elution curve showed a main peak at 214 mL, corresponding to the azurin
monomer (Figure 2.1). The absorption spectrum of Cu(Il)-azurin exhibited a strong 622
nm absorption band, which is characteristic of type 1 copper proteins (Figure 2.2). The
purity of azurin was confirmed by the ratio of the absorbance at 280 nm to that at ~620
nm. The ratio of the absorbance at 280 nm to that at ~620 nm (Abs2s0/Abss22) for Cu(Il)-
azurin was 2.22, whereas the Abszgo/Abse22 of purified Cu(ll)-azurin from Alcaligenes
xylosoxidans is reported to be 2.23[11]. This result indicated a high purity for the purified

azurin.
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Figure 2.1 SEC chromatograms of Cu(Il)-azurin monomer at the final step of purification.
Measurement conditions: column, HiLoad 16/600 Superdex 75 column; flow rate, 1.0
mL/min; buffer, 50 mM sodium acetate buffer, pH 5.0; temperature, 4 °C; monitoring

wavelength, 280 (red) and 620 nm (blue).
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Figure 2.2 Optical absorption spectrum of Cu(Il)-azurin in 50 mM potassium phosphate
bufter, pH 7.0.

2.3.2 Azurin oligomerization

For azurin-I, only a slight amount of oligomers was obtained by the procedure of an
addition of ethanol (final conc., 70 % (v/v)) at pH 4.0 and 7.0 or 2,2,2-trifluoroethanol
(TFE) (final conc., 5 % (v/v)) at pH 7.0 to Cu(Il)-azurin, lyophilization, and dissolution,
whereas a small amount of oligomers was obtained by the same procedure using TFE
(final conc., 5 % (v/v)) at pH 4.0 instead of ethanol or TFE (Figure 2.3 A). When
performing a similar oligomerization procedure with TFE (final conc., 5 % (v/v)) at pH
5.0 for Cu(I)-azurin, more oligomers were obtained compared to that obtained from
Cu(Il)-azurin (Figure 2.3 B). Since Cu(I)-azurin is less stable than Cu(Il)-azurin [12],
Cu(I)-azurin may unfold more easily than Cu(Il)-azurin, enhancing the oligomerization
process. When DTT-reduced azurin was treated with the oligomerization procedure using

TFE (final conc., 5 % (v/v)) at pH 5.0, the amount of high order oligomers increased
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(Figure 2.3 B), demonstrating that the disulfide bond inhibits formation of high order
oligomers, presumably by steric hindrance. Based on these results, I envisaged that 2-ME
may reduce Cu(Il) to Cu(l) and the oligomerization procedure using 2-ME for Cu(II)-
azurin may show a similar effect as that using TFE for DTT-reduced azurin. The dimer
amount increased whereas the higher order oligomer amount decreased when DTT-
reduced azurin was treated with 2-ME compare to the corresponding oligomers when
Cu(Il)-azurin was treated with 2-ME (Figure 2.3 C). These results indicate that formation

of higher order oligomers was enhanced by the disulfide bond cleavage.
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Figure 2.3 SEC chromatograms of azurin after the procedure of an addition of ethanol,
TFE, or 2-ME, lyophilization, and dissolution to buffer: (A) Cu(Il)-azurin was treated
with ethanol (final conc., 70 % (v/v)) at pH 4.0 (red) and pH 7.0 (blue) and TFE (final
conc., 5 % (v/v)) at pH 4.0 (green) and pH 7.0 (magenta). (B) Cu(Il)- (red), Cu(I)- (blue),
and DTT-reduced azurin (green) were treated with TFE (final conc., 5 % (v/v)) at pH 5.0.
(C) DTT-reduced azurin (red) was treated with TFE (final conc., 5 % (v/v)) and Cu(Il)-
azurin (blue) and DTT-reduced azurin (green) were treated with 2-ME (final conc., 140
mM) at pH 4.0. The lyophilized protein was dissolved in 50 mM potassium phosphate
buffer, pH 7.0. Measurement conditions: column: Superdex 75 10/300 GL; buffer: 50 mM
potassium phosphate buffer, pH 7.0; monitoring wavelength: 280 nm.
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Treatment of Cu(Il)-azurin with 2-ME at pH 4.0 produced more dimers compared to
DTT-reduced azurin treatment with TFE (Figure 2.3 C). To obtain more dimers, |
investigated the oligomerization of Cu(Il)-azurin with different concentrations of 2-ME.
The azurin oligomer amount increased by increasing the concentration of 2-ME (Figure
2.4). Trimers were also detected in the SEC chromatograms by the treatment of Cu(II)-
azurin with 2-ME for concentrations higher than 280 mM (Figure 2.4); thus, 140 mM 2-

ME was used hereafter.
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Figure 2.4 SEC chromatograms of azurin after the procedure of addition of 2-ME (final
conc. 70, 140, 280, 420, and 560 mM), lyophilization, dissolution with 50 mM potassium
phosphate buffer, pH 7.0, addition of 5 mM CuSOs, and addition of DTT. Measurement
conditions: column: Superdex 75 10/300 GL; buffer: 50 mM potassium phosphate buffer,
pH 7.0; monitoring wavelength: 280 nm

