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Preface

For many years now, there is a rising demand for immobilization of biomolecules in and
onto synthetic matrices for bio-sensor applications. My promotor, Prof. Dr. Sabine Van
Doorslaer, took the possibility to start an interdisciplinary project where the expertise
of several groups was bundled together. This project consists of several steps where our
research group played a mediating role; I tried to keep the structure of this thesis closely
related to the different steps of this project.
The first part of this thesis contains the introduction towards the building blocks for
this project. The first chapter starts with a general explanation of the basic materials,
namely heme proteins (globins) and mesoporous titania. Chapter 2 then focuses on the
basic concepts of all the spectroscopic techniques that will be used throughout this the-
sis: absorption spectroscopy, resonance Raman spectroscopy and electron paramagnetic
resonance (EPR). The last chapter of this part eventually combines the knowledge about
the previous two chapters (heme proteins and EPR) and thus explains how to use EPR
as a tool for heme protein research.
The second part of this work handles the characterization of different globins. Al-
though this part is limited to antarctic fish cytoglobin (Chapter 4) and Lotus japonicus
hemoglobins (Chapter 5 and 6), many other globins have been investigated as well. It
was chosen to only show these globins since they gave the most interesting results.
The third part of this thesis is about the structure characterization of the mesoporous
materials and of the hybrid materials where the heme proteins are immobilized onto the
mesoporous supports. In this part, I first shortly discussed a mesoporous material (ZnTi
LDHs, Chapter 7). Although this material was not used for one of the immobilization
experiments, I’m confident is a nice extra for this thesis. The second chapter in this part
(Chapter 8) handles the first experiments on the immobilization of a well-known heme
protein (myoglobin) onto a commercial mesoporous titania support.
As should be clear by now, this challenging work was performed in an interdisciplinary
team where working closely together between the different teams was key for this suc-
cessful thesis.

B. Cuypers ix
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Chapter 1

General introduction

1.1 Biosensors

A biosensor is defined as “a self-contained analytical device that combines a biological
component with a physicochemical device for the detection of an analyte of biological
importance” [1].
In this work, my interest goes to the use of hybrid materials consisting of globin proteins
incorporated in porous materials, for biosensing applications. Globins, which are iron-
containing proteins (section 1.2), are in vivo involved in binding of small molecules, such
as dioxygen, and different redox reactions through reaction with molecules such as H2O2

or H2S. In the latter reactions, the oxidation state changes which can then be exploited
in electrochemical devices to sense the molecules that trigger this redox reaction. Due to
their chemical selectivity and catalytic properties, they thus make ideal candidates for
biosensing applications. There is however one huge disadvantage to the use of globins, or
enzymes in general, which is their tendency to denaturate or lose all activity in artificial
surroundings.
The recent development of mesoporous materials [2] has raised interest in the immobi-
lization of proteins in these materials. As the mesoporous materials should be able to
prevent the protein from degradation, these hybrid protein materials are thought to be
perfect candidates for biocatalyst and biosensor applications. It is furthermore possible
to tune these materials in such a way that the interactions between the material and the
protein are optimal. Although mesoporous silica is frequently used for the incorporation
of proteins, mesoporous titania is a promising substrate for the adsorption of molecules
due to its biocompatibility [3].
As will become clear in the following chapters, there are different globins which exhibit
different properties that could be exploited in biosensing applications. Furthermore, the
technique developed here to incorporate globins in mesoporous materials could poten-
tially be used to immobilize other interesting enzymes, like chlorite dismutase, for the
sensing and degradation of chlorite.

1.2 Globins

Iron is the most abundant transition metal found in biological systems, so it comes as
no surprise that iron-containing proteins and enzymes are found in huge numbers and
varieties in all biological species [4]. In this section, we will take a look at a number
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of iron-containing proteins that contain a heme group, namely globins. Iron-containing
proteins which do not contain a heme group are called non-heme iron proteins.

A B

Figure 1.1: The structure of A porphyrin and B heme b.

Globins typically complex iron through the use of a prosthetic heme group, which consists
of an Fe(II) ion contained in the centre of protoporphyrin IX molecule. This group is
more commonly known as heme b (Figure 1.1B) of which the structure is already known
for some time through the work of H. Fischer, for which he received the Nobel Price in
Chemistry in 1930 [5,6]. The core of protoporphyrin IX is a porphin macrocycle (Figure
1.1A), which is made up of four pyrrolic groups joined together by methine bridges.
Furthermore, it contains four methyl, two propionate and two vinyl side chains, which
are attached to the pyrrole groups.
Globins have been identified in many taxa, including bacteria, plants, fungi and animals
[7,8]. Five types of globin, differing in structure, tissue distribution and likely in function,
have been discovered in man and other vertebrates: hemoglobin, myoglobin, neuroglobin,
cytoglobin and androglobin [9, 10].

1.2.1 The globin fold

Globins typically contain 145 to 155 amino acid residues which are located in six to
eight α helices that are named A to H and which are ordered in a three-over-three α
helix sandwich (Figure 1.2A) [11]. The different helices are connected by short loops
and they enclose the heme group with hydrophobic residues. Some amino acids are
functionally and structurally important, hence they are conserved in all globins to obtain
a proper folding. The position of an amino acid in the helix is typically indicated by
the abbreviation of the amino acid, followed by the identifier of the helix and ended by
a number, e.g. the histidine at position 8 of the F-helix is abbreviated by HisF8. The
interhelical loops are indicated by the names of the two helices it connects, e.g. the loop
between the C and D helices is simply abbreviated by CD.

1.2.2 Heme-iron oxidation state

The prosthetic heme group contains in its center a reactive heme iron. In its ferrous
(Fe2+) form it can reversibly bind diatomic ligands, like NO, CO and O2, at the distal
side of the heme iron. Upon oxidation, the heme iron reaches the ferric (Fe3+) form,
called the met form. The hydrophobic residues that are located around the heme group
probably act as a shield to prevent a fast oxidation. There are three possible states
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of the heme iron that can be cycled through: the ferrous (Fe(II)), ferric (Fe(III)) and
ferryl (Fe(IV)) state. After purification of globins, they usually tend to be in either the
ferrous, the oxy (Fe2+-O2) or the ferric form. Since the function of most globins is not
yet fully understood, it is not always straightforward to indicate which oxidation states
are biologically relevant.

Figure 1.2: A shows a 3D structure of sperm-whale myoglobin (PDB:1MBO). B The structure
of the heme-pocket region where HisF8 binds on the proximal side and oxygen on the distal side,
which is further stabilized by a hydrogen bond with HisE7.
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1.2.3 Heme-iron coordination

The heme iron in globins is coordinated to the four pyrrole nitrogen atoms of proto-
porphyrin IX, and on the proximal side, to a nitrogen atom of HisF8 (Figure 1.2B).
This amino acid is one of the conserved amino-acid residues in all globins. The scenario
presented above is called pentacoordination, since the iron is coordinated to five nitro-
gens. The sixth coordination position is available to bind an external gaseous ligand,
such as O2, which is stabilized by interactions with distal residues. The main stabilizing
interaction in vertebrate globins is provided by a hydrogen bond donated by HisE7 [9].
The ligand association and dissociation kinetics are affected by the nature and location
of specific residues at the distal and proximal sites [9]. Sometimes, the heme iron is
ligated by an endogenous ligand, such as HisE7, or a non-gaseous exogenous ligand such
as H2O, imidazole, CN−, etc.. This hexacoordination of the iron can occur in the Fe(II)
and Fe(III) state. Upon binding of an external ligand, the internal HisE7 coordination
needs to be broken, leading to a transient reactive pentacoordinated state, which can
subsequently bind the external ligand. Because of this competition between HisE7 and
the exogenous ligands, there is a lowering in the ligand binding affinity. Until recently,
heme hexacoordination, involving bis-His coordination of theme iron, was uncommon to
occur in vertebrates: it was observed in human Hb under pathological conditions [12],
while it was found in some plants and bacteria under normal conditions [13]. In the early
2000s however, Burmester et al. discovered two new vertebrate globins with this heme
ligation in both the ferric and ferrous forms: neuroglobin and cytoglobin [14, 15]. The
physiological significance of hexacoordination is not yet fully understood, although it
was seen in neuroglobin that addition of hydrogen peroxide did not lead to the cytotoxic
ferryl heme [16]. This could indicate that the hexacoordinated state leads to a protection
of the heme iron against oxidizing molecules.

1.2.4 The vertebrate globins

1.2.4.1 Myoglobin

Myoglobin (Mb) is usually found in heart and skeletal muscles of vertebrates where it
takes care of the O2 storage and facilitates the diffusion of O2. It is pentacoordinated and
monomeric. Although free heme shows a low affinity for O2 and a 20.000x higher affinity
for CO, in Mb the CO affinity is only 25x higher in comparison with the O2 affinity.
This indicates the enormous effect of the residues around the heme group. Although the
structure and function of Mb has been well characterized, the protein still surprises us.
It has been shown that Mb is involved in the removal of toxic NO, since the addition of
O2 catalyses the reaction from NO-radicals to the harmless NO−3 [17, 18]

1.2.4.2 Hemoglobin

Vertebrate Hemoglobin (Hb) is the major component of the red blood cells and regulates
the O2 transport. It is pentacoordinated and has four subunits: two α subunits and two
β subunits. Hb shows a high structure homology with Mb, although their amino-acid
sequences differ at 83% of the residues.
In human Hb there are two conformations: the T (tense) state and the R (relaxed) state,
which differ in their O2 affinity. Human Hb in the T state has a low O2 affinity, while it
has a high O2 affinity in the R state. These states are important, since they contribute
to the cooperative binding of O2 to human Hb: the more O2 that is bound to human
Hb, the easier it is for more O2 to bind.
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Although hemoglobin was originally found in vertebrates, it is now known that it exists in
nearly all organisms including archaeobacteria, eubacteria and eukaryotes [19]. In plants,
there are three distinct types of Hbs: symbiotic, nonsymbiotic, and truncated Hbs [20].
Nonsymbiotic plant hemoglobins are typically found at submicromolar concentrations
and are divided into two classes. Class-1 Hbs display an extremely high affinity for
oxygen and are induced in hypoxic conditions, while class-2 Hbs have a lower oxygen
affinity and are induced by a low temperature [21].

1.2.4.3 Neuroglobin

Neuroglobin (Ngb) was first discovered in 2000 by Burmester et al. in human and mouse
genoma [14]. It is predominantly expressed throughout the brain, hence its name. It only
shares about 20 − 25% of its amino-acid sequence with Mb and Hb [14]. Furthermore
it is expressed as a monomeric globin, which is able to bind O2 reversibly [14, 22, 23].
Neuroglobin was the first vertebrate globin, which is known to exhibit hexacoordination
with bis-His ligation in both its ferrous and ferric form. Although there is a competition
between an external gas and E7His to bind the sixth coordination position of the heme
iron, the O2 affinity of Ngb is similar to that of Mb. Furthermore, one of the specific
features of human Ngb (NGB) is its ability to form a disulfide bridge between CD7Cys
and D5Cys [23]. Upon breaking of this disulfide bridge under reducing conditions, it was
shown that the O2 affinity decreased by a factor 10. This is an interesting observation,
since it could give important information about a potential role of NGB in hypoxia where
it is expected that the disulfide bridge will be reduced, which releases oxygen that will
counteract the hypoxia [24]. The E7His might have a protective role with respect to
the central heme iron, which was confirmed by EPR and kinetic studies which revealed
that binding of the reactive nitric oxide (NO) to NGB-Fe2+ was low when compared to
the pentacoordinated Hb and Mb [25]. The specific function of Ngb is still unknown,
although many possible functions like the ones above have been proposed [26].

1.2.4.4 Cytoglobin

Two year after the discovery of Ngb, Burmester et al. discovered a new vertebrate globin
which they called cytoglobin (Cygb) [15]. It is found in low concentrations in different
tissues and is expressed in both the cell nucleus and the cell cytoplasm [27]. Cygb
shares about 30% of its amino-acid sequence with Mb, pointing at a shared evolutionary
ancestry [28, 29]. Human Cygb (CYGB) is expressed as a homodimeric globin which
consists of 190 amino acids, which is unusually long owing to the extensions at the N
and C terminus which are around 20 amino acids long. As was the case with Ngb, this
globin is also hexacoordinated in both its ferrous and ferric form. The possibility of a
disulfide bridge between B2Cys and E9Cys has been suggested, and was confirmed by
ligand binding kinetics of O2 which showed a decrease in affinity by a factor 2 after
reduction. This effect is less pronounced with respect to Ngb, and the EPR data showed
that there is no effect of this disulfide bridge on the heme-pocket structure of CYGB with
respect to NGB [30]. The function of Cygb is also unknown, although some functions
were proposed: a function in O2 transport, a role in the cellular response on hypoxia and
even a tumorsuppressor role has been suggested [31].
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1.2.5 Ligand Field Theory

The spin states that occur in coordination complexes can be classified in either a low-spin
or high-spin state, which is explained by ligand field theory.

z2z2
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xy

xz, yz

z2, x2 - y2
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Figure 1.3: Splitting of the electron 3d orbitals in octahedral, tetragonal and rhombic ligand
fields. ∆ and V represent the tetragonal and rhombic splitting parameter, respectively.

A free iron ion in the ferric state has a 3d5 ground state where all the five d orbitals (dxy,
dxz, dyz, dx2−y2 , dz2) have the same energy (Figure 1.3). Upon complexation the energy
of the five d orbitals will no longer be equivalent due to the electrostatic interaction of
the ligands with the central iron ion. This is due to different geometrical properties
of the five d orbitals. The d orbitals that are directed towards the ligands experience
an electrostatic repulsion which results in a higher energy of these orbitals. This is in
contrast with the d orbitals that are directed in between the ligands, which will have a
lower energy. The spatial arrangement of the ligands determines the symmetry of the
complex which in their turn determines which orbitals lose or gain energy relative to each
other [32].
When the central heme iron coordinates with the four pyrrole nitrogen atoms of the
porphyrin and two axial ligands, the ligands are arranged to a first approximation in
an octahedral symmetry with the porphyrin in the (x, y) plane and the axial ligands
along the z axis [34] As is shown in Figure 1.4, the electron clouds of the dx2−y2 and
dz2 orbitals are directed towards the ligands resulting in an electrostatic repulsion and a
higher energy of these orbitals, which are also known as the eg orbitals. The other three
d orbitals, dxy, dxz and dyz, which are not directed towards the ligands, are known as
the t2g orbitals. The five 3d electrons are distributed over the different orbitals using
Hunds rule. When the splitting between the t2g and eg orbitals (the crystal field splitting
energy ∆0) is larger than the spin-pairing energy, the electrons will occupy only the t2g
orbitals, resulting in a low-spin system with S = 1/2 since this situation allows for the
least amount of unpaired electrons. If ∆0 is smaller than the spin-pairing energy, the
electrons will occupy all five 3d orbitals, resulting in a high-spin system with S = 5/2 1.
Since an iron atom in the ferrous state has a 3d6 ground state, this leads to a low-spin
state with S = 0 and a high-spin state with S = 2. Based on the ∆0, one can distinguish

1A system often consists of a combination of S = 5/2 and S = 3/2. It should be noted that the
explanation given here is based on an oversimplification of reality, which is a disadvantage of the crystal
field theory
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Figure 1.4: The five 3d orbitals typical for a free iron ion in its ferric state. Figure taken
from [33].

weak-field ligands which cause the central heme iron to have a small crystal field splitting,
and thus form a high-spin system and strong-field ligands which cause the central heme
iron to have a large crystal field splitting, and thus form a low-spin system. This trend
has been the basis for the spectrochemical series, which order the ligands according to
increasing ∆0. It should be noted that the value of ∆0 also depends on the metal: ∆0

increases with an increasing oxidation number. Typical examples of strong-field ligands
for heme systems are CO, NO, O2 and the imidazole chain of histidine, while H2O is an
example of a weak-field ligand.
Distortion of the octahedral symmetry leads to a further splitting of the energy level.
In the tetragonal symmetry, the distances of the central heme iron to the axial ligands
along the z axis are different in comparison with the ligands in the (x, y) plane. As a
result, the energy of the t2g orbitals further split to dxy and dxz,dyz. The difference in
energy between these orbitals is given by ∆, the tetragonal splitting parameter. Further
distortion leads to rhombic symmetry, where the energy of dxz,dyz is further split to dxz
and dyz. The difference in energy between these orbitals is given by V , the rhombic
splitting parameter.