Protein concentration dependence on Cu(Il)-azurin oligomerization by treatment
with 2-ME was investigated with various azurin concentrations. The oligomer amount

increased by increasing the concentration of azurin (Figure 2.5). The SEC chromatograms
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showed that the dimer/monomer ratio was highest for the 1.5 mM azurin among the

conditions studied (0.5 mM: 0.55, 1.0 mM: 0.56, 1.5 mM: 0.63, 2.0 mM: 0.59, 3.0 mM:

0.35) (Figure 2.5).
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Figure 2.5 SEC chromatograms of azurin (final conc. 0.5, 1.0, 1.5, 2.0, and 3.0 mM) after
the procedure of addition of 2-ME, lyophilization, dissolution 50 mM potassium
phosphate buffer, pH 7.0, addition 5 mM CuSOs, and addition of DTT. Measurement
conditions: column: Superdex 75 10/300 GL; buffer: 50 mM potassium phosphate buffer,
pH 7.0; monitoring wavelength: 280 nm

The effect of DTT on azurin oligomerization was investigated by an addition of
various concentrations of DTT to the oligomer solution after the dissolution of the
lyophilized azurin and subsequent addition of 5.0 mM CuSOs. The SEC chromatograms
showed that higher-order oligomers are detected by the treatment with 30 mM DTT or
lower concentration of DTT, but not by the treatment with 40 mM DTT (Figure 2.6).
These results indicate that during the oligomerization, oligomers were also formed

through intermolecular disulfide (S—S) bonds. Not all intermolecular disulfide bonds were
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reduced when DTT was added up to 30 mM, however intermolecular disulfide bonds

were reduced after addition of 40 mM DTT.
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Figure 2.6 SEC chromatograms of azurin after the procedure of addition of 2-ME,
lyophilization, dissolution 50 mM potassium phosphate buffer, pH 7.0, addition of 5 mM
CuSOq4, and addition of DTT (final conc. 0, 10, 20, 30, and 40 mM). Measurement
conditions: column: Superdex 75 10/300 GL; buffer: 50 mM potassium phosphate buffer,
pH 7.0; monitoring wavelength: 280 nm

The effect of Cu(II) ion on azurin oligomerization was investigated by performing a
similar procedure using 2-ME with an addition of 5 mM CuCl; to the solution of
lyophilized apoazurin for dissolution (Figure 2.7). The amount of oligomers increased
from 30 % to 51 % by the addition of Cu(Il) ions (equal amount to apoazurin) to the
solution for dissolution, whereas it did not when 5 mM CaCl; was added to the solution

for dissolution, indicating that Cu(II) ions enhance oligomerization of azurin.
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Figure 2.7 SEC chromatograms of azurin after the procedure of an addition of ethanol,
TFE, or 2-ME, lyophilization, and dissolution to buffer. Apoazurin was lyophilized at pH
4.0 in the presence of 140 mM 2-ME, followed by dissolution (final conc. of apoazurin,
5 mM) in the buffer containing 5 mM CuCl: (red) or CaCl, (blue) or the buffer not
containing CuCl> and CaCl; with subsequent addition of CuClx (final conc., 5 mM)
(green). The lyophilized protein was dissolved in 50 mM Tris-HCI buffer, pH 7.4.
Measurement conditions: column: Superdex 75 10/300 GL; buffer: 50 mM Tris-HCl
buffer, pH 7.4; monitoring wavelength: 280 nm.

2.3.3 Dimer purification

Oligomerization of Cu(Il)-azurin was performed by the procedure of addition of 2-
ME, lyophilization, dissolution, addition of CuSOa4, and addition of DTT. The DTT-
reduced azurin dimer was purified by SEC; fractions at 159-180 mL were collected as
solutions containing dimers (Figure 2.8). To oxidize the DTT-reduced azurin dimer in the
solution, potassium ferricyanide (final conc., 100 mM) was added to the dimer solution.
The absorption spectra of the azurin dimer before and after oxidation with ferricyanide

are shown in Figure 2.9. The DTT-reduced azurin dimer was oxidized by ferricyanide and
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its absorption spectrum exhibited an absorption band at 618 nm. The absorption at 618
nm increased, indicating that the copper ion in the azurin dimer was oxidized. The Cu(II)-
azurin dimer was initially purified by performing ion exchange chromatography (IEC)
and collecting the fractions at 26.0-28.5 mL (Figure 2.10). The Cu(Il)-azurin dimer was

further purified by SEC and collecting the fractions at 159—175 mL (Figure 2.11).
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Figure 2.8 SEC chromatogram of DTT-reduce azurin dimer. Measurement conditions:
column, HiLoad 16/600 Superdex 75 column; flow rate, 1.0 mL/min; buffer, 50 mM
potassium phosphate buffer, pH 7.0; temperature; 4 °C, monitoring wavelength, 280 nm.
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Figure 2.9 Optical absorption spectra of azurin dimer before (red) and after (blue)

oxidation with ferricyanide in 50 mM potassium phosphate buffer, pH 7.0.
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Figure 2.10 IEC chromatograms of Cu(Il)-azurin dimer. Measurement conditions:
column, MonoS; flow rate, 0.50 mL/min; gradient, 50 mM sodium acetic buffer, pH 5.0,
and 50 mM sodium acetic buffer, pH 5.0, containing 300 mM NaSOQs; temperature, 4 °C,
monitoring wavelength, 280 (red) and 620 nm (blue).
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Figure 2.11 SEC chromatograms of Cu(Il)-azurin dimer. Measurement conditions:
column, HiLoad 16/600 Superdex 75 column; flow rate, 1.0 mL/min; buffer, 50 mM
potassium phosphate buffer, pH 7.0; temperature, 4 °C, monitoring wavelength 280 (red)
and 620 nm (blue).