1.3 Titanium-containing porous materials

1.3.1 General

Titania (TiO2), also known as titanium dioxide, is a widely known material that has
been commonly used as a white pigment in paints, food, colouring, cosmetics, tooth-
pastes and other instances in which white colouration is desired [35]. It is inexpensive,
non toxic, chemically stable and reusable which makes it an interesting semiconductor
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material. In 1972, it was discovered by Fujishima and Honda that upon UV irradiation
of TiO2, it absorbs the energy which enables the decomposition of water into hydrogen
and oxygen [36]. Using this effect, known as the Honda-Fujishima effect, it is possible
to produce hydrogen fuel using solar energy in a clean, low-cost and environmentally
friendly way. Among others, this discovery has contributed to the active research on
TiO2 over the years because of the great potential in waste-water purification and solar
energy conversion. In all these applications, there is one main drawback of TiO2: because
of its wide bandgap it needs UV light to be activated, which is undesirable since only 5%
of the sun contains UV light [37]. However, it is still a promising material since research
focuses on the modification of this material to allow for a narrower bandgap.

1.3.2 Titanium-dioxide phases

TiO2 exists in three main phases which exhibit different properties: rutile (tetragonal),
anatase (tetragonal) and brookite (orthorhombic) (Figure 1.5). All these polymorphs
consist of TiO6 octahedras, but since they all exhibit a different connection with these
octahedra (different corner and/or edge sharing with other octahedras), their structures
are different. Rutile is the most stable phase, while both anatase and brookite are
metastable. The latter is seldom studied because of its rareness and the difficult prepa-
ration [38]. There are other phases of TiO2 (three synthetic and five high-pressure
phases), but they are of minor significance for our applications. It is interesting to note
that at high temperatures, both anatase and brookite can be transformed in rutile. TiO2

is commercially available in different phases; the most used ones are Evonik (Degussa)
P25 and Millennium PC500. P25 is a mixed-phase TiO2 (70% anatase and 30% rutile)
and it has a surface area of 55 ± 15m2g−1. Millennium PC500 (Figure 1.6) is in the
anatase phase and has a surface area that is larger then 250m2g−1. Furthermore PC500
is a porous material with pore diameters of 3.4 nm.

Figure 1.5: The unit cell structure of the main polymorphs of TiO2: (a) anatase, (b) rutile
and (c) brookite.
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Figure 1.6: HAADF-STEM image of PC500 indicating the porous structure of Millennium
PC500. The TiO2 particles show a rod-like shape. Figure from EMAT Laboratory, University
of Antwerp.

1.3.3 Photocatalysis

In the photocatalytic process, light-induced excitation of an electron from the valence to
the conduction band will occur. Because of the wide bandgap of TiO2, often UV light (<
380 nm) will be necessary to induce this process. The bandgap of rutile TiO2 is around
3.0 eV, leading to an excitation wavelength < 413 nm, while the bandgap for anatase
TiO2 was found at 3.2 eV, leading to an excitation wavelength < 387 nm. Anatase
however exhibits the highest overall photocatalytic activity. The photocatalytic activity
is dependent on the nature and density of surface defect sites. The most dominant defect
are Ti3+ defects and oxygen vacancies [39]. Ti3+ defects can be formed in numerous ways:
through UV irradiation [40], heating of TiO2 under vacuum [41], thermal annealing above
500 K [42], ... .
As said before, upon illumination of TiO2 with photons with sufficient energy, an electron-
hole pair will be created. The photon promotes an electron (e−) from the valence band
to the conduction band, leaving behind a hole (h+) in the valence band

TiO2 + hν → e− + h+ (1.1)

The most obvious reaction would then be the recombination of this electron-hole pair,
but in TiO2 this is a relatively slow process when compared with metals. In general
terms, the photoinduced hole can then oxidize a donor molecule (D)

D + h+ → ·D+ (1.2)

while the conduction band electron can reduce an accepter molecule (A)

A + e− → ·A− (1.3)

Some possible reactions will be explained here, but it should be noted that they are
dependent on the environment of the material. The photogenerated hole can be trapped
by O2−, forming O− which can form O−3 after combination with dioxygen [43]. The
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conduction band electron can be trapped by Ti4+, which forms Ti3+. If this Ti3+ ion is
located at the surface, it can further react with dioxygen to form O2−.

1.3.4 Towards mesoporous materials

IUPAC classifies porous solids into three groups based on their pore diameter: microp-
orous (< 2 nm), mesoporous (2-50 nm) and macroporous (> 50 nm) materials. Moreover,
they define a porous solid as a solid with pores, i.e. cavities, channels or interstices, which
are deeper than they are wide [44]. The first described synthesis of ordered mesoporous
materials was found in a patent in 1971 [45]. It, however, took until 1992 before interest
in these materials really grew, with the discovery of a new family of mesoporous silicate
molecular sieves by researchers from the Mobil Oil Corporation [46, 47]. The combina-
tion of the ordered structure of mesopores with the properties of transition-metal oxides
made the development of mesoporous transition metal oxides inevitable, of which meso-
porous titania is one of the most widely studied. In 1995, Antonelli and Ying synthesized
the first ever mesoporous titania material which possesses a highly organized hexagonal
pore structure [48, 49]. This started the development of titania with different surface
morphologies that were synthesized using a similar approach where different titanium
precursors and templating surfactants were used [2].

1.3.4.1 Synthesis of mesoporous titania

The most commonly used method to synthesize mesoporous titania is through sol-gel
synthesis in combination with the use of a surfactant (Figure 1.7). This first step includes
the preparation of a sol, which is a colloidal suspension of solid particles in a liquid [2] that
typically consists of a precursor, a template and an aqueous solution. After heating, this
sol will form a gel after which the solvents and template will be removed by drying and
heating. The precursors are either organic or inorganic, although in practice an organic
precursor is preferred because of the violent reaction of inorganic precursors with water,
often releasing dangerous gasses like hydrochloric acid (HCl) or sulfuric acid (H2SO4).
The precursor is usually defined by a metal which is surrounded by various ligands;
typically titanium alkoxides are used like titanium butoxide (Ti(OBu)4). A surfactant is
able to form micelles upon addition of water or ethanol which determines the shape and
the size of the pores.

1.3.4.2 Classification of pores

The IUPAC classifies the pores of porous materials in different categories [44], which
is shown in Figure 1.8. The first way of classifying pores is whether they are open or
closed. Closed pores (a) influence the macroscopic properties of the material, such as
bulk density, mechanical strength and thermal conductivity. On the other hand they are
inactive in processes, like fluid flow and adsorption of gases. Open pores (b,c,d,e,f) have
a continuous communication with the external surface of the material. These pores can
be further classified in pores that are only open at one end (blind, dead-end or saccate
pores, b and f) and pores that are open at two ends (through pores, e). Finally, and
most importantly, they can be classified according to their shape: cylindrical (open c or
blind f), ink-bottle shaped (b), funnel shaped (d) or slit-shaped pores.
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Figure 1.7: Synthesis of mesoporous titania using the sol-gel method with the use of a surfac-
tant. The precursor is hydrolysed in a mixture of H2O and acetic acid, after which it is added to
the surfactant. During an aging time, the precursor will self-assemble with the surfactant. After
thermal treatment, polycondensation occurs and during the calcination process, the surfactant
is being removed.

Figure 1.8: The classification of pores according to IUPAC. Figure is taken from [44].

1.3.5 Layered double hydroxides

Layered double hydroxides (LDHs) are brucite-like lamellar materials constituted by
divalent (M2+) and trivalent (M3+) or tetravalent (M4+) metal ions in the sheets which
are octahedrally surrounded by oxo bridges and hydroxyl groups, and anions in the
interlayer to compensate the excess positive charges of the sheets (Figure 1.9) [50]. Due
to the high metal dispersion within the brucite-like sheets, the large surface area and
better separation from suspension, LDHs containing key cations, such as Zn, Ni, Cr, Ti
and Sn, have been reported that may be used as effective semiconductor photocatalysts
able to degrade organic pollutants in wastewaters [50–54].
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Figure 1.9: LDH structure with the stacking of brucite-like layers. MII and MIII/IV represent
the divalent and tri/tetravalent element and A− the anion in the intergallery space compensating
for the charge introduced by MIII/IV . Figure taken from [50]

1.4 Goal of the thesis

This work aims at the characterization of the behaviour of heme proteins (globins) before
and after their targeted immobilization in mesoporous titania.
This work focuses on how to use electron paramagnetic resonance (EPR) and resonance
Raman (RR) spectroscopy in the characterization of these systems. This work deter-
mines the feasibility of EPR and RR spectroscopy can be divided into three parts, each
describing an important step towards the final goal:

• Unravelling the structure-function relationship of heme-containing proteins us-
ing electron paramagnetic resonance (EPR) and resonance Raman (RR) spec-
troscopy. Two groups of globins are studied in this part: fish cytoglobins and
plant hemoglobins.

• Structure characterization of (mesoporous) titania materials using EPR.

• Characterization of the hybrid protein-titania materials using EPR to optimize the
parameters used during and after the immobilization process.
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Chapter 2

Experimental Methods

A variety of spectroscopic techniques will be used throughout this work to determine the
structure-function relationship of globins and to characterize mesoporous materials. In
this chapter I will give a brief introduction to the different optical spectroscopy techniques
and electron paramagnetic resonance, used in this thesis.

2.1 Optical Spectroscopy

2.1.1 Optical Absorption Spectroscopy

Optical absorption spectroscopy, also known as UV/Vis spectroscopy, is the easiest and
probably most commonly used optical spectroscopy technique which operates in the
ultraviolet (UV) and visible (Vis) range of the electromagnetic spectrum. Upon illumi-
nation of a material with monochromatic light, absorption might occur leading to specific
electronic transitions. The Beer-Lambert law relates this absorption (or in this case the
attenuation of the light) with the properties of the material which the light is traveling
through. In a linear form this law becomes

A = εcd (2.1)

where A is the absorbance, ε(λ) the molar extinction coefficient, c the concentration and
d the path length (thickness of the sample).
Porphyrins exhibit a characteristic absorption spectrum with two distinct regions: an
intense absorption band in the near UV part of the spectrum, which is called the Soret
or B band, and a number of less intense absorption bands in the visible part of the
spectrum, which are called the Q bands. The four-orbital model, which was developed by
Gouterman in 1962 [55], explains the rise of these absorption bands. They are stemming
from transitions between the two highest occupied molecular (HOMO) π orbitals and
the two lowest unoccupied molecular (LUMO) π∗ orbitals. The relative energies of these
transitions depend on the metal center and the porphyrin ring substituents. For globins,
which contain heme b (Chapter 1), the Soret bands are located between 400 - 430 nm,
while the Q bands are located between 500 - 650 nm. Two Q bands are typically observed:
the α band at the longer wavelength and the β band at the shorter wavelength. The
peptide groups in globins absorb light in the far-UV range of the spectrum (180 - 230
nm) and the aromatic amino acids absorb light in the near-UV part of the spectrum:
tryptophan (Trp) around 280 nm, tyrosine (Tyr) around 275 nm and phenylalanine (Phe)
around 258 nm [56].

B. Cuypers 15



350 400 450 500 550 600 650 700

Wavelength [nm]

0

0.2

0.4

0.6

0.8

1

A
b

s
o

rb
a

n
c
e

 [
a

.u
.] 5x

Figure 2.1: Optical absorption spectra of the ferric (blue), ferrous deoxy (red) and CO-ligated
ferrous (black) forms of C.aceCygb-1 at pH 7.5. The Soret bands are found at 415/425/423 nm
respectively, while the β Q band is found at 531/531/543 nm, respectively, and the α Q band is
found at 562/559/471 nm, respectively. The spectra are normalized to the Soret band in order
to allow better visual comparison of the shifts of the spectral lines.

System Type Soret band β Q-band α Q-band Reference
(nm) (nm) (nm)

Ferric
CYGB pH 8.0 LS 6C 414 533 563 [57]
NGB pH 8.0 LS 6C 413 533 562 [22]

Barley Hb (pH 6.0 - 9.0) LS 6C 411 534 565 [58]
Horse Mb (pH 6.4) HS 6C 408 502 [59]

Ferrous
CYGB pH 8.0 LS 6C 428 531 559 [57]
NGB pH 8.0 LS 6C 425 531 559 [60]

Barley Hb (pH 6.0 - 9.0) LS 6C 425 529, 535 555, 563 [58]
Horse Mb (pH 6.4) HS 5C 435 560 [59]

Ferrous CO ligated
CYGB pH 8.0 421 541 570 [57]
NGB pH 8.0 416 533 568 [22]

Barley Hb (pH 6.0 - 9.0) 417 537 567 [58]
Horse Mb (pH 6.4) 424 540 579 [59]

Table 2.1: Absorption bands of various globins in different oxidation and ligation states.

Using optical absorption spectroscopy, different electronic states of the globin can be
examined by their own typical absorption spectrum (Figure 2.1, Table 2.1). Sodium
dithionite (Na2S2O4) is typically used as a reducing agent to prepare a deoxygenated
(ferrous) form of the globin starting from the ferric heme. It should be noted that
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dissolved sodium dithionite gives rise to intense absorption bands at wavelengths below
380 nm. Figure 2.1 shows the optical absorption spectra of C.aceCygb-1 in its ferric
(blue), ferrous deoxy (red) and CO-ligated ferrous (black) form. The Soret and Q-bands
of C.aceCygb-1 in its ferric and ferrous state are typical for a low-spin hexacoordinated
heme system. Optical absorption spectroscopy is thus an ideal technique for a direct
probing of the heme without hinderance of the surrounding protein matrix.

2.1.2 Resonance Raman Spectroscopy

When a molecule is irradiated with laser light, the light can scatter either elastically
(Rayleigh scattering) or inelastically (Raman scattering). In Raman experiments, the
vibrational and rotational modes of a molecule are detected via the Raman scattering.
In this process, the Raman-active molecule either absorbs or emits a vibrational quantum,
leading to either a frequency down- or up-shift of the incident light. The former is called
Stokes scattering, while the latter is called Anti-Stokes scattering. In this thesis the
Stokes scattering will typically be measured as it has more intense lines due to the higher
population of the ground state. Upon laser excitation within an electronic absorption
band of the molecule, the Raman effect will be enhanced; which is called resonance
Raman (RR) spectroscopy.

The excitation wavelength for globins are chosen within the intense Soret band; typically
a 413.1 nm Kr+ laser line is used. Assignment of the bands was based on the earlier
work of T. Spiro [61] and S. Hu [62], who used isotope labelling to assign the full RR
spectrum of myoglobin.

In the high-frequency region (1300-1650 cm−1), marker bands for the oxidation, coor-
dination and spin state of the heme iron are found. The most prominent bands are ν4

(1350-1380 cm−1), which relates to the oxidation state of the heme iron and ν3 (1465-
1500 cm−1) and ν2 (1555-1590 cm−1) which relate to the spin and coordination state of
the heme iron.

The low-frequency region (100-700 cm−1) of globins contains several in-plane and out-of
plane vibrational modes of the heme. Both the propionate bending mode δ(Cβ−Cc−Cd)
(360-390 cm−1) and the vinyl bending modes δ(Cβ − Ca − Cb) (400-440 cm−1) can be
used to quantify the strength of the interaction between the heme propionate or vinyl side
chains and nearby amino-acid residues; a higher upwards Raman shift for the propionate
or vinyl bending mode indicates a stronger interaction [63]. If the bending modes of the
vinyl groups overlap, this indicates a relaxed heme configuration.