2.3.4 Spectroscopic and electrochemical characterization of azurin dimer

The oxidized azurin dimer was purified from the solution obtained by the treatment
of Cu(Il)-azurin with an addition of 140 mM 2-ME at pH 4.0, lyophilization, and
dissolution with buffer at pH 7.0. The azurin dimer did not dissociate to monomers up to
60 °C, whereas it dissociated to monomers at 70 °C (Figure 2.12). The high stability of
the dimer may correspond to the high stability of the monomer, since the denaturing

temperature of the monomer was about 85 °C (Figure 2.12).
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Figure 2.12 SEC chromatograms of the solution obtained before (red) and after
incubation of the Cu(Il)-azurin dimer solution in potassium phosphate buffer, pH 7.0, at
60 °C (blue) and 70 °C (green) for 1 h. Measurement conditions: column, Superdex 75

10/300 GL; buffer: 50 mM potassium phosphate buffer, pH 7.0; monitoring wavelength:
280 nm.
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Figure 2.13 CD ellipticity at 222 nm of the azurin monomer at 25-95 °C. Measurement
conditions: azurin monomer, 5.0 uM (copper unit); buffer, 50 mM potassium phosphate

buffer, pH 7.0; monitoring wavelength 222 nm; scan rate, 1 °C/min.
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The wavelength of the maximum absorbance in the visible region of the Cu(Il)-azurin
dimer was 618 nm, which slightly blue-shifted from that of the monomer at 622 nm. The
molar extinction coefficients were obtained as 10,800 and 4,900 M-'cm™ at 280 and 622
nm, respectively, for the azurin monomer, and 11,300 and 5,000 M-'cm™! (copper unit) at
280 and 618 nm, respectively, for the dimer by inductively coupled plasma mass
spectrometry (Fig. 2A). The ratio of the absorbance at 280 nm to that at ~620 nm
(Abs2g0/Abss1g) for the Cu(Il)-azurin dimer was 2.24, whereas the Abs2so/Abses22 value for
the monomer was 2.22. The ratio of the absorption at 460 nm to that at ~620 nm for the

azurin dimer was 0.113, whereas that for the azurin monomer was 0.067 (Figure 2.14).
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Figure 2.14 Optical absorption spectra of Cu(Il)-azurin monomer (red) and dimer (blue):
Measurement conditions: azurin (75 uM, copper unit) in 50 mM potassium phosphate

buffer, pH 7.0.

The g and g1 values obtained from the electron paramagnetic resonance (EPR)
spectra (Figure 2.15) were similar between the Cu(Il)-azurin monomer and dimer (Table

2.1). However, the A value of the dimer was 5.845 mT, which was slightly smaller than
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that of the monomer (5.950 mT). From these results, a slightly more rhombic character

for the active site structure of the dimer is suggested.

Table 2.1. EPR parameters of Cu(Il)-azurin monomer and dimer.

gl gL Aj (mT)
monomer 2.257 2.056 5.950
dimer 2.254 2.057 5.845
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Figure 2.15 EPR spectra of Cu(I)-azurin monomer (red) and dimer (blue). Measurement

conditions: azurin (1.0 mM, copper unit) in 100 mM MES buffer, pH 6.5.

According to the circular dichroism (CD) spectra of the Cu(Il)-azurin monomer and
dimer (Figure 2.16), the B-sheet-related negative Cotton effect around 220 nm was similar
between the spectra of the monomer and dimer, indicating similar B-strand structures for
the dimer to those of the monomer. However, the intensities of the Cotton effect around
195 nm in the CD spectrum increased slightly by the dimerization, indicating slight

changes in the secondary structures between the monomer and dimer.
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Figure 2.16 CD spectra of Cu(Il)-azurin monomer (red) and dimer (blue). Measurement

conditions: azurin (5.0 uM, copper unit) in 50 mM potassium phosphate buffer, pH 7.0.

The redox potentials of the azurin monomer and dimer were measured by cyclic
voltammetry to investigate the effect of domain swapping on the function. The redox
potentials of the azurin monomer and dimer were obtained as 29245 and 34215 mV vs
NHE, respectively, at pH 6.5 (Figure 2.17), where the redox potential of the monomer
was similar to the reported value (305£10 mV) [13]. The redox potential of the dimer was
50 mV higher than that of the monomer, suggesting a weaker Cu coordination structure

in the dimer compared to that in the monomer.
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Figure 2.17 Cyclic voltammograms of Cu(Il)-azurin monomer (red) and dimer (blue).

Measurement conditions: scan rate was 10 mV s™'; azurin (200 uM, copper unit) in 100
mM MES buffer, pH 6.5.
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2.4 Discussion

The absorption spectra, as well as the EPR parameters, of the monomer and dimer
differed slightly (Figure 2.14 and 2.15). Although the EPR spectra of the Cu(Il)-azurin
monomer and dimer exhibited an axial-type g| > g1 > 2 property, the A value deceased
slightly by the dimerization (Figure 2.15 and Table 1), indicating that the dimer exhibits
a slightly more rhombic character than the monomer. Additionally, the intensity of the
absorption band at 460 nm to that at ~620 nm was 0.067 and 0.113 for the monomer and
dimer, respectively (Figure 2.14), supporting the hypothesis that the rhombic property
slightly increases for the dimer compared to the monomer, since the rhombic coordination
shows a larger absorption at 460 nm relative to that at ~620 nm [14]. The observation of
a rhombic and an axial component in the EPR spectra of pseudoazurins has been

interpreted in terms of the presence of two conformations for the copper site [15-17].

The redox potential of the Cu(Il)-azurin dimer decreased ~50 mV from that of the
monomer (Figure 2.17). The elongation of the copper coordination bonds compared to
those in the monomer may contribute to the easier electron acceptor property and higher

redox potential for the dimer.
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2.5 Conclusion

Cu(I)- and DTT-reduced azurin from Alcaligenes xylosoxidans oligomerized by the
procedure of addition of 5% v/v (%) TFE at pH 5.0, subsequent lyophilization, and
dissolution of the residual at pH 7.0, whereas Cu(Il)-azurin oligomerized only slightly by
the same procedure, indicating that the reduction of the copper enhances the
oligomerization by the procedure. I found that Cu(Il)-azurin oligomerizes by the process
of an addition of 2-ME at pH 4.0, lyophilization, and dissolution in phosphate buffer at
pH 7.0. Although the purified azurin dimer dissociated to monomers by heating at 70 °C
for 1 h, it did not dissociate to monomers by heating at 60 °C, indicating that the dimer is
relatively stable. The wavelength of the maximum absorbance in the visible region of the
azurin dimer was 618 nm, which was slightly blue-shifted from that of the azurin
monomer at 622 nm. The ratio of the optical absorbance at 460 nm to that at about 600
nm for the azurin dimer (A4s0/As1s = 0.113) was higher than that of the monomer
(A460/A622 = 0.067) and the A value of the dimer (5.85 mT) in the EPR spectra was
slightly lower than that of the monomer (5.95 mT), indicating that the dimer has a little
more rhombic Cu coordination character. The redox potential of the azurin dimer was

342+5 mV vs. NHE, which was 50 mV higher than that of the monomer.
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Chapter 3

X-ray crystal structure of azurin dimer
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3.1 Introduction

A detailed three-dimensional structure is necessary to understand the properties of
the azurin dimer. The most favored technique for structure determination of proteins and
biological macromolecules is X-ray crystallography. Obtaining a three dimensional
molecular structure from a crystal is the aim of x-ray crystallography [1]. The growth of
protein crystals of sufficient quality for structure determination is the minimum
requirement in most protein crystallographic works. The principle of protein
crystallization is to prepare a protein solution with high concentration and induce it to
come out from the solution; precipitation will occur if this happens too fast, but crystals
will grow under correct conditions [2—4]. Many projects fail because of the inability to
crystallize the protein. To obtain a protein crystal, crystallization conditions must be
considered [5, 6]: choice and concentration of precipitant, buffer, protein concentration,
temperature, crystallization technique, and possible inclusion of additives. Initial
experiments will be based on a trial and error procedure, which aims to cover a wide range
conditions as possible. Commercially available “crystal screen” packages (usually
consists of 50 solutions varying widely in precipitant, buffer, pH, and salt) known as a
sparse matrix are often used at this stage [7]. The techniques of sitting drop vapor
diffusion, hanging drop vapor diffusion, and possibly dialysis can be set up [8] at various
temperatures. In this way, many of the variables can be covered easily, and one or more

conditions might even yield crystals of sufficient quality to proceed to the next step.

As discussed in Chapter 2, the dimer dissociated to monomers by heating, and the
properties of the monomer and dimer were similar. Although these properties do not

contradict that the dimer was formed by domain swapping, domain swapping can only be

52



proven by the X-ray crystallographic structure at the moment. In this chapter, the X-ray
crystal structure of the azurin dimer is revealed, showing that the dimer is formed by

domain swapping.
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3.2 Materials and methods

3.2.1 X-ray crystallographic analysis

Crystallization of the azurin dimer was performed at 293 K using the sitting drop
vapor diffusion method with NeXtal Tubes PEGs Suite (QIAGEN). The protein
concentration was adjusted to 1.25 mM (dimer unit) in 10 mM Tris-HCI buffer, pH 8.0.
The droplets prepared by mixing 1 puL of the protein solution with 1 pL reservoir solution
were equilibrated. The best reservoir solution was found to be 20% polyethylene glycol
(PEG) 3000 and 100 mM MES buffer, pH 6.5. A crystal was obtained in the protein
solution after incubation at 20 °C for 14 days.

The diffraction data were collected at the BL26B1 beamline of SPring-8, Japan. The
crystal was mounted on a cryo-loop without an additional cryoprotectant, and flash-frozen
at 100 K in a nitrogen cryosystem. The detector was EIGER X 4M (Dectris). The crystal-
to-detector distance was 150 mm, and the wavelength was 1.0000 A. The oscillation angle
was 0.1°, and the exposure time was 0.5 seconds per frame. The total number of frames
was 1800. The diffraction data were processed using the program XDS [9]. The
preliminary structure was obtained by the molecular replacement method (MOLREP
[10]) using the atomic coordinates of the monomer structure of azurin-I (PDB ID: 1RKR)
as a starting model. The structure refinement was performed using the program REFMAC
[11]. The molecular model was manually corrected, and water molecules were picked up
in the electron density map using the program COOT [12]. The data collection and
refinement statistics are summarized in Table 3.1. The angle ¢ between the N(His)-Cu-
N(His) plane and the S(Cys)-Cu-S(Met) plane was calculated using the program Visual

Molecular Dynamic.
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Table 3.1 Statistics of data collection and structure refinement of the azurin dimer (PDB

ID: 6L1V).