In CO-ligated globins, it is possible to observe the Fe-CO stretching mode νFe-CO (492-
536 cm−1), which quantifies the strength of the interaction of CO with nearby amino-acid
residues. The Fe-CO bending mode that might be associated with δFe-CO can typically
be found at 582-589 cm−1. Since a too high laser power might partially photolyse the
CO-ligated globin, it is advised to use a laser power of 1 mW to measure this sample.
An increase of the laser power might, however, be of interest to confirm the assignment
of the Fe-CO stretching mode together with the use of 13CO-ligated globins. The latter
spectra typically show a downward shift in the νFe-CO modes of approximately 3 cm−1

and in the δFe-CO modes of approximately 18 cm−1.

The νFe-His stretching mode between the proximal histidine and the heme iron is only
found in the pentacoordinated high-spin ferrous heme systems between 200-250 cm−1.
This mode quantifies the strength of this bond, and is correlated with the out-of place
displacement of the heme iron [64].
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2.2 Electron Paramagnetic Resonance

Electron paramagnetic resonance (EPR) [65] is the physical phenomenon where absorp-
tion of electromagnetic waves takes place in a paramagnetic substance which is placed
in a magnetic field. This phenomenon was first discovered by the Soviet physicist E.
Zavoisky in 1944 [66], unsurprisingly towards the end of World War II since suitable
microwave instrumentation was available from existing radar equipment. In EPR spec-
troscopy, unpaired electrons are used as probes to study the local surroundings of the
paramagnetic centre.

2.2.1 Spin Hamiltonian

The EPR spectrum of a paramagnetic system with an effective electron spin S and
m nuclei with spins I in an external magnetic field B0 can be described by the spin
Hamiltonian

H0 = HEZ +HNZ +HHF +HNQ +HZFS (2.2)

H0 =
βeB̃0gS

~
− βn

m∑
k=1

gn,kB̃0Ik
~

+

m∑
k=1

S̃AkIk +
∑

Ik>1/2

ĨkPkIk + S̃DS (2.3)

with HEZ the electron Zeeman Hamiltonian, HZFS the zero-field splitting Hamiltonian,
HHF the hyperfine Hamiltonian, HNZ the nuclear Zeeman Hamiltonian and HNQ the
nuclear quadrupole Hamiltonian. Eqn 2.3 contains, apart from some physical constants,
only the electron spin vector operator S and the nuclear spin vector operators Ik, hence
the name spin Hamiltonian, which is expressed here in angular frequency units. The
typical energies of the different terms of the spin Hamiltonian are shown in Figure 2.2.
In the following sections all the terms appearing in the spin Hamiltonian will be briefly
described.

10121010108106104
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Zero-field splitting
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Nuclear Quadrupole Interaction
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Nuclear Zeeman Interaction
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Figure 2.2: Typical energies (in Hz) of the different terms of the spin Hamiltonian shown in
eqn 2.3 for microwave frequencies between S-band and W-band (2 to 95 GHz)
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2.2.1.1 Electron Zeeman interaction

The electron Zeeman interaction describes the interaction between the electron spin and
an external magnetic field B0

HEZ =
βeB̃0gS

~
(2.4)

where βe represents the Bohr magneton (βe = e~/(2me)), g is the g-tensor1, B̃0 is the
transposed of the applied magnetic field and ~ = h/2π with h Planck’s constant.
For a free electron (S = 1/2) with the external magnetic field along z, eqn (2.4) becomes

HEZ =
βegeB0Ŝz

~
(2.5)

where ge represents the free electron g-value (ge = 2.0023). For this system there are
only two allowed orientations for the spin: parallel or antiparallel to B0. The energy
E± of the spin states |α〉 and |β〉, corresponding to the electron spin quantum numbers
mS = +1/2 and mS = −1/2 respectively, is given by

E± = mSβegeB0 (2.6)

= ±1

2
βegeB0 (2.7)

The energy difference ∆E between the two states |α〉 and |β〉 is then given by

∆E = geβeB0 (2.8)

However, we should also consider the interaction between the electron spin S and the
orbital angular momentum L (the spin-orbit interaction). This effect is described by
following Hamiltonian

HEZ +HLS =
βeB̃0(L+ geS)

~
+ λL̃S (2.9)

where HLS represents the spin-orbit interaction with the spin-orbit coupling constant λ
and HEZ includes the orbital angular momentum. If the spin-orbit coupling is relatively
small compared to the electron Zeeman term, perturbation theory can be applied which
allows us to rewrite eq. (2.9) into eq. (2.4). Second order perturbation theory gives the
g tensor [67]

g = ge1 + 2λΛ (2.10)

where Λ represents a symmetric tensor with the elements

Λij =
∑
n 6=0

〈ψ0|Li|ψn〉〈ψn|Lj |ψ0〉
ε0 − εn

(2.11)

where the wave function 〈ψ0| represents the ground state, 〈ψn| represents the nth excited
state and ε0 and εn their corresponding energies. The closer the excited states are located
towards the ground state, the larger the effect of the spin-orbit coupling will be and
the larger the deviations of the g tensor in comparison to ge. In its principal frame
(eigenframe), the g tensor is described by a 3× 3 diagonal matrix with principal values

1Although g is called a tensor, it does not transform as a tensor under rotation [65]. Nevertheless
throughout this thesis, the term will be used in line with the term readily used in literature.
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gx, gy and gz. The orientation of the principal axes of the tensor are described in the
laboratory frame by three Euler angles. For cubic symmetry, gx = gy = gz; for axial
symmetry, gx = gy = g⊥ and gz = g‖, and for orthorhombic symmetry, gx 6= gy 6= gz.
In a fluid solution, the g anisotropy is mediated by rapid and random tumbling which
results in an averaged g-value: giso = (gx + gy + gz)/3.

2.2.1.2 Nuclear Zeeman Interaction

The nuclear Zeeman interaction describes the interaction between the nuclear spin (I > 0)
and an external magnetic field B0

HNZ = −gnβnB̃0I

~
(2.12)

with βn the nuclear magneton and gn the nuclear g factor. Both the spin quantum
number I and the nuclear gn factor are inherent properties of the nucleus. Nuclear spins
that are frequently found in the systems studied in this work are the 14N (I = 1) and 1H
(I = 1/2) spins. 13C has a nuclear spin I = 1/2, but the natural abundance is extremely
low (1.108%). In order to detect these nuclei, isotope labeling is often required. The
nuclear Zeeman interaction is much weaker than the electron Zeeman interaction; for
protons it is only 1/658 of the electron Zeeman interaction [65]. This type of interaction
is typically detected in pulsed EPR experiments, where it is often used to assign hyperfine
couplings to isotopes.

2.2.1.3 Hyperfine Interaction

The hyperfine interaction describes the interaction between an unpaired electron and a
nuclear spin and is described by the hyperfine Hamiltonian

HHF = S̃AI (2.13)

where A represents the hyperfine tensor, which can be written as the sum of an isotropic
part caused by the Fermi contact interaction HF and an anisotropic part caused by the
electron-nuclear dipole-dipole interaction HDD. The Fermi contact interaction is the
interaction between the magnetic moment of an electron and the magnetic moment of a
nucleus when the electron is on the nucleus and is described by

HF = aisoS̃I (2.14)

where

aiso =
2µ0

3~
geβegnβn|ψ0(0)|2 (2.15)

is the isotropic hyperfine value, |ψ0(0)|2 is the electron spin density at the nucleus and
µ0 is the magnetic permeability of vacuum. Since this interaction can only occur for an
unpaired electron that is located in an orbital which has a non-zero electron spin density
at the nucleus, only electrons in an s orbital or molecular orbitals with s-character exhibit
this kind of interaction.
The anisotropic electron-nuclear dipole-dipole coupling is described by

HDD = − µ0

4π~
geβegnβn

[
S̃I

r3
− (3S̃r)(r̃I)

r5

]
(2.16)

= S̃T I (2.17)
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where r is the vector that connects the electron and the nuclear spin, and T is the dipolar
coupling tensor. Eq. (2.17) is obtained after integration of eq. (2.16) over the spatial
electron distribution [65].
Combination of eq. (2.14) and eq. (2.17) yields eq. (2.13) where

A = aiso1 + T (2.18)

As shown in eq. (2.16), the electron-nuclear dipole-dipole coupling depends on the electron-
nucleus distance, which indicates that EPR could be used to measure distances be-
tween the electron spin and its nearest nuclei. For electron-nucleus distances larger than
0.25nm, it is a good approximation to situate the electron spin in the center of the orbital;
this is called the electron-nuclear point-dipole approximation

T =
µ0

4π~
geβegnβn

∑
k 6=N

ρk(3nkñk − 1)/r3 (2.19)

where T is traceless and symmetric. ρk is the spin density on the kth atom and nk is
the unit vector that describes the orientation of r in the molecular frame.

2.2.1.4 Nuclear Quadrupole Interaction

The charge distribution of nuclei with spin I ≥ 1 is non-spherical and can be described
by a nuclear electrical quadrupole moment Q. The nuclear quadrupole interaction de-
scribes the interaction between this quadrupole moment and the electrical field gradient,
generated by the electrons and nuclei in its surrounding, and is described by

HNQ = ĨP I (2.20)

where P represents the nuclear quadrupole tensor, which is traceless in its principal axes
system. Eq. (2.20) then becomes

HNQ = PxÎ
2
x + Py Î

2
y + Pz Î

2
z (2.21)

=
e2qQ

4I(2I − 1)~
[(3Î2

z − I(I + 1)2) + η(Î2
x − Î2

y )] (2.22)

where eq is the electric field gradient η = (Px − Py)/Pz the asymmetry parameter with
|Pz| ≥ |Py| ≥ |Px|, 0 ≤ η ≤ 1 and Pz = e2qQ/(2I(2I − 1)~), which is the largest
principal value of the quadrupole tensor. In literature, the principal values of the nuclear
quadrupole tensor are usually presented in terms of two quantities e2qQ/~ and η.

2.2.1.5 Zero-Field Splitting

Zero-field splitting is the removal of spin degeneracy in systems with an effective spin
S > 1/2, which is caused by the dipole-dipole coupling between the electron spins and
to a lesser extent the spin-orbit coupling. Since this interaction is field-independent, it
is called the zero-field splitting and described by

HZFS = S̃DS (2.23)

where D represents the zero-field interaction tensor, which is symmetric and traceless.
In its principal axes system, eqn (2.23) becomes

HZFS = DxŜ
2
x +DyŜ

2
y +DzŜ

2
z (2.24)

= D

[
Ŝ2
z −

1

3
S(S + 1)

]
+ E(Ŝ2

x − Ŝ2
y) (2.25)
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where D = 3Dz/2 and E = (Dx − Dy)/2. For cubic symmetry, D = E = 0; for axial
symmetry, D 6= 0, E = 0, and for orthorhombic symmetry, D 6= 0, E 6= 0. The zero-
field splitting can be the dominant contribution to the spin Hamiltonian in systems with
S > 1/2.

2.2.2 Continuous-wave EPR

Continuous-wave EPR (CW-EPR) is the technically easiest form of EPR spectroscopy
and is usually performed as a first experiment. A paramagnetic sample is placed inside
a magnetic field, which lifts the degeneracy of the electronic and nuclear spin states
through the Zeeman effect. Transitions between the electronic spin states can then be
induced by the absorption of microwaves (Figure 2.3), which will occur if the frequency
of the microwaves νmw satisfies the resonance condition, which for a simple S = 1/2
system is given by

hνmw = ~ωs = gβeB0 (2.26)

where ωs represents the resonance frequency or Larmor frequency.

B0

m
S
 = + 1/2

m
S
 = - 1/2

ΔE = hνmw = gβeB0

E

Absorption of

microwaves

First derivative

Figure 2.3: Illustration of the electron Zeeman effect and the consequent absorption of mi-
crowaves and its first derivative as seen in a CW-EPR experiment.

In CW-EPR experiments, the microwave frequency νmw is kept constant while the ab-
sorption is measured as function of the applied magnetic field B0. Because of the
amplitude-modulated detection, the signals are typically detected as a first derivative
of the absorption spectrum (Figure 2.3).
Both the protein samples and mesoporous titania that were investigated in this thesis,
were measured at cryogenic temperatures (10-100 K). Although it might be possible
that a structural change occurs due to these cryogenic temperatures, combination of
our EPR experiments with other spectroscopic techniques indicate that for the systems
under study no major structural changes occur. These frozen solutions and powders
contain paramagnetic molecules and centres which all possess a different orientation of
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the molecular frame, and thus also the g tensor, versus the magnetic field. The obtained
EPR spectrum represents then a sum of all these different orientations. Since the g-value
is proportional to the magnetic field B0 (eq. (2.26)), it is possible to immediately derive
the g-value from the spectrum.
As is shown in eq. (2.26) and Figure 2.3, a higher magnetic field will lead to larger split-
tings and thus a better resolution since overlapping contributions at low mw frequencies
can be seperated at higher mw frequency. Use of higher mw frequencies not only implies
use of larger magnetic fields, it also leads to smaller, more difficult to prepare, samples.
The most commonly used EPR spectrometer has a mw frequency of approximately 9-
10 GHz, which is called X-band. Other typically used mw frequencies include S-band
(3.4-3.8 GHz), Q-band (35 GHz) and W-band (95 GHz).

2.2.3 Pulsed EPR

Although CW-EPR experiments are perfect to get the first bit of information from a
sample, there is a major drawback to this technique: the inhomogeneous broadening of
the lineshapes [68]. These broadenings arise due to orientational disorder in the sample
and other inhomogeneities, and may cause the hyperfine coupling to not be observed in
the CW-EPR spectra. Pulsed EPR can overcome this problem and dramatically increase
the spectral resolution of the interactions present in the spin Hamiltonian. As the name
suggests, in pulsed EPR, a series of microwave pulses will be used to manipulate the
spin system, and then the response of the electron magnetization on these pulses is
measured. The requirements on the equipment for pulsed EPR measurements are rather
demanding: the microwave pulses have a typical length in the nanosecond range and
the fast relaxation times induce the need of a fast detection system. This explains why
this technique is relatively young (mid 80s), while the theoretical principles have been
developed earlier.

2.2.3.1 The classical picture

The effect of a microwave pulse on a spin system in a magnetic field can be easily
understood in the classical picture, where each electron has a magnetic moment µ. When
this electron is placed in an external magnetic field B0, which by convention is chosen
along the z axis of the lab frame, a torque on the magnetic moment will be produced
with a magnitude of µ×B0. The magnetic moment will thus be precessing around the
magnetic field vector B0 on a cone with opening angle θ and Larmor frequency ωs.
An ensemble of electron spins can be described by the sum of the magnetic moments,
the macroscopic magnetization M =

∑
i µi, which is oriented along the magnetic field

vector B0 in thermal equilibrium.
During a mw pulse, a magnetic field Bx(t) oscillating with a microwave frequency ωmw
is applied along the x axis. This oscillating magnetic field can be decomposed in two
mutually perpendicular components rotating at the same frequency ωmw, one clockwise
and the other one counterclockwise: Bx = B1 +B∗1 [69]. To simplify things, let’s move
to the so-called rotating frame which rotates around B0 with a frequency ωmw. If the
resonance condition (ωs = ωmw) is fulfilled, M will rotate around B1 with a frequency
ω1 = gβeB1/~. The flip angle is defined by

β = γeB1tp = ω1t (2.27)

where γe represents the gyromagnetic ratio of the electron spin and tp the pulse duration.
It is clear from this equation that the flip angle depends on both the strength of B1 and
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the duration tp that this field is applied. By carefully tuning these parameters, a flip
angle of 90° can be achieved, which is the so-called π/2-pulse.
Let’s now follow the magnetization during a simple spin echo experiment (π/2−τ−π−τ−
echo, Figure 2.4). The π/2-pulse rotates the magnetisation from its equilibrium position
along the z axis (Figure 2.4a) into the (x, y)-plane. The individual spin packets will start
to rotate around the z axis with their own specific frequency (Figure 2.4b). This causes
the magnetisation to fan out within the (x, y)-plane over a time τ (Figure 2.4c). The
π-pulse that is applied to the system after a time τ , flips the fanned-out magnetization
180° in the (x, y)-plane (Figure 2.4d-e). The spins with the highest frequency will now
be at the back of the fan, while the slower ones will be at the front (Figure 2.4e-f). After
again a time τ , the fast rotating spins will have caught up with the slower rotating ones,
resulting in a refocussing along a single direction. This refocused magnetization causes
a spin echo (Figure 2.4g), more commonly known as the two-pulse or Hahn echo, which
was first described by Erwin Hahn in 1950 [70].

π/2

π

ττ

(a) (b) (c) (d) (e) (f) (g)

Figure 2.4: Schematic representation of the two-pulse sequence, including vector model at the
different steps.

Two important relaxation mechanisms have an effect on the magnetization; the longitu-
dinal relaxation and the transversal relaxation. The longitudinal relaxation time T1 is the
decay time for the z -component of the magnetization (Mz) to return to its equilibrium
after excitation. As this process consists of an energy transfer from the electron spins to
their molecular lattice environment, this is also called the spin-lattice relaxation time. It
is of importance in pulsed EPR, since it limits the rate at which a pulse sequence can be
repeated. The transverse or spin-spin relaxation time T2 depends on how fast Mx and
My return to zero. This relaxation is caused by random magnetic fields in the neigh-
bourhood of the electron spin and causes part of the fanning out of the magnetisation in
the (x, y)-plane as shown in the example of the spin echo experiment (Figure 2.4). For
this reason T2 is also called the phase memory time TM .
Another important time for pulsed EPR is the instrumental dead time td. This is the
time after a mw pulse that no signal can be detected because it would otherwise damage
the detector diode. For the commercial Bruker EPR spectrometer used in this thesis,
this dead time is about 96 ns.

2.2.3.2 The quantum-mechanical picture

The state of a quantum-mechanical spin system is described by the spin-density operator
σ̂, which will be introduced here. Any state |ψ〉 can be written as a sum of the basis
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functions |n〉
|ψ〉 =

∑
n

cn|n〉 (2.28)

An ensemble of spins can be seen as a mixed state in quantum mechanics since not all
spins of the ensemble have the same wave function. This system can in general be divided
in subensembles which are in a pure state, which means that all spins in this subensemble
are characterised by the same wave function. The expectation value of a mixed state is
then described by

〈A〉 =

∫
P (ψ)〈ψ|A|ψ〉dτ (2.29)

=
∑
n,m

∫
P (ψ)cnc

∗
m〈m|A|n〉dτ (2.30)

=
∑
n,m

cnc∗m〈m|A|n〉 (2.31)

where P (ψ) represents the probability density function of the different subensembles.
The matrix elements of the spin-density operator are then defined by

cnc∗m = σnm = 〈n|σ̂|m〉 (2.32)

Eq. (2.31) thus becomes
〈A〉 = Tr(σA) (2.33)

The density matrix keeps track of how the system changes; by doing this throughout the
different steps of the pulsed EPR experiment, the experimental outcome can be predicted.
For a two-spin system with S = 1/2, I = 1/2 there are four possible combinations of
spin states, which gives rise to the following density matrix

|αSαI〉 |αSβI〉 |βSαI〉 |βSβI〉
〈αSαI | P NC SQC DQC
〈αSβI | NC P ZQC SQC
〈βSαI | SQC ZQC P NC
〈βSβI | DQC SQC NC P

(2.34)

where P represents the populations of the different states, NC the nuclear single-quantum
coherences (∆mS = 0, ∆mI = ±1), ZQC the electron zero-quantum coherences (∆mS =
±1, ∆mI = ∓1), SQC the electron single-quantum coherences (∆mS = ±1, ∆mI = 0)
and DQC the electron double-quantum coherences (∆mS = ±1 en ∆mI = ±1). Figure
2.5 shows the energy levels for this two-spin system, of which the nuclear transition
frequencies are given by

ωα = |ω12| =

√(
ωI +

A

2

)2

+
B2

4
(2.35)

ωβ = |ω34| =

√(
ωI −

A

2

)2

+
B2

4
(2.36)

where A = Azz, B =
√
B2
x +B2

y , Bx = Azx en By = Azy are the secular en pseudosecular

hyperfine couplings and ωI is the nuclear Larmor frequency.
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Figure 2.5: The energy levels for a two-spin system with S = 1/2, I = 1/2. The nuclear
frequencies are indicated in blue, the allowed EPR transitions in green and the forbidden EPR
transitions in red.

2.2.3.3 ESE-detected EPR

As an alternative to CW-EPR, one can detect the spin echo intensity as a function
of the magnetic field. This is typically done with a π/2 − τ − π − τ − echo sequence
(section 2.2.3.1, Figure 2.4) where the interpulse time τ is fixed and the magnetic field
is swept. In principle, the ESE-detected EPR spectrum corresponds to the integrated
form of the CW-EPR spectrum. The acquired spectrum might, however, be distorted by
the modulations (ESEEM effect, see section 2.2.3.4) caused by surrounding nuclei with
whom the electron spin interacts, so this data should be handled with care [65].

2.2.3.4 ESEEM experiments

In electron spin echo envelope modulation (ESEEM) experiments, the spin echo will be
detected as a function of an interpulse time, which leads to a one- or multi-dimensional
time-domain signal. When the interpulse time is increased, the echo will decay due
to spin-lattice (T1) and/or spin-spin (T2) relaxation, which is dependent on the chosen
pulse sequence. When the pulse sequence and time intervals are chosen adequately, this
exponential decay may be modulated with the nuclear frequencies [71], which results from
interactions with nuclei surrounding the paramagnetic centre. A Fourier transformation
is of course necessary to transform the recorded time-domain spectrum into a frequency
spectrum which allows for a direct determination of the nuclear frequences. ESEEM
experiments are the way to go for the detection of weak nuclear couplings in broad EPR
lines, while CW EPR and ENDOR are ideal for stronger nuclear couplings.

Two-pulse ESEEM This experiment uses the π/2− τ −π− τ − echo sequence, which
has already been introduced earlier (section 2.2.3.1, Figure 2.4). Compared to the ESE-
detected EPR experiment (section 2.2.3.3), the experiment will now be performed at a
fixed magnetic field where the echo decay will be measured as a function of the interpulse
time. The modulations that might be superimposed on this decaying echo amplitude are
described by the two-pulse modulation formula, which for an S = 1/2, I = 1/2 system
is given by

V2P (2τ) = 1− k

4
(2− 2cos(ωατ)− 2cos(ωβτ) + cos(ω+τ) + cos(ω−τ)) (2.37)

where k is the so-called modulation depth equal to

k = sin22η (2.38)
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Eq. (2.37) shows that not only the basic frequencies ωα and ωβ are observed, but also the
sum and difference frequencies ω± = ωα±ωβ . One of the drawbacks of two-pulse ESEEM
is the appearance of these sum and difference frequencies, which results in complicated
spectra for systems with more than one nucleus. For these systems, the modulation
formula is given by the product rule, which results in sum and difference combinations
of the different nuclear transition frequencies. The main drawback of this method is,
however, that the echo decay is caused by the spin-spin relaxation time T2, which is
often very short (few 100 ns) and leads to broad line widths in the frequency spectrum
and a related decrease in spectral resolution.
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π

τ τ

π/2 π/2

T
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τ τ
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Figure 2.6: Pulse sequences of (a) 3-pulse ESEEM, (b) HYSCORE, (c) Mims ENDOR and
(d) Davies ENDOR.

Three-pulse ESEEM The three-pulse ESEEM experiment uses the π/2− τ − π/2−
T − π/2 − τ − echo sequence (Figure 2.6a), which creates a stimulated echo. The first
part of this pulse sequence, π/2− τ − π/2, is the so-called nuclear coherence generator,
which first generates electron coherence using the first π/2-pulse and afterwards converts
this into polarisation and nuclear coherence during the second π/2-pulse. The nuclear
coherence evolves during a time T , and is transferred to electron coherence using the last
π/2-pulse. In this experiment, the modulation of the stimulated echo is followed as a
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function of time T , while the time τ is kept constant. The decay of the stimulated echo is
dependent on the spin-lattice relaxation time T1, which is usually much longer than T2,
which leads to narrower line widths in the frequency spectrum and an increase in spectral
resolution. Furthermore, the three-pulse ESEEM spectra are free of sum and difference
frequencies (ω±), which simplifies the spectrum. It should, however, be denoted that
since this technique is one-dimensional, there might be an overlap of contributions from
different nuclei. Another drawback of this method are the so-called τ -dependent blind
spots; the signal intensity becomes zero for certain τ -values. This can be easily solved by
obtaining spectra at different τ -values and adding them together. Because of the three
pulses, also other (primary) echoes might appear which may lead to distortions in the
spectrum. Application of phase cycling overcomes this problem [72].

Four-pulse ESEEM The hyperfine sublevel correlation (HYSCORE) experiment [73]
is a four-pulse ESEEM experiment which solves one of the biggest drawbacks of two-pulse
and three-pulse ESEEM: one dimensionality. It uses the π/2 − τ − π/2 − t1 − π − t2 −
π/2−τ−echo (Figure 2.6b), which can be divided in five distinct stages: the preparation
stage, a first evolution time, the mixing stage, a second evolution time and the detection
stage. As has been introduced above, the pulse sequence starts with a nuclear coherence
generator, which is the preparation period. The nuclear coherence evolves during a
first evolution time t1 after which the nuclear coherence will be transferred from one mS

manifold to another, which is called the mixing period. During a second evolution time t2,
the nuclear coherence evolves after which the last part of the pulse sequence (the detection
period) transfers the nuclear coherence into the detectable electron coherence. When
both evolution times t1 and t2 are varied independently, a two-dimensional spectrum will
be obtained. After a two-dimensional Fourier transformation, a frequency spectrum is
obtained where cross peaks link the nuclear frequencies of the different ms manifolds.

2.2.3.5 ENDOR experiments

Electron nuclear double resonance (ENDOR) experiments combines microwave and radio
frequency (RF) pulses for the manipulation of electron and nuclear spins, respectively.
A series of microwave pulses will form an electron spin echo, which will be monitored as
a function of the radio frequency. The two pulsed ENDOR experiments that were used
in this thesis were introduced by Mims [74] and Davies [75], which are ideal for systems
with weak and strong hyperfine interactions respectively.

Mims ENDOR The first part of the pulse sequence of a Mims ENDOR experiment
(Figure 2.6c) is again the nuclear coherence generator, which has already been introduced
in section 2.2.3.4 and generates polarization. During time T between the two π/2-pulses,
an RF π-pulse will be applied. If the radio frequency matches one of the nuclear transi-
tions, the populations are changed and this affects the stimulated echo which is created
at a time τ after the last mw π/2-pulse. Since this experiment uses the same nuclear
coherence generator as the three-pulse ESEEM sequence, there will be τ -dependent blind
spots that can be avoided by recording the spectrum at different τ -values and adding
them together.

Davies ENDOR The pulse sequence of a Davies ENDOR experiment is shown in
Figure 2.6d. The first selective mw π-pulse inverts the polarization of a particular EPR
transition. An RF π-pulse is then applied of which the frequency is swept during the
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experiment. If the RF pulse is on resonance with one of the nuclear transitions, the
polarisation of this transition will be altered, which is measured by the electron spin
echo. Because of the selective pulses, the signals are relatively weak.
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Chapter 3

EPR of globin proteins - a
successful match between
spectroscopic development and
protein research

This chapter is part of the topical review:
S. Van Doorslaer, B. Cuypers, “Electron paramagnetic resonance of globin proteins a
successful match between spectroscopic development and protein research”, Mol. Phys.,
116, 287-309, 2018.
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3.1 Abstract

At the start of the 21st century, the research into the haem-containing globins got a
considerable impetus with the discovery of three new mammalian globins: neuroglobin,
cytoglobin and androglobin. Globins are by now found in all kingdoms of life and,
in many cases, their functions are still under debate. This revival in globin research
increased the demand for adequate physico-chemical research tools to determine the
structure-function relationships of these proteins. From early days onwards, electron
paramagnetic resonance (EPR) has been used in globin research. In recent decades, the
field of EPR has been revolutionized with the introduction of many new pulsed and
high-field EPR techniques.

The first section of this chapter summarizes the basic concepts of heme-containing globins
that were introduced in chapter 1, section 1.2), which are then being discussed in further
detail. The following sections of this chapter will summarize the basic concepts of EPR
(which were introduced in chapter 2, section 2.2), and will then highlight how EPR has
become an essential tool in ferric globin research, and how ferric globins equally provide
ideal model systems to push technical developments in EPR.

3.2 Introduction

The heme-containing globin proteins are present in all three kingdoms of life [76,77]. The
globin superfamily emerged about 4 billion years ago from a common ancestor. While
for a long time, mammalian myoglobin (Mb) and hemoglobin (Hb) were considered the
prototypes of all globins, it has by now become clear that the globin superfamily is very
diverse, both from a structural and functional point of view.

Globins are globular heme-containing proteins that consist of a small number of α-helices.
A bioinformatics survey of putative globins revealed that these proteins occur as three
families (the myoglobin-like (M), the sensor (S) and the truncated globin (T) family)
in two structural classes [76, 78, 79]. Within each family, the globin can be a single-
domain (SD) or a chimeric protein [76]. Mammalian myoglobin has the so-called classical
globin fold, consisting of 8 α-helices that are organised in a canonical 3-over-3 (i.e., 3/3)
sandwich (Figure 3.1(a)). The α-helices are labelled with letters A to H from the N-
to the C-terminus. The heme group is positioned in the hydrophobic centre and is a
protoporphyrin ring with a central iron atom. This heme iron is bound to the His at
position 8 of the F helix (F8His), which is conserved in all globins. This side of the heme
is referred to as the proximal side of the heme. In mammalian Mb, the opposite (distal)
side of the heme allows binding of exogenous gasses, such as O2 (Chapter 1, Figure 1.2B).
In other proteins, such as neuroglobin (Ngb) [80], an endogenous amino acid (for Ngb:
E7His) is binding to the heme iron. This is often referred to as a hexacoordinated globin,
where the term hexacoordination is referring to the bis-histidine ligation of the heme
iron [81]. It is unclear at present which of the two coordination forms came first [81].

The heme iron can assume three oxidation states: the ferrous form (Fe(II)), the ferric or
met-form (Fe(III)) and the ferryl (Fe(IV)=O) form. Depending on the specific protein
function, one or more oxidation states are biologically relevant [82]. Within the globin
superfamily, structural variations on the classical globin fold have been identified.