Data collection

X-ray source

SPring-8 (BL26B1)

Wavelength (A) 1.0000
Space group C222,
Unit cell parameters

a, b, c(A) 107.45, 167.81, 116.99
a, B,y (°) 90.0, 90.0, 90.0
Resolution (A) 49.17-2.25 (2.32—2.25)
Number of unique reflections 50385 (4598)
Rmerge” 0.079 (1.145)
Completeness (%) 99.9 (100.0)
<llo(l)> 12.3 (1.6)
CCip (0.739)
Redundancy 6.8 (7.2)
Refinement

Resolution (A) 49.17-2.25 (2.31-2.25)
Number of reflections 47826 (2534)
Ruwork” 0.20277 (0.327)
Riree” 0.23021 (0.323)
Completeness (%) 99.9 (100.0)
Number of atoms in an asymmetric

unit

Protein 3296196
Water 4

Cu

Average B factors (A?)

Protein 49.6
Water 49.6

Cu 42.4
Ramachandran plot (%)

Favored 99.0
Allowed 1.0
Outlier 0

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

aRmerge:Ehkl | I1—<> | (2hkl| 1 |)71.

PRuwork=Znki | | Fobs | — k| Feate | | ( Zhii | Fobs | ) 7%, k: scaling factor. Reee was computed
identically, except where all reflections belong to a test set of 5 % of randomly selected

data.



3.3 Results

3.3.1 Protein structure

The blue crystals obtained after 14 days were analysis by X-ray crystallography
(Figure 3.1). To elucidate the detailed structure of the azurin dimer, I solved the X-ray
crystal structure (PDB ID: 6L1V) at 2.25 A resolution. The structure contained two
asymmetric dimers in the unit cell, where dimer A consisted of protomers 1 and 4, and
dimer B consisted of protomers 2 and 3 (Figure 3.2 A). The structure of the azurin dimer
exhibited an N-terminal domain-swapped structure, and the N-terminal region containing
three B-strands (B-strands 1, 2, and 3) was exchanged three-dimensionally between
protomers. Five salt bridges (Lysl18a(N)—Glul9s(O¢), Glul9a(N)-Glul9g(Og),
Glu19a(0g)-Glul9s(N), Glul9a(Og)-Lys18s(N), and Lys126a(N{)—-Asp16s(0)) were
formed between protomer 1 in dimer A and protomer 2 in dimer B in the unit cell, whereas
protomers 3 and 4 did not form salt bridges with the protomers of other dimers (Figure
3.2 B). The hinge loop was constructed with four amino acids: Gly37, Lys38, Leu39, and
Ala40. In the dimer structure, B-strand 2 and B-strand 3 in the N-terminal region of a
protomer interacted with B-strand 8 and B-strand 6, respectively, in the C-terminal region
of the other protomer. The hydrogen bonds between the protomers in the dimer were
similar to those observed intramolecularly in the monomer. However, new hydrogen
bonds were formed between protomer 1 and protomer 4 (Asp98prot1 (00)—GIn28rota(NE)
and Lys126p0t1(NO—Glul9p0t4(O¢)) in dimer A (Figure 3.3) and between protomer 2 and
protomer 4 (Asp98pro2(08)—GIn28proi3(Ne) and Lys126pr002(NE)—Glul 9pro3(O€)) in dimer

B.
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Figure 3.1 Blue crystals of azurin dimers after incubation of the azurin solution at 20 °C
for 14 days. The reservoir solution was 100 mM MES buffer, pH 6.5, containing 20%
polyethylene glycol (PEG) 3000.
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Protomer4 Protomer 2

Figure 3.2 Structure of azurin dimers in the unit cell (PDB ID: 6L1V). (A) Protomer 1
(magenta) domain swapped with protomer 4 (cyan) in Dimer A, whereas protomer 2
(green) domain swapped with protomer 3 (orange) in Dimer B. The coppers are shown as
sphere models. The main chain of Gly45 and the side chains of Cys3, Cys 26, His46,
His117, Cys112, Metl21, and Gly45 are shown as stick models. (B) Hydrogen bonds
between Dimer A and Dimer B. The hydrogen bonds are depicted in black broken lines.
The Gly37—Ala40 residues (hinge loop) are depicted in pale colors. The side chains of
Aspl6, Lysl8, Glul9, Lys126 and main chain carbonyl of Aspl6 are shown as stick
models. The nitrogen atoms of the main chains of Lys18 and Glul9 and the side chains
of His46, His117, and Lys126 are depicted in blue, the oxygen atoms of the main chains
of Asp16 and Gly45 and side chains of Glul9 are depicted in red, and the sulfur atoms of
Cys3, Cys26, Cys112, and Met121 are depicted in yellow.
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Figure 3.3 Hydrogen bonds between (A) B-strand 2 and B-strand 8 and (B) B-strand 3 and
B-strand 6: (A) monomer (green) and (B) dimer A (magenta, protomer 1; cyan, protomer
4). Hydrogen bonds are depicted in black broken lines. The numbers (1-19) denote the
hydrogen bonds: monomer, 1: Phe97(0O)—Phe29(N), 2: Phe97(N)-Phe29(0), 3:
Thr96(Oy)—Thr30(Oy), 4: Val95(0)—Val31(N), 5: Val95(N)—Val31(O), 6:
Ser94(0y)—Asn32(No), 7: Asp93(0O)—-Leu33(N), 8&: Asp93(N)—Leu33(0), 9:
Glu91(0O)—His35(N), 10: Gly90(N)—His35(0), 11: Aspl129(0d)—Ser23(Oy), 12:
Val128(0O)—Lys24(N), 13: Vall28(N)—Val22(0), 14: Lysl126(0O)—Val22(N), 15:
Lys126(N)—I1e20(0O), 16: Val124(0)—Ile20(N), 17: Val124(N)—Lys18(0); dimer A, 1:
Asp98(06)—GIn28(Ne)  2:  Phe97(0)—-Phe29(N), 3: Phe97(N)—Phe29(0), 4:
Thr96(Oy)—Thr30(Oy), 5: Val95(0)—Val31(N), 6: Val95(N)-Val31(O), 7:
Ser94(0y)—Asn32(N5), 8: Asp93(0O)—Leu33(N), 9: Asp93(N)—Leu33(0), 10:
Glu91(0)-His35(N), 11: GIly90(N)-His35(0), 12: Aspl129(08)—Ser23(Oy), 13:
Val128(0)—Lys24(N), 14: Vall28(N)—Val22(0), 15: Lys126(0)—Val22(N), 16:
Lys126(N)—11e20(0), 17: Lys126(N{)—Glul9(O¢), 18: Vall24(O)-Ile20(N), 19:
Val124(N)—Lys18(0O). The coppers are shown as sphere models. The main chains of
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Lys18, Ile 20, Val22, Phe29, Val31, Lys33, His35, Gly45, Gly90, Glu91, Asp93, Val95,
Phe97, Vall124, Lys126 and Val128, and the side chains of Cys3, Ser23, Cys26, Thr30,
Asn32, His46, Ser94, Thr96, His117, Cys112, Metl121, and Asp129 are shown as stick
models. The Gly37—Ala40 residues (hinge loop) are depicted in pale colors. The nitrogen,
oxygen, and sulfur atoms of the amino acids involved in the hydrogen and disulfide bonds

are depicted in blue, red, and yellow, respectively.

I calculated the root-mean-square deviation (rmsd) for the Ca atoms between the
structures of the monomer (PDB ID:1RKR) and dimer. Residues in the N-terminal region
(Alal—Pro36) before the hinge loop (Gly37—Ala40) in a protomer and residues in the C-
terminal region (Lys41-Asp129) after the hinge loop in the other protomer in the dimer
were compared with the corresponding structural region of the monomer (Figure 3.4 D);
the rmsd values were less than 0.90 A (Table 3.2). These results show that the structures
in the monomer and protomers of the dimer are similar. The disulfide bond between Cys3
with Cys26 of the same protomer was also detected in the dimer as in the monomer, and

may stabilize the dimer.
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Figure 3.4 Crystal structures of azurin monomer and dimer. (A) Structure of azurin

monomer (PDB ID: 1RKR). (B) Structure of azurin dimer A (PDB ID: 6L1V). The two

protomers of the dimer are depicted in magenta (protomer 1) and cyan (protomer 4),

respectively. (C) Superimposed structures of the copper active sites of the monomer

(green) and protomer 1 of dimer A (magenta). (D) Superimposed structures of the azurin

monomer and dimer: monomer (PDB ID: 1RKR; green) and dimer (PDB ID: 6L1V;

magenta and cyan). The coppers are shown as sphere models. The main chain of Gly45

and the side chains of Cys3, Cys26, His46, His117, Cys112, Metl21, and Gly45 are
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shown as stick models. The N- and C-termini are labelled as N and C, respectively. The
Gly37—-Ala40 residues (hinge loop) are depicted in pale colors. The disulfide bonds
between Cys3 and Cys26 are depicted in yellow. The nitrogen atoms of the side chains of
His46 and His117 are depicted in blue, and the sulfur atoms of Cys3, Cys26, Cys112, and
Met121 are depicted in yellow.

Table 3.2 Root-mean-square deviation (RMSD) values for the Ca atoms between the
structures of the azurin monomer (PDB ID: 1RKR) and domain-swapped dimer (PDB ID:
6L1V).

RMSD (A)
Unit
monomer monomer monomer  monomer
1 2 3 4
residues 1-36 of protomer 1 and
residues 41-129 of protomer 4 0.79 0.81 0.81 0.79
residues 1-36 of protomer 2 and
residues 41-129 of protomer 3 0.86 0.89 0.88 0.87
residues 1-36 of protomer 3 and
residues 41-129 of protomer 2 0.81 0.83 0.84 0.81
residues 1-36 of protomer 4 and 0.8] 0.83 0.84 0.81

residues 41-129 of protomer 1

3.3.2 Active site structure

Similar to the active site structure of the azurin monomer, the N atoms of the
imidazoles of His46 and His117 and the S atom of Cys112 coordinated to the Cu atom in
a distorted trigonal plane in the azurin dimer, and the S atom of Met121 and the carbonyl
O atom of Gly45 coordinated to the Cu atom axially (Figure 3.4 C). Although the Cu—

N(His46) and Cu-S(Cys112) distances in the dimer were similar to the corresponding

62



distances in the monomer, most of the copper coordination distances increased in the
dimer compared to those in the monomer (Table 3.3). Especially, the Cu—O(Gly45)
distance in the dimer was 0.4-0.8 A longer than that in the monomer. The hydrogen bond
between His46 and Asn10 was observed in the monomer structure, but not in the dimer

structure (Figure 3.5) The Asn10-His46 distances are shown in Table 3.4.