While the globins within the M and S family exhibit the 3/3 α-helical fold, the T family
is characterized by globins that have sequences shorter than normal by 20 to 40 amino-
acid residues and that exhibit a 2/2 α-helical fold [83]. An example is given in Figure
3.1b. Here, the A helix is very short or absent, most of the F helix occurs as a loop
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Figure 3.1: (a) Structure of deoxy horse-heart myoglobin (PDB 5D5R) showing the classical
3/3 sandwich fold. (b) Structure of a cold-adapted truncated hemoglobin from the Antarctic
marine bacterium Pseudoalteromonas haloplanktis TAC 125 (PDB 4UUR) with a 2/2 sandwich
fold. (c) The chimeric structure of the flavohemoglobin of Alcaligene eutropus (PDB 1CQX).
This protein crystallizes as a dimer, the α-helical-rich structures in the centre are the globin
domains of this dimer. In all figures, the heme group is depicted in blue. In figure (a) and (b)
the convention of indicating the α-helices with letters A-H is illustrated.

and there is a decreased CE inter-helical region. There can be further variations. As an
example, protoglobins (Pgbs) exhibit an expanded version of the canonical 3/3 globin
fold: they lack the D helix, but there is a pre-A or Z helix and an N-terminal extension
of 20 residues [83].
The globin molecules can exist as monomers, e.g. mammalian Mb, or as multimers, such
as the well-known tetrameric form of human Hb, or they can be part of a chimeric protein.
In globin-coupled sensors (GCS) that are part of the S family, the globin domain serves
as a sensor and is connected via a linker region to a transmitter domain [84]. In the large
class of flavohemoglobins, prevalent in many bacterial and fungal pathogens, the globin
domain is fused with a ferredoxin-reductase-like FAD- and NAD-binding module [85]
(Figure 3.1c).
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Finally, several different globins may co-exist in one species. The genome of the small
nematode Caenorhabditis elegans codes for no less than 33 globins that are all tran-
scribed [86]. For a long time, it was assumed that myo- and hemoglobin were the only
globins present in humans (and in extension in mammals). However, in 2000, a hexa-
coordinate globin called neuroglobin was discovered in the human brain [14]. In 2001,
another hexacoordinate globin, cytoglobin (Cygb), was reported to be expressed in most
vertebrate tissues and organs [28]. Finally, a chimeric globin, androglobin (Adgb), was
discovered in 2012 and is predominantly expressed in mammalian testes [10].

Figure 3.2: Scheme showing the typical reactions of globins (and heme proteins in general)
involving NO and/or O2. Gb=globin; (a) oxygenation reaction, (b) deoxygenation reactions, (c)
nitrosylation reaction, (d) NO deoxygenation reaction, (e) heme denitrosylation, (f) met-globin
reduction, (g) nitrite reduction, (h) NO reduction. A possibility for the met-globin reduction is
given that involves the formation of N2O3. N2O3 will then decompose in NO and NO2 and is
thought to regulate export of NO from erythrocytes [87].

From the above-mentioned structural variations and the fact that globins are so wide-
spread in nature, it becomes clear that these proteins will cover a large variety of functions
[76, 82]. The O2 uptake and transport functions of vertebrate Hbs and the O2 storage
function of vertebrate Mb (both in their ferrous form) are discussed in almost every
basic biochemistry book (see also reactions (a) and (b) in Figure 3.2). However, these
functions represent a relatively recent adaptation of globins. The common ancestor of
globins was already present in the first organisms that populated the Earth in a period
where the overall amount of dioxygen was very low (< 0.0008 atm), but where high
local O2 concentrations may have put heavy oxidative stress on the anaerobic organisms.
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When Pgbs were first discovered in two Archaea, they were thought to be this common
ancestor (hence the name protoglobin) [84]. Later work revealed, however, that Pgbs
are probably relatively recent in globin evolution and that the ancestral globin is more
likely a flavohemoglobin-like SD protein [88]. Since the reactions with NO are common
to all globins, it has been postulated that their initial role was in NO-detoxification,
from which further evolution led to new functions [76, 89]. Globins are, indeed, found
to be involved in NO-related reactions in diverse organisms [76,89]. In pathogenic yeast
and bacteria, flavohemoglobins protect against NO toxicity [85]. Vertebrate Mbs and Hbs
may shift from being an NO scavenger under normal dioxygen conditions to being an NO
synthase under hypoxic conditions [87]. Figure 3.2 gives an overview of different reactions
involving globins and NO [76,87]. Furthermore, many other functions have been proven
or postulated for globin proteins. Among these additional functions currently linked to
globins, we find dioxygen sensing, redox functions, protection against oxidative stress,
peroxidase activity with related involvement in lipid-oxidation biochemistry, binding and
transport of H2S, roles in tumor suppression, in fibrosis, and in protection against cell
death [76,82,90]. For many globins, the functions are, however, still not known.
The above illustrates that many questions are still open in globin research that can only
be tackled by an interdisciplinary approach. Because of the close link between structure
and function, structural biology tools play a crucial role in this matter. In this chapter,
there is a focus on the advantages and challenges of using electron paramagnetic resonance
(EPR) in globin research. EPR is sometimes also referred to as electron spin resonance
(ESR) or electron magnetic resonance (EMR). As early as 1955, EPR has been used to
study ferric myoglobin [91]. However, the EPR technique has enormously evolved since
then and has become a versatile spectroscopic tool for (bio)material characterization.
After a short introduction into current state-of-the-art EPR and an outline of what
(not) to expect from such studies, the power of this technique in globin research will be
exemplified with a number of non-exhaustive examples. Furthermore, in this chapter, it
will be highlighted how globins can be ideal model systems to develop or test new EPR
methodologies.

3.3 Electron paramagnetic resonance of globins in a
nutshell

3.3.1 The EPR technique for biological applications

EPR, the sister technique of the well-known nuclear magnetic resonance (NMR) method,
is a spectroscopic tool that allows characterization of paramagnetic systems, i.e., systems
with at least one unpaired electron (electron spin S ≥ 1/2) [65, 67]. In this section, a
small overview of the different techniques is given, of which the basic physics is discussed
in more detail in chapter 2, section 2.2 and in textbooks, such as [65,67]. Table 3.1 gives
a summary of the main classes of EPR techniques that are of relevance for globin research
and the related experimental parameters that can be obtained, as discussed below.
EPR started off as a so-called ’continuous-wave (CW)’ technique. In CW EPR (chapter
2, section 2.2.2), a magnetic field is applied to the paramagnetic sample, which lifts the
degeneracy of the energy levels with different electron magnetic quantum number mS

(electron Zeeman effect). The sample is continuously irradiated by microwaves (mw),
the most common mw frequency being 9.5 GHz (X-band). The magnetic field is swept
and when the energy of the mw quantum matches the induced energy splitting, absorption
of microwaves can be observed. The energy splitting and, hence the related resonance
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Class Example Possible detectable parameters
Field-swept methods CW-EPR g tensor, D tensor (S > 1/2), Ai

tensor (Ii >
1
2 , strong interaction),

J coupling and/or inter-spin
distance d (nearby spin centres),
molecular dynamics (rotational
correlation time τ , diffusion tensor,
librational motions)

ESE-detected EPR

Hyperfine spectroscopy ESEEM
Ai tensor (Ii >

1
2 ), Pi tensor

(Ii >
1
2 ), νiL (Ii >

1
2 )

ENDOR
EDNMR

Distance measurements CW-EPR Inter-spin distance d < 2 nm (CW
EPR), 1.8 < d < 10 nm
(PELDOR,RIDME)

Pulsed ELDOR
RIDME

Table 3.1: Summary of the main classes of EPR techniques of relevance to globin research.
The parameters and abbreviations are explained in the main text and in chapter 2.

field, is depending on the (known) applied magnetic-field strength and the electronic
structure of the system under study. The spectra are generally translated into different
parameters: g tensors (for all systems), zero-field splitting tensors (D) (only if S > 1/2),
and exchange (J ) and dipolar couplings (for two paramagnetic centres in each others
vicinity) [67]. These parameters reveal valuable information about the system. For
instance, the g tensors will reflect the local symmetry, the oxidation and spin state of
the paramagnetic site, while the dipolar interaction between two centres can be translated
into inter-spin distances d (and thus geometry).

When CW EPR is applied at room temperature to biomolecules in solution, the spec-
tra reflect the motional behaviour of the biomolecules. As the tumbling motion of the
molecule slows down, the spectra change dramatically. The detailed information on this
tumbling can be obtained from spectral simulations based on the slow-motional theory,
an approach based on the stochastic Liouville equation [92]. The spectra of course only
reflect the dynamics of the paramagnetic site. This site can be an intrinsic paramagnetic
centre of the biomolecule (if detectable at room temperature) or one can connect a para-
magnetic tag to the biomolecule (so-called site-directed spin-labelling technique [93]). In
protein research, these spin labels are mostly nitroxide labels, trityl radicals or Gd(III)
complexes, and are covalently linked to the protein at the specific sites. Use of a spin label
has the advantage that the motional behaviour of different areas of the biomolecule can
be selectively probed, by attaching the tags at specific points in the biomolecule. Room-
temperature CW EPR is also often used to detect reactive radical intermediates, such
as reactive oxygen species (ROS), in biosystems using the spin-trapping technique [94].
Specific diamagnetic trapping molecules are then added to the solution that react very
rapidly with the short-living radicals to form a stable radical that can be detected by CW
EPR. The observation of the EPR signature of this secondary radical is then a fingerprint
for the presence of the specific radical intermediate.

In many cases, the CW-EPR spectra show a substructure due to the hyperfine inter-
actions between the unpaired electron(s) and the neighbouring magnetic nuclei, i.e.,
nuclei with a nuclear spin I ≥ 1/2. These interactions can be much better resolved by
the so-called hyperfine techniques: electron nuclear double resonance (ENDOR, chapter
2, section 2.2.3.5), electron spin echo envelope modulation (ESEEM, chapter 2, section
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2.2.3.4) and electron-electron double resonance (ELDOR)-detected NMR (EDNMR) [65].
Most of these hyperfine spectroscopies are pulsed-EPR techniques [65,95]; only the EN-
DOR method has both CW and pulsed variants [96]. Multi-pulse schemes have been
commonly used in NMR since many years. However, radiofrequency (rf) pulses (for
NMR) are much easier to implement than mw pulses (needed for EPR), which explains
why pulsed EPR was commercialized only at the end of the 80s of last century, following
technological breakthroughs in pulsed mw sources and components, and in fast digiti-
zation. Since then, many new pulsed-EPR techniques have been introduced, including
two-dimensional spectroscopies in line with developments in NMR. All pulsed hyperfine
techniques involve multi-pulse mw irradiation schemes; the pulsed ENDOR experiments
involve additional rf pulses [96]. They all aim at detecting the nuclear transitions (i.e.,
transitions obeying |∆mS | = 0, |∆mI | = 1), which can be translated into the hyperfine
tensors (Ai), nuclear quadrupole tensors (Pi) and nuclear Larmor frequencies (νiL). In
the previous notations, the superscript i refers to the ith nucleus. The nuclear Larmor
frequency fully identifies the type of nucleus (1H, 14N, 13C, ) that interacts with the
electron. The hyperfine interaction reveals information on the electron spin-density dis-
tribution, the wave function of the unpaired electron, and the electron-nuclear distance
information that is translatable into local geometric information. Nuclear quadrupole
couplings are only present for I > 1/2 systems and depend on the electric-field gradient
at the nucleus, which, in turn, reflects the electronic structure of the molecule under
study.

Parallel to the developments of pulsed EPR, high-field/high-frequency EPR has been
introduced [97]. The use of higher magnetic fields, and thus higher mw frequencies, in
(CW) EPR or hyperfine spectroscopy allows for a better resolution of features that are
overlapping at the standard mw frequencies. However, as we will see later for the ferric
globin case, this may come at a cost in signal intensity for very anisotropic g tensors.

Furthermore, the progress in both pulsed and high-field EPR was of crucial importance in
the development of EPR techniques to monitor distance distributions between paramag-
netic sites via their dipolar interaction. As mentioned before, CW EPR allows detection
of such dipolar interactions, but it is limited to inter-spin distances below 2 nm. Pulsed
ELDOR techniques, such as the commonly used DEER (double electron-electron reso-
nance), extend this to distances up to 10 nm [98]. Note that the terms PELDOR, DEER
and PDS (pulsed dipolar spectroscopy) are often interchangeably used. For structural
biology applications, this is usually combined with site-directed spin-labelling in case the
protein has none or only one paramagnetic site [93]. By measuring distances between
two paramagnetic sites inserted at well-chosen positions in the protein, one can put con-
straints on the molecular-modelling analyses of the protein. Furthermore, the method
can be used to evaluate changes in molecular structure upon docking to or binding of
other biomolecules to the protein. The major advantage of pulsed ELDOR techniques
(and EPR in general) is that it does not require crystallization and there is no size lim-
itation for the protein or protein complex under study. Membrane proteins can also
be studied, and in-cell spin-labelling of proteins and related DEER measurements form
currently a hot topic in pulsed ELDOR research [99]. For two spins with considerably
different electronic relaxation, the inter-spin distance can sometimes be obtained from
the measurement of these relaxation times [100]. Relaxation-induced dipolar modulation
enhancement (RIDME) can be of particular use in metal-to-nitroxide distance determi-
nations [101,102].

Comparison of CW EPR and electron-spin-echo (ESE, chapter 2, section 2.2.3.3) detected
EPR at lower temperatures (∼ 200 K) allows for the determination of the librational
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motions of nitroxide labels [103, 104]. In ESE-detected EPR the two-pulse spin-echo
intensity is measured as a function of the magnetic field [65].
Similar to NMR, EPR parameters need to be linked to a structure or to an electronic
state via a theoretical model. Therefore, EPR data are often complemented with com-
putational structural modelling. The inter-spin distances d derived from the pulsed EL-
DOR techniques are used as constraints in molecular dynamics (MD) simulations [98],
while the computation of parameters linked to the electronic structure (g , hyperfine, nu-
clear quadrupole) require quantum-chemical methods, mostly density functional theory
(DFT) [105].