A B \
Asn10

Leu120 Leu20 -

Phe114 Phe114

Figure 3.5 Structures of azurin monomer and dimer around the copper site: (A) monomer
(PDB ID: 1RKR; green) and (B) dimer A (PDB ID: 6L1V; magenta and cyan). The copper
are shown as sphere models. The two protomers of the dimer are depicted in magenta and
cyan, respectively. Main chains of Asn10, Gly45, His46, 11e87, Cys112, Phel14, His117,
Leul20, Metl121 and side chains of His46, Cys112, His117, Met121 are shown as stick
models. Hydrogen bonds are depicted in black broken lines. The Gly37—-Ala40 residues
(hinge loops) are depicted in pale colors. The nitrogen atoms of the main chains of His46,
[1e87, Cys112, His117, Leul20, and Metl21 and side chains of His46 and His117 are
depicted in blue, the oxygen atoms of the main chains of Asnl10, Gly45, His46, 11e87,
Phell4, and His117 are depicted in red, and the sulfur atoms of Cys112 and Met121 are
depicted in yellow.
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Table 3.3 Copper coordination bond lengths of azurin monomer and dimer.

Monomer [13] dimer
A) protl (A)  prot2 (A) prot3 (A) protd (A)
Cu—N(His46) 1.88-2.03 2.00 2.02 1.98 1.99
Cu—N(His117) 1.87-1.99 2.02 2.04 2.08 2.09
Cu-S(Cysl112) 2.12-2.24 2.29 2.24 2.23 2.20
Cu- 3.14-3.24 3.30 3.36 3.00 3.05
S(Metl21)
Cu-O(Gly45) 2.46-2.59 3.00 2.98 3.24 3.25
Table 3.4 Asn10-His46 distances of azurin monomer and dimer.
dimer
Monomer [13] protl (A)  prot2 (A) prot3 (A) prot4 (A)
(A) (protl— (prot2— (prot3— (prot4—
prot4) prot3) prot2) protl)
Asn10-His46 2.79-2.84 5.52 5.49 5.84 5.75
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3.4 Discussion

The dihedral angle ¢ between the N(His)-Cu-N(His) plane and the S(Cys)-Cu-
S(Met) plane in the azurin dimer was 83.8—-86.0°, which value was close to 90°, indicating
that the copper site was tetrahedrally distorted, whereas the dihedral angle ¢ was 73.8—
78.7° in the monomer. The rhombic interaction derives from the strong thiolate-Sp =
interaction with the copper, which rises the energy of the d,._ . orbital relative to that of
the d, orbital [14-16]. The observation of a rhombic and an axial component in the EPR
spectra of pseudoazurins has been interpreted in terms of the presence of two
conformations for the copper site [17—19]. The hydrogen bond between Asn10 and His46,
which was formed in the monomer, was cleaved in the domain-swapped dimer (Figure
3.6). Owing to the cleavage of this hydrogen bond, the copper site of the domain-swapped
azurin dimer may be more flexible than that of the monomer, which may increase the

rhombic component in the dimer.

Differences were observed in the bond lengths at the copper site between the
protomers of the dimer in the crystal (Table 3.3). Five salt bridges
(Lys18a(N)-Glul9s(O¢), Glul9a(N)-Glu19g(Og), Glul9a(0g)-Glul9s(N),
Glul19a(0¢g)-Lys18s(N), and Lys1264(N{)—Asp16s(0)) were formed between protomer
1 in dimer A and protomer 2 in dimer B in the unit cell, whereas protomers 3 and 4 did
not form salt bridges with the protomers of other dimers (Figure 3.2). These salt bridges
may cause structural perturbation at the active site; thus, the active site geometries of
protomers 1 and 2 with interprotomer salt bridges were similar, and those of protomers 3

and 4 without these salt bridges were similar. Most of the copper coordination distances
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increased in the dimer compared to those of the monomer; especially the axial Cu—
O(Gly45) bond length was 0.4-0.8 A longer for the dimer (Figure 3.5 C and Table 2).
Since His46 is located next to Gly45, the cleavage of the hydrogen bond involving His46
may cause perturbation at the copper site and elongation of the Cu—O(Gly45) bond
(Figure 3.6). The elongation of the copper coordination bonds compared to those in the
monomer may contribute to the easier electron acceptor property and higher redox
potential for the dimer (Figure 2.16).