3.3.2 EPR for heme-protein research

The question now arises as to how we can use EPR to tackle specific problems in globin
research (and in extension in heme-protein research). From the previous section and
Chapter 2, it is obvious that EPR requires the presence of a paramagnetic centre in the
system under study. In globins and other heme proteins, a common paramagnetic state
is the so-called met-form or ferric heme form. In this case, the heme iron is in a +III
oxidation state with a 3d5 electron configuration, that can occur in different spin states
(low-spin (S = 1/2) and high-spin states (S = 5/2 or mixed S = 3/2 and S = 5/2)).
Some globins are paramagnetic in their deoxy ferrous state (S = 2). This integer spin
state is, however, only detectable with EPR at very high magnetic fields, and its study
is only possible through highly specialized EPR techniques, such as synchrotron-based
frequency domain Fourier Transform (FD FT) THz EPR [106]. The nitrosylated ferrous
heme complex that plays a role in globin function (Figure 3.2) is, in contrast, easily
detectable with EPR at standard mw frequencies [107]. Some of the globins are known
to exhibit catalase or peroxidase activity [108], during which paramagnetic intermediates
can be formed. These centres include compound I, a combined ferryl (O=Fe(IV)) heme
iron with a porphyrin π cation, that quickly evolves to compound ES, in which the por-
phyrin radical of compound I is rapidly reduced by an adjacent amino acid. Compound
ES can thus be described as a ferryl/amino-acid radical form. In most cases, the latter
radical is a Tyr or Trp radical. In all of the above-mentioned cases, the paramagnetic
centre forms the active site of the protein and common questions that can be solved
by EPR concern the identification of the centre and the description of its geometric and
electronic structure. CW EPR reveals the oxidation and spin state and gives information
on the local symmetry of the site. More detailed insight into the electronic and geometric
structure can be gained from hyperfine techniques [109]. This is cartoon-wise illustrated
in Figure 3.3a for a ferric state of a globin. All the experiments need to be performed at
low temperatures (4-150 K), whereby the preferred temperature depends on the nature
of the centre. As a rule of thumb, paramagnetic transition-metal centres require the
lowest temperatures, while organic radicals are often still observable above 100 K. In
some cases, rapid freeze quenching will be necessary to trap very reactive intermediate
states, such as the amino-acid radicals formed during peroxidase activity.
The function of some globins has been linked to the formation and removal of ROS.
Bacterial Hbs are thought to play a role in the detoxification of free radicals other than
NO [110]. The neuroglobin level in MCF-7 breast cancer cells is believed to present a
marker of oxidative stress [111]. One of the C. elegans globins (GLB-12) produces the
ROS O−2 , which is an essential signal for reproduction in this nematode [112]. The ROS
are paramagnetic and thus EPR active, but they are in general too short-living to allow
detection. These species can be trapped at room temperature with spin traps, such as
the well-known DMPO (5,5-dimethyl-1-pyrroline-N-oxide) and its variants, to form more
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Figure 3.3: Cartoon illustrating the main applications of EPR in globin research. (a) Identifi-
cation of paramagnetic sites and the analysis of their geometric and electronic structure through
field-swept EPR and hyperfine techniques. The example of a ferric low-spin heme site is given,
with a corresponding CW-EPR spectrum and a 14N HYSCORE spectrum. (b) Spin-trap-based
CW-EPR analysis of short-living intermediate radicals formed during globin function. Examples
of these radicals are amino-acid radicals and reactive oxygen species. The cartoon represents
the trapping of ·OH radicals with DMPO. The EPR spectrum reflects the nature of the trapped
radical. (c) Site-directed spin-labelling of a protein for protein-motion analysis using room-
temperature CW EPR. The common MTSSL label is shown in the figure. The EPR spectrum
depends on the overall rotational diffusion of the protein (blue arrow), the local back-bone mo-
tion (red arrow) and the rotamers adopted by the spin label (motion around the tether indicated
with green arrows). The difference in the X-band CW-EPR spectra for two rotational correla-
tion times is illustrated. (d) Distance measurements using PELDOR or CW EPR to determine
inter-spin distances between two (nitroxide) labels attached to protein or between a (nitroxide)
spin label and the ferric heme iron. An example of a DEER time trace is shown.
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stable radicals. The effect of heme proteins, such as globins, on the formation or removal
of the ROS species can then indirectly be studied [113]. Furthermore, spin traps can
be used to trap the short-living amino-acid radicals formed during catalase/peroxidase
activity of the globins [114]. Differently than in the case illustrated in Figure 3.3a, the
CW-EPR spectra will be detected at room temperature, and the spectrum is that of a
secondary species, not the primary radical. This is sketched in Figure 3.3b.
The above two cases concern paramagnetic centres intrinsic to the biosystem under study.
An EPR-active tag can also be attached to the globins. Already in 1966, McConnell
demonstrated that a nitroxide-maleimide spin label could be attached successfully to
Hb and that its EPR spectrum revealed changes in protein dynamics between the oxy
and deoxy form of the globin [115]. From that point onwards, many new paramagnetic
tags have been synthesized for site-directed spin labelling of proteins [93]. Preferentially,
a single nitroxide spin label is attached to the protein to probe protein mobility. The
room-temperature EPR spectrum reflects the motion of the nitroxide ring, which is the
combined motion of the protein and the motional flexibility of the tether of the spin label
(Figure 3.3c). Typical protein dynamics that can be probed in this way are side-chain
reorientations, helix dynamics and protein rotational diffusion, as will be demonstrated
in a later section. In most of the more recent spin-label EPR studies, the proteins are la-
belled with the (1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl) methanethiosulfonate spin
label (MTSSL) [93]. This tag is attached to the protein by formation of a disulfide bond
to the sulfhydryl group of a Cys residue. Site-directed mutagenesis is used to engineer
Cys residue(s) at the desired position(s) in the globin and to replace possible native
Cys by Ser or Ala. Of course, it should be checked at all times that the spin-labelled
globin is properly folded and still functional and that labelling does not induce structural
changes [93].
When two spin labels are attached to the protein, CW EPR and PELDOR can be used to
measure the distances between the two tags. Alternatively, in singly-labelled globins, the
distance between the spin label and an intrinsic paramagnetic centre can be measured,
as illustrated in Figure 3.3d. These types of measurements require that the samples are
frozen.

3.4 The effect of distal ligation on the spin state of
ferric globins

3.4.1 High-spin state of ferric globins

The spin state and thus the EPR spectrum of ferric forms of globins is strongly influenced
by the nature of the distal ligand. If the distal ligand is a weak base, the ferric protein will
be in a high-spin state, while ligation of a strong base will induce a low-spin state. The
text-book example of a high-spin ferric globin is aquometmyoglobin with its weak distal
H2O ligand and S = 5/2 spin state. The X-band EPR spectrum is quite simple, showing
the apparent features of an Seff = 1/2 system with an axial geff tensor (geff

x ≈ geff
y ≈ 6,

geff
z ≈ 2) (Figure 3.4a) [91], in contrast to the complex EPR spectrum that one would

expect for a high-spin ferric system. This is due to the fact that at X-band the mw
quantum is much smaller than the zero-field splitting of these globins. Consequently
only transitions in the lower Kramers doublet (mS = ±1/2) are observable. The above-
mentioned geff tensor is thus only an effective g tensor, which includes the effects of the
zero-field splitting. The real g tenor of aquometmyoglobin is close to isotropic (g⊥ =
gx = gy = 1.995, g‖ = gz = 2.019 [106]). The zero-field splitting can be indirectly derived
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from spin-lattice relaxation measurements at X-band [116] or directly derived via FD-FT
THz-EPR [106,117]. The traceless zero-field splitting tensor can be expressed in terms of
two parameters: the tetragonal zero-field splitting D and the rhombic zero-field splitting
E [67]. For a frozen solution of aquometmyoglobin, the tetragonal zero-field splitting
D is 9.2 cm−1 with a very small tetragonal zero-field splitting, E ≈ 23.1510−3 cm−1.
The latter explains the narrow g⊥ feature at X-band (Figure 3.4a). Most of the ferric
globins with weak or no distal ligands exhibit similar X-band CW-EPR spectra as that of
aquometmyoglobin. Occasionally a considerable broadening and slight down-field shift
of the low-field feature is observed indicative of a mixed S = 5/2, S = 3/2 state, as
was observed for the mutant of Arabidopsis thaliana hemoglobin in which the E7His was
mutated to a Leu [118] (Figure 3.4b). However, other than providing a fingerprint for
the high-spin state of the ferric globins, the X-band CW-EPR technique gives limited
insight and hyperfine techniques are required to obtain more detailed information.

Figure 3.4: Simulation of X-band EPR spectra of a high-spin heme complex with (a) effective
g values typical for an aquometmyoglobin, geff = (5.98, 5.87, 1.997), and (b) effective g values
typical for E7Leu mutant of Arabidopsis thaliana hemoglobin, geff = (5.65, 4.90, 1.91) [118].
While (a) is typical for an S = 5/2 groundstate, the parameters of (b) indicate a mixed S = 5/2,
S = 3/2 state.

In a seminal paper, Scholes and co-workers showed that X-band CW ENDOR can be used
to detect the hyperfine interactions of the heme and F8His nitrogen nuclei in aquomet-
myoglobin single crystals [119]; however, the amount of information that could be deter-
mined in this way drops drastically if no single crystals are available. The Hoffman group
showed that combining CW and pulsed ENDOR techniques at multiple mw frequencies
can provide the answer [120]. They applied CW and pulsed ENDOR at X- and Q-band
(35 GHz) frequencies to fluorometmyoglobin. Although the EPR spectrum of this pro-
tein is independent of pH, the 19F hyperfine data vary with pH. ENDOR combined with
1H/2H exchange experiments revealed that fluoride is hydrogen-bonded to the Nε proton
of the E7His residue at all pH values between 5.5 and 11, but that the pH dependence of
the 19F data relates to a deprotonation at Nδ of the imidazolium form of E7His. Further-
more, for similar reasons as explained for the g tensor, the 19F pseudo Larmor frequency
is also dependent on the zero-field splitting parameter D. Hence, it could be revealed that
D is 6.1cm−1 at low pH and 5.2cm−1 at high pH. This explains the quite broad range of
D values (5−6.1cm−1) obtained for fluorometmyoglobin by other methods [106,116,117].
Finally, the data allowed determining the F· · ·H distance and a slight tilt of the Fe-F−
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axis away from the heme normal. Our group used aquometmyoglobin as a model system
to test a broad number of pulsed hyperfine techniques at mw frequencies ranging from
X- to W-band for their usefulness to study high-spin ferric heme systems [121,122]. The
performance and related technical aspects of the methods were recently reviewed by Van
Doorslaer [109] and will not be repeated here in detail. The analysis showed that subtle
details, such as slight magnetic inequivalences of the heme nitrogens [121], and even the
hyperfine values of 13C nuclei in natural abundance [122] can be revealed with the right
choice of hyperfine techniques. The latter can be used to complement liquid-NMR data.
We also identified the marker signals of the distal water protons in X-band HYSCORE
that allow verifying whether a high-spin ferric globin has this type of ligation, as was
demonstrated for mutants of human Ngb [123].

3.4.2 Low-spin state of ferric globins

When a strong base ligates to the ferric heme iron at the distal side, the spin state
changes to a low-spin (S = 1/2) state. The distal bases can be endogenous (Table 3.2)
or exogenous (Table 3.3).
Up till now, all reported low-spin ferric globin variants are characterized by a (dxy)2

(dxz, dyz)
3 configuration. The corresponding g tensor is rhombic with a typical X-band

EPR spectrum as shown in Figure 3.3a (top right). For this configuration, Walker and
others introduced a sub-division in type-I and type-II ferric heme systems [150]. Type-I
ferric globins have maximum g values larger than 3.2. For these systems, the high-field
(lowest g value) feature tends to be not observed in the X-band CW-EPR spectrum
due to large g-strain effects. Note that in such cases, ESE-detected EPR may help to
determine this lower g factor with more reliability [126, 128]. A typical example of a
type-I ferric globin is the cyanide-ligated form of ferric myoglobin ( [140], Table 3.3). In
type-II ferric globins, the maximum g value is smaller than 3.2 and a characteristic EPR
spectrum as in Figure 3.3a is observed. This is for instance the case for hydroxide-ligated
ferric myoglobin ( [133], Table 3.3).
Using crystal-field theory (chapter 1, section 1.2.5), Taylor and others derived a simple
relation between the ligand-field parameters and the principal g values of ferric heme
proteins [150–152]:

V

λ
=

gx
(gz + gy)

+
gy

(gz − gx)
(3.1)

∆

λ
=

gx
(gz + gy)

+
gz

(gy − gx)
− V

2λ
(3.2)

with gz > gy > gx, λ the spin-orbit coupling constant and V and ∆ the rhombic and
tetragonal ligand-field splitting, respectively. Blumberg and Peisach [152] noticed that
there is a correlation between the position in the (|∆/λ|,|V/∆|) graph and the type of
axial ligands binding to the heme iron. This graph soon became known as the ”truth
table” and has proven to be sometimes useful to get an idea about whether ligation
to the heme iron occurs via an oxygen, nitrogen or sulphur atom. As already pointed
out by McGarvey [153], this analysis holds many risks for misinterpretation when only
g tensors obtained from frozen solutions are available. The ligand-field derivation is
an oversimplification of the real system in which many subtle effects govern the EPR
parameters. In fact, the correct computation of g tensor values of low-spin heme centres
proves to be still extremely challenging for state-of-the art quantum-chemical methods!
If one uses equations (3.1)-(3.2) to derive the ligand-field parameters for neuroglobin
and cytoglobin, the values fall outside the area that was initially indicated by Blumberg
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Globin Species gx gy gz Ref
Distal His ligation

Ngb

Human 1.30 2.17 3.26
[30]

1.05 2.06 3.10
Mouse 1.29 2.15 3.12 [124]
Danio rerio 1.40 2.18 3.072 [125]
Chaenocephalus aceratus 1.27 2.15 3.125 [125]
Dissostichus mawsoni 1.27 2.15 3.125 [125]
Xenopus tropicalis 1.30 2.16 3.105 [125]

Cygb
Human 1.20 2.08 3.20 [30]
Chaenocephalus aceratus < 1.22 2.08 3.200 [126]
Dissostichus mawsoni < 1.11 2.08 3.230 [126]

Hb

Trematomus bernacchii 0.98 2.26 3.15 [127]
Trematomus newnesi 1.08 2.24 3.13 [127]
Drosophila melanogaster n.d. 2.19 2.988

[128]n.d. 2.07 3.178
n.d. n.d. 3.5

GLB26
Caenorhabditis elegans n.d. n.d. 3.25 [129]
Synechocystis sp. n.d. n.d. 3.39 [127]

nsHb
Tomato 1.44 2.23 2.98 [130]
Barley 1.48 2.22 3.02 [58]

GCS GD Geobacter sulfurreducens 1.44 2.295 2.925 [131]
Distal Tyr ligation

Hb
Chlamydomonasa 1.86 2.31 2.52 [132]
Lucina pectinataa,b 1.75 2.20 2.76 [133]

2/2Hb
Pseudoalteromonas haloplanktis 1.49 2.28 2.95

[134]1.86 2.29 2.51
1.63 n.d. 2.77

Distal Tyr ligation
NgbE7Q Humana,c n.d. n.d. 3.33 [123]
NgbE7V Humana,c n.d. n.d. 3.33 [135]
aalkaline pH; bminority species in HbII; cmutant

Table 3.2: Representative selection of experimental g-tensor principle values of low-spin fer-
ric globins with endogenous ligands. (Ngb=neuroglobin, Mb=myoglobin, Hb=hemoglobin,
Cygb=cytoglobin, GLB=globin, GCS=globin-coupled sensor, ns=nonsymbiotic, GD=globin do-
main)

and Peisach as being typical for a ligation of the heme iron with two nitrogen bases,
although a bis-His ligation is undisputed for these proteins. Therefore, one should always
complement the information from the truth table with other evidence for the specific
ligation.

The most common endogenous distal ligand found in globins is the imidazole of a histi-
dine residue (Table 3.2). Most often E7His is the distal ligand, but the heme pocket of
the globin domain of GCS in Geobacter sulfurreducens, shows a surprising ligation of the
E11His [131]. Inspection of Table 3.2 shows that there is quite some variation in the g-
tensor values, despite the same nature of their heme-iron ligands. When for a large set of
heme proteins and related model systems, the experimental gz value is plotted versus the
dihedral angle between the two imidazole planes determined from crystallographic data,
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Globin Species gx gy gz Ref
Distal hydroxide ligation

Mb
Sperm whalea 1.85 2.17 2.55 [133]
Aplysia limacinaa 1.77 2.15 2.67 [136]

Hb

Lucina pectinataa,b 1.82 2.20 2.61 [133]
Thermobifida fuscac 1.76 2.19 2.73

[137]1.81 2.19 2.66
1.60 2.32 2.82

lHb Soy-beana,d 1.84 2.19 2.54 [138]

GLB-33
Caenorhabditis eleganse 1.815 2.2 2.62

[139]
1.69 2.12 2.845

Distal cyanide ligation
Mb Horse heart < 0.92 1.82 3.420 [140]
Ngb Human n.d. 1.97 3.295 [141]
nsHb Barley n.d. n.d. 3.32 [58]

Hb
Drosophila melanogaster n.d. n.d. 3.43 [128]
Chlamydomonas n.d. n.d. 3.19 [142]
Lucina pectinatab n.d. n.d. 3.23 [133]

Pgb Methanosarcina acetivorans < 0.99 2.08 2.91 [140]
Distal imidazole ligation

Mb Sperm whale 1.53 2.26 2.91 [143]
Hb Pig 1.43 2.29 2.93 [144]

lHb
Soy-beand 1.67 2.27 2.77

[138]
1.49 2.27 2.93

Pgb
Methanosarcina acetivorans 1.05 2.17 3.07

[145]
1.38 2.38 2.90

Distal nitrite ligation

Mb
Sperm whale 1.00 2.30 3.11

[146]
1.56 2.18 2.97

Hb
-f 1.47 2.33 3.03

[147]
1.47 2.16 2.90

Distal azide ligation
Mb Sperm whale 1.74 2.18 2.80 [148]
Hb Lucina pectinatab 1.63 2.16 2.92 [133]
lHb Soy-beand 1.72 2.21 2.79 [138]

Distal sulfide ligation
Ngb Human 1.85 2.21 2.48 [149]

NgbE7A
Humang 1.87 2.24 2.54

[149]
1.83 2.21 2.58

Hb Lucina pectinatab 1.90 2.27 2.47 [133]
lHb Soy-beand 1.90 2.26 2.46 [138]
aalkaline pH; bminority species in HbII; cat pH6; dleghemoglobin c;
epH≥6; fspecies not mentioned; gmutant

Table 3.3: Representative selection of experimental g-tensor principal values of low-spin ferric
globins with exogenous ligands. (lHb=leghemoglobin, Pgb=protoglobin, other abbreviation as
in Table 3.2)
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a correlation becomes obvious [154]. An increasing gz value points towards an increasing
dihedral angle [154,155]. However, the data show that there is a large error range when
trying to predict the angles directly from the gz values. This is not so surprising, since
other factors also influence the gz value [156]. These factors include the angle between
the projection of the imidazole planes on the heme and the Fe-Nheme bonds (eclipsing
or bisecting) and the relative orientation of the imidazole plane versus the heme plane
(perpendicular or slight tilt). The determination of the relative orientation of the imida-
zole planes in such heme complexes can be facilitated by extracting the hyperfine (and
nuclear quadrupole) data of the 1H and 14N nuclei in the heme pocket using hyperfine
techniques [126, 130, 131, 157–160]. While the heme and His 14N hyperfine data are in
a range best tackled with ESEEM techniques, such as HYSCORE, a combination of
HYSCORE and ENDOR may be more appropriate to detect the interactions with the
nearby protons. From the knowledge that the largest quadrupole component of the heme
nitrogens is aligned in the heme plane, perpendicular to the Fe-Nheme bond, and that
the largest gz value points along the heme normal, the orientation of all other tensors in
the molecular frame can be determined.

We showed that the outlined pulsed EPR approach could help to resolve a conflict be-
tween contradicting X-ray diffraction studies for human cytoglobin [160]. Note that
HYSCORE at S-band (3.4 GHz) proved to be beneficial here. The lower mw frequency
resulted in a reduced spectral width of the EPR spectrum and corresponding higher
electron spin-echo intensity. In general, for type-I ferric hemes, lower rather than higher
mw frequencies may be more helpful due to the large g anisotropy. Similarly, the pulsed
EPR analysis of the globin domain of the GCS in Geobacter sulfurreducens revealed only
one conformation of the heme structure in frozen solution [131], in contrast with crystal
structure data which identified three conformers [161]. In general, it is important to com-
plement data of one structural biology technique with that of others, since all have their
pros and cons that relate to both the specific sample preparation and method-intrinsic
limitations [155].

To our knowledge, the above GCS protein has the lowest gz value of all ferric bis-histidine
coordinated globins reported up till now, which may be due to its unusual E11His distal
ligand. Furthermore, comparison of the g-tensor data for globins with distal His ligation
(Table 3.2) and for globin-imidazole complexes (Table 3.3) learns that the latter tend
to have lower gz values. Only the imidazole complex of Pgb has a form with gz >
3, but this globin is known to have a highly ruffled heme plane [162]. Interestingly,
binding of miconazole to oxidized flavohemoglobin leads to two low-spin centres (A:
(gx,gy,gz)=(1.59,2.27,2.85) and B: gz ≈ 3.25) [163]. Miconazole is an imidazole derivate
that is used as antibiotic against Staphylococcus aureus, and flavohemoglobin is implicated
in its azole susceptibility. While centre A is similar to the one observed for imidazole-
ligated Mb (Table 3.3, [143]), centre B has an unusual high gz value, possibly indicating
a very strained binding conformation.

Neuroglobins are characterized by a bis-histidine ligation of the heme iron [80]. In ferric
human neuroglobin, two such forms are recognized with clearly distinct g values (Table
3.2, [30]). Human neuroglobin can form a disulfide bridge between Cys residues at
positions CD7 and D5 with a corresponding change in the heme pocket (change in relative
orientation of the E7His and F8His) and modulation of the ligand binding [23]. The two
forms detected by EPR thus relate to the form with and without the disulfide bridge as
could be proven via specific mutants and chemical breaking of the disulfide bridge [30].
EPR also revealed that the phenylalanine at position B10 plays a key role in mediating
the structural information from the disulfide bridge to the heme-pocket region [135]. The
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disulfide bridge formation seems to offer a unique refinement of the protein’s function
in certain vertebrates involving evolutionary fine tuning. Some vertebrate neuroglobins
(e.g. rodentia, Danio rerio, Antarctic icefish, etc.) miss one of the key Cys residues and
can hence not form this bridge [124,125].

The Chlamydomonas chloroplast hemeglobin has a glutamine instead of a histidine at
position E7. While at low to neutral pH, a high-spin ferric form is found, EPR shows
formation of a low-spin ferric heme complex at higher pH [132]. The ferric form has a
much lower g anisotropy than typically observed for the above-mentioned bis-histidine
ligated heme complexes (Table 3.2) and combination with site-specific mutagenesis al-
lowed to identify distal ligation of a tyrosinate (B10Tyr). The 2/2 hemoglobin of the
cold-adapted bacterium Pseudoalteromonas haloplanktis TAC125 has no less than three
low-spin ferric forms that involve alternative binding of CD1Tyr and B10Tyr, and vary-
ing strengths of H-bond interactions (Table 3.2, [134]). As far as we know, this is a
unique binding mode in hemoglobin and illustrates the high structural variability within
the globin superfamily.

By selected point mutations in the heme-pocket region, the properties of globins can
be enormously influenced. In 2016, Gladwin and co-workers attracted a lot of public
attention by showing that the E7Gln mutant of neuroglobin can act as a ligand-trap
antidote for carbon-monoxide poisoning [164]. Its high affinity for CO is in this case
obtained by eliminating the competition with the E7His distal ligand via the mutation.
This E7Gln mutant, as well as the E7Val variant, exhibits distal ligation of the E11Lys
at high pH as follows from EPR [123] and resonance Raman spectroscopy [165]. The Lys-
Fe(III)-His ligation mode with its high gz value is typical of a type-I ferric state (Table
3.2). This type of ligation has been observed before in ferric cytochromes with similar
EPR values [166]. A recent study showed that the E7Ala mutant of Ngb rapidly binds
H2S and converts it efficiently to oxidized products, while ferric wild-type Ngb is only
slowly reduced by H2S [149]. A clear difference can be seen in the EPR parameters of the
HS−-ligated ferric forms of wild-type Ngb and its E7Ala variant (Table 3.3), indicating
quite different stabilizations of the distal ligand, which directly influence the possible
reaction pathways as confirmed by other spectroscopies [149].

As pointed out at the start of this section, ferric Mb has water as its distal ligand at
low and neutral pH values. At very alkaline pH, the water ligand gets deprotonated
and the EPR spectrum changes to the typical features of the low-spin hydroxide-ligated
globin (type-II, Table 3.3, [133]). The 1H hyperfine coupling of the hydroxide proton
can be determined using different ENDOR techniques and is very anisotropic ([-11.3
-11.2 7.1] MHz for hydroxide-ligated myoglobin [167]). To our knowledge, this is the
largest proton hyperfine coupling detected in ferric globin systems. At standard X-band
microwaves, this is still a weak coupling (i.e., hyperfine coupling is smaller than twice
the proton Larmor frequency). The majority of all hydroxide-ligated ferric forms of
myoglobin occur only at alkaline pH. Nevertheless, in hemoglobin of Thermobifida fusca
and in the globin domain of C. elegans GLB33, distal hydroxide ligation of the ferric
heme iron occurs already at pH 6 ( [137, 139], Table 3.3). Both globins lack the E7His
(GLB33: E7Gln, T. fusca Hb: E7Ala) and they exhibit different hydroxide-ligated forms
with different g values (Table 3.3). A higher gz value is in these cases attributed to a
stronger H-bonding of the OH fragment. In T. fusca hemoglobin, B10Tyr and CD1Tyr
play an important role in the stabilization of the hydroxide [168].

All ferric globins readily bind cyanide and in the majority of the cases, gz ≥ 3.1 (Table
3.2, type-I). To our knowledge, the only exceptions with lower gz involve cyanide-ligation
to protoglobin and its variants [140]. The use of hyperfine techniques for the analysis of
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Figure 3.5: (a) Experimental HYSCORE spectrum of a frozen solution of ferric MbCN taken
at 4 K at an observer position agreeing with g = gz. The cross peaks in the area marked by the
dashed lining all stem from the interaction with the iron-binding nitrogen of F8His. Its coupling
is in the exact cancellation regime at X-band, which leads to sharp and intense lines dominating
the spectrum. (b) Corresponding experimental SMART-HYSCORE spectrum, tuned as to
highlight the contributions of the heme nitrogens that were suppressed in spectrum (a). Figure
adapted with permission from [140]. Copyright 2012 American Chemical Society.

ferric cyanide-ligated globins can be challenging because of the low spin-echo intensity at
high magnetic field positions (lowest principal g value). Using X-band Davies ENDOR
in combination with 13C labelling, we obtained the full 13C hyperfine tensor of the
cyanide ligand in cyanide-ligated myoglobin ([-23, -27.6, -28.7] MHz) and could in this
way contradict earlier predictions based on 13C NMR data [141]. Comparison of the
13C data of different cyanide-ligated globins revealed large variations, which cannot be
explained in terms of the hydrogen binding to the proximal imidazole NH (push effect),
an effect earlier used to explain shifts in the 13C NMR data of CN-heme complexes [169].
While the 14N hyperfine principal values of the iron-binding nitrogen of F8His in bis-
histidine coordinated globins are 4.9-6 MHz [130,131,160], this coupling reduces to ≈ 1.7
MHz for cyanide-ligated globins [140, 170]. This coupling is near exact cancellation at
X-band (i.e., hyperfine coupling ≈ twice 14N Larmor frequency) and this interaction
then dominates the HYSCORE spectra (Figure 3.5a) [140]. If one wants to observe
the contributions of the heme 14N nuclei, one needs to use SMART (single matched
resonance transfer) HYSCORE spectroscopy (Figure 3.5b) [140], use ENDOR [171] or
perform HYSCORE at a different microwave frequency. The hyperfine values of the heme
nitrogens do not seem to be markedly affected by the change in the distal ligand. However,
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they are clearly different in the case of cyanide-ligated protoglobin variants, which is due
to the strong ruffling and hence magnetic inequivalence of the pyrrole nitrogens [140].
This also explains the much lower gz value for these complexes.
As is evident from Figure 3.2, the binding of nitrite to ferric globins may be an important
step in met-globin reduction. While nitrite tends to bind via its N atom to iron in
synthetic models, an intriguing O-binding motive was found for nitrite-ligated myoglobin
[172] and hemoglobin [173] using x-ray crystallography. The g values of ferric nitrite-
ligated myoglobin and hemoglobin lie, however, in the range usually found for the Fe-NO−2
binding motive as opposed to Fe-ONO− [148, 149, 174]. This intriguing ambiguity was
recently tackled by quantum chemists. In a combined EPR-DFT study, Cooper and
co-workers suggest that both binding motives co-exist and are interchangeable [175]. No
EPR parameters were computed in this study; the conclusions were solely based on energy
computations. The group of F. Neese computed the spin-Hamiltonian parameters using
DFT and correlated ab initio methods [176]. They not only focused on the g tensors,
but also compared their computations with experimental hyperfine data of the heme and
nitrite 14N nuclei in nitritre-ligated myoglobin [177]. They convincingly showed that an
oxygen-binding motive is found and that this is modulated by the distal histidine.

3.5 Conclusions

With the discovery of many new globins in the last two decades, the view on the function
of globins is rapidly changing. Globins are being implicated in many biological processes,
beyond their well-known roles in O2 uptake, transport and storage in vertebrates. We
here showed how EPR is a valuable and unsurpassed physico-chemical tool to discover
these functions and learn about the way nature is fine-tuning the different globins for
their specific tasks. Equally, globin proteins have been used as model systems to test and
develop new EPR methodologies and quantum-chemical computations of EPR-relevant
parameters.
EPR can only be applied to paramagnetic systems, but many of the biological relevant
states in globin chemistry are EPR active. The strength of the EPR technique lies in the
fact that it can be applied to all kinds of samples, such as (frozen) solutions or living cells,
and that freeze quenching or spin trapping allow capturing transient states. EPR can be
used as a simple fingerprint tool to probe the presence of certain states in globins, but
can also provide much more detailed structural information. By using the wide palette
of hyperfine techniques, the electronic state of the different paramagnetic centres can be
detailed. In this way, unique information can be obtained about the protein, including
information about stabilization of the distal ligands by amino-acid residues, H-bonding
in the heme pocket and the effects of heme ruffling on the electronic structure. The
information follows from subtle changes in hyperfine and nuclear quadrupole couplings
and the measurement of these couplings often puts high demands to the used method-
ology and drives technical development in EPR. As an example, while the parameters
of the Nε(F8His) are found to be sensitive to the change in spin state and type of distal
ligation, changes in these values can be as small as 0.5-1 MHz. Interpretation of the
obtained parameters needs high-end non-trivial quantum-chemical computations, which
gives also an impetus to the field of theoretical chemistry. Furthermore, recent results
show that ferric heme irons can be used as intrinsic spin label in pulsed ELDOR mea-
surements. Although globins have at this stage only been used as models in the technical
methodology development, these results open the way to future structure determinations
in large globin molecules that prove to be hard to crystallize, such as globin-coupled
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sensors. Again, the obtained distance information should be combined with molecular
dynamics, which in turn boosts developments in the field of molecular modelling. All
methodological developments can be used not only in globin research, but can be ex-
panded to the broad field of heme-protein and even metallo-protein research. EPR and
globins are clearly part of a continuing story.
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Structure-function relationship
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Chapter 4

Antarctic fish versus human
cytoglobins - The same but yet
so different
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ments and interpretation.
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4.1 Abstract

The cytoglobins of the Antarctic fish Chaenocephalus aceratus and Dissostichus maw-
soni have many features in common with human cytoglobin. These cytoglobins are heme
proteins in which the ferric and ferrous forms have a characteristic hexacoordination of
the heme iron, i.e. axial ligation of two endogenous histidine residues, as confirmed by
electron paramagnetic resonance, resonance Raman and optical absorption spectroscopy.
The combined spectroscopic analysis revealed only small variations in the heme-pocket
structure, in line with the small variations observed for the redox potential. Nevertheless,
some striking differences were also discovered. Resonance Raman spectroscopy showed
that the stabilization of an exogenous heme ligand, such as CO, occurs differently in
human cytoglobin in comparison with Antarctic fish cytoglobins. Furthermore, while it
has been extensively reported that human cytoglobin is essentially monomeric and can
form an intramolecular disulfide bridge that can influence the ligand binding kinetics,
3D modeling of the Antarctic fish cytoglobins indicates that the cysteine residues are
too far apart to form such an intramolecular bridge. Moreover, gel filtration and mass
spectrometry reveal the occurrence of non-covalent multimers (up to pentamers) in the
Antarctic fish cytoglobins that are formed at low concentrations. Stabilization of these
oligomers by disulfide-bridge formation is possible, but not essential. When intermolec-
ular disulfide bridges are formed, they influence the heme-pocket structure, as is shown
by EPR measurements.

4.2 Introduction

Cytoglobin (Cygb) is a vertebrate globin with a currently unknown function that is
ubiquitously expressed in different tissues in relatively low concentrations [15]. It is
expressed in both the nucleus and the cytoplasm depending on the cell type [27]. Possible
functions of Cygb include O2 transport to the mitochondrial respiratory chain [15,28], O2

storage [178], nitrite reductase activity [179], peroxidase activity [28], and a function as
tumor suppressor gene [180]. Cygb has been reported to contribute to hypoxia adaptation
in the subterranean mole rat Spalax [181]. Moreover, it has been hypothesized that Cygb
protects cells against oxidative stress [182] and plays a role in fibrotic organ disorders
[183–188]. The possibility of using Cygb as a biomarker has also recently been evaluated
[189].