Since the activation enthalpy is large for domain swapping [20-25], domain
swapping apparently occurred during the dissolution (refolding) process of azurin in the
present study. The N- and C-terminal a-helices interact between each other at the early
stage of folding in cyt ¢ [26, 27], and domain-swapped oligomers are formed when the a-
helices interact intermolecularly [28]. A molecular dynamics simulation study showed
that the separation between the monomer folding and domain swapping in the folding
pathway of apomyoglobin occurs at the early stage of folding [29]. RNase A also domain
swaps during refolding from the urea- or guanidinium ion-denatured state [30]. For azurin
unfolding, the B2—38 and B7—B8 contacts are ruptured first, followed by rupture of all
remaining [(-strand pairs (B1—B3, B3—P6, f4—P7 and B5—B6) [31, 32]. The domain-
swapped dimer of azurin may form by the intermolecular interaction between B-strand 3
of a molecule with -strand 6 of another molecule at the initial stage of folding during the
dissolution process after lyophilization, whereas the intramolecular interaction between
these B-strands results in the formation of monomers (Figure 3.7). Concerning copper
binding to the apoprotein, there are two pathways for the formation of holoazurin: copper

binding before polypeptide folding and copper binding after polypeptide folding [33, 34].
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Interestingly, the amount of oligomers of azurin increased by the addition of Cu(II) ions
during the dissolution process (Figure 3.7). These results indicate that Cu(Il) ions may
stabilize the protein region containing the Cu(Il) ion and enhance the intermolecular
interaction between the swapping region of a molecule with the rest of the protein of

another molecule during folding of azurin (Figure 3.7).
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Figure 3.7 Schematic view of the dimerization and copper binding processes during

folding of azurin. (A) Unfolded azurin. (B) Unfolded azurin monomer with copper. (C)
Unfolded azurin dimer with copper. (D) Folded apoazurin monomer. (E) Folded
apoazurin dimer. (F) holoazurin monomers (PDB ID: 1RKR). (G) Domain-swapped
holoazurin dimer (PDB ID: 6L1V). In the presence of Cu(Il) ions, the folding process

from A to C is enhanced, increasing the formation of dimer G.
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3.5 Conclusion

The X-ray crystal structure of the azurin dimer was solved at 2.25 A resolution, where
three B-strands (B-strands 1, 2, and 3) in the N-terminal region were exchanged between
protomers. Two asymmetric dimers were included in the unit cell, and the dimers
interacted between each other by five hydrogen bonds. The hydrogen bonds between the
protomers in the dimer were similar to those observed intramolecularly in the monomer,
whereas two new hydrogen bonds were formed between protomer 1 and protomer 4 in
dimer A. The rmsd value for the Ca atoms between the structures of the monomer and
dimer were less than 0.90 A, indicating that the structures in the monomer and protomers
of the dimer are similar. The copper coordination structure in the azurin dimer was
tetrahedrally distorted, in a similar way to that in the monomer; however, the Cu—
O(Gly45) bond length was 0.4-0.8 A longer for the dimer. The Cu(Il) ion may stabilize
the protein region containing the Cu(Il) ion and enhance the intermolecular interaction
between the swapping region of a molecule with the rest of the protein of another

molecule during folding of azurin.
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Chapter 4

General conclusion
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It has been reported that many proteins can form domain-swapped oligomers by
treatment with ethanol or acetic acid. However, domain swapping oligomerization of
copper proteins has not been reported. Thus, in this thesis, I investigated the domain

swapping oligomerization of a blue copper protein azurin from Alcaligenes xylosoxidan.

Cu(Il)-azurin-1 from Alcaligenes xylosoxidans slightly oligomerized by the
procedure of an addition of 5% (v/v) TFE at pH 5.0, lyophilization, and dissolution of the
residual to buffer at pH 7.0, whereas Cu(I)- and DTT-reduced azurins oligomerized in
larger amount by the same procedure, indicating that the reduction of the copper ion
enhances the oligomerization by the procedure. I found that Cu(Il)-azurin oligomerizes
by the process of an addition of 2-ME at pH 4.0, lyophilization, and dissolution in
phosphate buffer at pH 7.0. The azurin dimer did not dissociate to monomers by heating
at 60 °C for 1 h, indicating that the dimer is relatively stable. Since azurin oligomerized
by the procedure using 2-ME, this procedure may be applied to other metalloproteins. An
additional peak of an azurin trimer was detected in the SEC chromatogram after treatment
with 2-ME. I expect that the azurin trimer will be purified in a further study, allowing its

three-dimensional structure to be elucidated.

The wavelength of the maximum absorbance in the visible region of the azurin dimer
was 618 nm, which was slightly blue-shifted from that of the azurin monomer at 622 nm.
The ratio of the optical absorbance at ~460 nm to that at about ~620 nm increased for the
dimer compared to that of the monomer and the EPR A| value of the dimer decreased
compare to that of the monomer, indicating that the dimer has a little more rhombic copper
coordination character. However, the secondary structures of the Cu(Il)-azurin dimer

were similar to those of the monomer according to the CD measurements. The redox
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potential of the domain-swapped azurin dimer was 50 mV higher than that of the
monomer, presumably due to elongation of the Cu—O(Gly45) bond by the domain-
swapping induced cleavage of the hydrogen bond involving His46. I hope the electron

transfer property of the azurin dimer will be clarified in the future.

The X-ray crystal structure of the azurin dimer was solved at 2.25 A resolution, where
three B-strands (B-strands 1, 2, and 3) in the N-terminal region were exchanged between
protomers. The rmsd value for the Ca atoms between the structures of the monomer and
dimer show that the structures in the monomer and protomers of the dimer are similar.
The copper coordination structure in the azurin dimer was tetrahedrally distorted, in a
similar way to that in the monomer. The Cu(Il) ion may stabilize the protein region
containing the Cu(Il) ion and enhance the intermolecular interaction between the
swapping region of a molecule with the rest of the protein of another molecule during
folding of azurin. I have purposed the azurin oligomerization mechanism during folding,
but additional experiments are needed to verify the proposal. Since ions affect protein
folding, I hope that the effects of ions on azurin oligomerization will be elucidated in the

future.
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