Human cytoglobin (CYGB) is expressed as a homodimer in Escherichia coli, which is
stabilized by electrostatic interactions and hydrogen bonds [23, 190–192]. It consists of
two monomers with a sequence length of 190 amino acids. This sequence shows few
similarities with vertebrate hemoglobin (Hb) and myoglobin (Mb) (<30% identity) [15].
The tertiary structure of CYGB contains eight α-helices, numbered A to H, that are
ordered in a three-over-three α-helix configuration characteristic for many globins [190].
In contrast to other globins, CYGB has extensions at the N- and C-termini, which seem
to be disordered in the crystal structures [190, 192, 193] and might be involved in lipid
binding [194]. Note that in one of the reported crystal structures, an additional helix
is found in the N-terminus prior to the A helix [193], indicating that the termini may
acquire order under certain circumstances. Similar to neuroglobin (Ngb) [80], the heme
iron in Cygbs is hexacoordinated in the absence of exogenous ligands [190], being ligated
to both the distal histidine at position 7 of the E-helix (HisE7) and proximal histidine
(HisF8) in the ferrous (Fe2+) and ferric (Fe3+) states. In this way, there is a competition
between the endogenous HisE7 and an external ligand, such as O2, to bind the central
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heme iron, and cleavage of the distal HisE7-Fe bond is necessary for binding of exogenous
ligands [81,195].

C. aceratus Cygb-1          ----------------MERMQGEAE-GDHLERPSPLTDKEKVMIQDSWAKVYENCDDTGV 43 

D. mawsoni Cygb-1           ----------------MERMQGEAE-GDHLERPSPLTDKERVMIQDSWAKVYENCDDTGV 43 

T. nigroviridis Cygb-1      ----------------MERMQRDGE-VDHVEQPGPLTEKEKVMIQDSWAKVFQSCDDAGV 43 

T. nigroviridis Cygb-2      MSHREPPPP------QLAVQRRDVDGQDGPERAEPLSDTEREMIRDAWGHVYKNCEDVGV 54 

O. latipes Cygb-1           ----------------MERKQ--GE-VDHLERSRPLTDKERVMIQDSWAKVYQNCDDAGV 41 

O. latipes Cygb-2           MSCRESPPPPSPPPQMLGVQRGECE--DRPERAEPLSDAEMEIIQHTWGHVYKNCEDVGV 58 

D. rerio Cygb-2             ----------------MEKEREDEE-TEGRERPEPLTDVERGIIKDTWARVYASCEDVGV 43 

D. rerio Cygb-1             -------------------MEGDGG-VQLTQSPDSLTEEDVCVIQDTWKPVYAERDNAGV 40 

CYGB                        ----------------MEKVPGEME-IERRERSEELSEAERKAVQAMWARLYANCEDVGV 43 

           A         B 

 

C. aceratus Cygb-1          AILVRLFVKFPSSRQYFSQFKHIEEPEELERSAQLRKHANRVMNGLNTLVESLDNSEKVA 103 

D. mawsoni Cygb-1           AILVRLFVNFPSSRQYFSQFKHIEEPEELERSAQLRKHANRVMNGLNTLVESLDNSEKVA 103 

T. nigroviridis Cygb-1      AILVRFFVNFPSSKQFFKDFKHMEEPEEMQQSVQLRKHAHRVMTALNTLVESLDNADRVA 103 

T. nigroviridis Cygb-2      SILIRFFVNFPSAKQYFSQFQDMEEPEEMERSSQLRHHACRVMNALNTVVENLHDPEKVS 114 

O. latipes Cygb-1           AILVRLFVNFPSSKQYFSQFKHIEDAEELEKSSQLRKHARRVMNAINTLVESLDNSDKVS 101 

O. latipes Cygb-2           SVLIRFFVNFPSAKQYFSQFQDMQDPEEMEKSSQLRQHARRVMNAINTVVENLQDPEKVS 118 

D. rerio Cygb-2             TILIRFFVNFPSAKQYFSQFQDMEDPEEMEKSSQLRKHARRVMNAINTVVENLHDPEKVS 103 

D. rerio Cygb-1             AVLVRFFTNFPSAKQYFEHFRELQDPAEMQQNAQLKKHGQRVLNALNTLVENLRDADKLN 100 

CYGB                        AILVRFFVNFPSAKQYFSQFKHMEDPLEMERSPQLRKHACRVMGALNTVVENLHDPDKVS 103 

 B      C        D  E 

 

C. aceratus Cygb-1          SVLKLLGKAHALRHKVEPVYFKILSGVILEVLGEAFSEVVT-PEVAAAWTKLLATMYCGI 162 

D. mawsoni Cygb-1           SVLKLLGKAHALRHKVEPVYFKILSGVILEVLGEAFSEVVT-PEVAAAWTKLLATIYCGI 162 

T. nigroviridis Cygb-1      SVLKSVGRAHALRHNVDPKYFKILSGVILEVLGEAFTEIIT-AEVASAWTKLLANMCCGI 162 

T. nigroviridis Cygb-2      SVLAVVGRAHAVKHKVEPMYFKILSGVILEVLCEDFPEFFT-ADVQLVWSKLMATVYWHV 173 

O. latipes Cygb-1           SVLNAVGKAHAIRHKVDPVYFKILSGVILEVLGEAYPQVMT-AEVASAWTNLLAILCCSI 160 

O. latipes Cygb-2           SVLALVGKAHAVKHKVEPIYFKIXSGVMLSVLSEDFPEFFT-AEVQLVWTKLMAAVYWHV 177 

D. rerio Cygb-2             SVLVLVGKAHAFKYKVEPVYFKILSGVILEILAEEFGECFT-PEVQTSWSKLMAALYWHI 162 

D. rerio Cygb-1             TIFNQMGKSHALRHKVDPVYFKILAGVILEVLVEAFPQCFSPAEVQSSWSKLMGILYWQM 160 

CYGB                        SVLALVGKAHALKHKVEPVYFKILSGVILEVVAEEFASDFP-PETQRAWAKLRGLIYSHV 162 

   F       G      H 

 

C. aceratus Cygb-1          NAIYEEVGWSKHSSSSG----------- 179 

D. mawsoni Cygb-1           NAVYEEVGWSKHSSSSG----------- 179 

T. nigroviridis Cygb-1      AAVYKEAGWTELSSSVE----------- 179 

T. nigroviridis Cygb-2      TGAYTDVGWLQVSSSAV----------- 190 

O. latipes Cygb-1           KAVYEELGWPHLSNSTS----------- 177 

O. latipes Cygb-2           TGAYTEVGWLQVSSSAV----------- 194 

D. rerio Cygb-2             TGAYTEVGWVKLSSSAV----------- 179 

D. rerio Cygb-1             NRVYAEVGWENSKK-------------- 174 

CYGB                        TAAYKEVGWVQQVPNATTPPATLPSSGP 190 

  H  

Figure 4.1: Amino-acid sequences of Antarctic fish, Tetraodon nigroviridis [196], Oryzias latipes
[196], Danio rerio Cygbs [196] and CYGB [190]. The Cys residues are indicated in red; identical
amino-acid residues are in yellow and amino-acid differences between the two Antarctic fish
Cygbs are in green. Positions of helices A-H are underlined according to the secondary structure
of CYGB. Adapted from Giordano et al. [197].

Additionally, CYGB has two Cys residues positioned at B2 and E9 (Figure 4.1). Binding
kinetic studies on ferrous CYGB showed that it is possible to form an intramolecular
disulfide bridge between these two cysteines [15]. While disulfide-bridge formation was
shown to induce a decrease in the O2 affinity by a factor of 10 in human Ngb (NGB),
the effect is much smaller for CYGB (at most a factor of 2) [23]. Electron Paramagnetic
Resonance (EPR) studies on ferric wild-type (wt) CYGB confirmed that the formation
of intramolecular disulfide bridges does not have a significant influence on the direct
environment of the heme group [30]. Recent photoacoustic and transient absorption
data indicate that the disulfide-bond formation mainly influences ligand migration and
kinetics [198, 199]. Surprisingly, recent kinetics studies indicate that the dissociation
rate constant of the E7His increases with a factor of ∼1000 when the intramolecular
disulfide bridge is formed in monomeric CYGB [200]. Furthermore, monomeric CYGB
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with the internal disulfide bond intact interacts with lipids to induce changes in the
heme environment [201]. This is not the case for the dimeric protein with intermolecular
disulfide bonds and monomeric protein without an intramolecular disulfide bridge, clearly
indicating a regulatory role for the disulfide bridge formation.

Cygb has been discovered also in teleosts, but unlike mammals, which have only a single
gene copy [15], fish possess two paralogous Cygb genes (Cygb-1 and Cygb-2), which
duplicated early in the teleost evolution [196]. Teleost Cygb-1 typically has 174 to 179
amino acids, while Cygb-2 has 179 to 196 residues. The sequence identity among fish
and mammalian Cygbs shows that Cygb-2 is more closely related to mammalian Cygb
than Cygb-1 [196]. Like their mammalian orthologs, both fish Cygbs are expressed
in a wide range of tissues. However, Cygb-2 has been detected at highest levels in
neuronal tissues, suggesting a sub-functionalization of the two globin paralogs after gene
duplication [196]. The 16 members of the Antarctic icefish family Channichthyidae,
including Chaenocephalus aceratus in this study, are the only vertebrates that do not
have Hb in their blood (white-blooded fish) [202–204], and six species also lack Mb in
the skeletal muscle as well as the heart muscle [205, 206]. They, however, have retained
Ngb [207] and Cygb [197]. Therefore, the Antarctic fish may provide a valuable system for
understanding the mechanisms involved in the evolutionary development and alternative
physiology of losing globin genes.

The current work describes the purification and physico-chemical analysis of the Cygbs-1
of C. aceratus (C.aceCygb-1) and of Dissostichus mawsoni (D.mawCygb-1), a related
red-blooded Antarctic notothenioid [208] that has both Mb and Hb. The Cygb-2 gene
has been found in the red-blooded Antarctic fishes Notothenia coriiceps (http://www.
ncbi.nlm.nih.gov/nuccore/XM_010778246.1) and D. mawsoni (Cheng unpublished).
Antarctic fish have also Cygb-2 (Giordano, unpublished).

We here evaluate to what extent the heme-pocket structure and properties are affected by
the sequence differences between the two Antarctic fish Cygbs and CYGB. Resonance Ra-
man (RR), and continuous-wave (CW) and pulsed EPR spectroscopy have been used to
characterize the heme environment, since they have been earlier shown to reveal valuable
information on CYGB [30, 57, 160]. Furthermore, the multimeric state of the Antarctic
fish Cygbs is characterized by analytical gel-filtration experiments, native mass spec-
trometry (MS) and 3D modeling. Finally, the redox potential of the different proteins
under study is determined and compared.

4.3 Materials & Methods

4.3.1 Cloning and sequencing of Cygb cDNA

Cygb cDNAs of the red-blooded notothenioid fish D. mawsoni and the icefish C. acer-
atus were cloned from retina and brain tissues, respectively. Total RNA was extracted
using Ultraspec RNA isolation reagent (Biotecx, USA), and 4 µg was primed with a lock-
dock oligodT30 primer for reverse-transcription with Superscript III (Invitrogen, USA)
to produce first strand cDNA. A pair of degenerate primers designed to the conserved
regions of Cygb-1 and Cygb-2 from percomorph fishes, perco cygF1 (5’-AGGGWGAT-
SATCCAGSACWCRTGGG-3’), and perco cygR2 (5’-GGATCTTAAAGTAYAYGGG-
KTCCACCTTGTGT-3’) was first used to amplify a ∼315nt Cygb cDNA fragment from
the two notothenioid fishes. The PCR products were sequenced and verified to be Cygb
cDNA. The partial cDNA sequences were then used to query an assembled transcrip-
tome database of D. mawsoni [209], and identified a partial transcript covering the 5’
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end of Cygb inclusive of 5’UTR sequence. Using this sequence a notothenioid specific
5’UTR primer, noto cyg5UTR F (5’-GAAACAGATTTCCATCCTCTCTCACCAGG-
3’) was designed and paired with lock-dock oligo dT30 to amplify the full length Cygb
cDNA. The PCR products were cloned into pGemTeasy (Promega, USA), sequenced
and verified to be Cygb. To confirm the validity of the nucleotide variations observed in
some clones, a notothenioid-specific 3’UTR primer noto cyg3UTR R was designed to a
conserved region in the 3’UTR of the Cygb cDNA of the two species, and paired with
noto cyg5UTR F to reamplify full-length Cygb cDNAs using Phusion® high fidelity
DNA polymerase (NEB, USA). The fragment was subsequently cloned in SmaI site of
pBSII KS- (Stratagene) and sequenced. Sequencing confirmed that the nucleotide vari-
ations were valid. All sequencing reactions were performed using BigDye® Terminator
v3.1 chemistry (ABI) and electrophoresed on ABI 3730XL capillary sequencer at the Roy
Carver Biotechnology Center at the University of Illinois, Urbana-Champaign.
The subcloning of Cygb cDNAs was performed in expression vectors pBADA. A PCR
was carried out on the above mentioned plasmids using the 5’ primer, containin a XhoI
restriction site (5’-CCGCTCGAGATGGAGAGGATGCAGGGAGAGG-3’), while the
3’ primer contained an EcoRI restriction site (5’-CCGGAATTCTCACCCACTTGAG-
CTTGAG-3’). The amplified product was cleaned and cut with XhoI and EcoRI at
37°C. The fragment was ligated in the similarly cleaved expression vector pBADA. The
resulting plasmids were sequenced to verify that D.mawCygb-1 and C.aceCygb-1 were
successfully cloned in the pBADA vector with the N-terminal His-tag in frame.
Cys residues were replaced by Ser (C38S/C160S double mutant) by using the
QuickChange™ site-directed mutagenesis method (Stratagene). These mutants are ab-
breviated as D.mawCygb-1* and C.aceCygb-1*.
The cloning was performed by the Institute of Protein Biochemistry in Naples.

4.3.2 Protein Expression, Mutagenesis and Purification

Recombinant expression plasmids were transformed in the Escherichia coli TOP10 strain
(Invitrogen). The cells were grown overnight at 37°C in 6 ml L-broth (10 g/L tryptone,
5 g/L yeast extract and 0.5 g/L NaCl) with 50 mg/L ampicillin. The grown cultures
were poured into a flask containing 250 ml TB medium (1.2% bactotryptone, 2.4% yeast
extract, 0.4% glycerol, 17 mM KH2PO4 and 72 mM K2HPO4 3H2O) and 50 mg/L
ampicillin. The cultures were shaken at 160 rpm at 37°C. The cultures were induced
at A550= 1.0 O.D by the addition of 20% L-arabinose to a final concentration of 0.2%.
The expressions were continued overnight. The grown cells were harvested (20 min at
4000 rpm) and resuspended in 12 ml lysis buffer (50 mM TrisHCl p H7.5, 300 mM NaCl,
1% lysozyme). The resuspended cells were freeze-thawed three times and sonicated (1
minute 70 Hz with a 3-5 s pulse). The extract was clarified by low speed centrifugation
(10 min at 10000 rpm, 4°C). Imidazole was added to an end concentration of 20 mM and
another low speed centrifugation was performed. The supernatant was loaded on a nickel
Sepharose column (Clontech). The bound Cygb was eluted with elution buffer (250 mM
imidazole, 50 mM TrisHCl pH 7.5, 300 mM NaCl). The Cygb fractions were dialyzed
against 50 mM TrisHCl pH 7.5 and concentrated by using a Stirred 1 Cell (Millipore)
under 2 bar air pressure.
The recombinant mutants D.mawCygb-1* and C.aceCygb-1* were expressed and purified
as described above for the wt proteins. The expression, mutagenesis and purification of
CYGB and CYGB*, used as comparative proteins to the Antarctic fish Cygbs, was
identical to what was described previously [30].
The purity of the recombinant expressed proteins was analyzed by 15% SDS-PAGE (see
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Figure A.1), MS (see section 4.3.4) and UV/Vis absorption at 280 nm and 416 nm. The
respective Rz values for C.aceCygb-1 and D.mawCygb-1 are 1.91 and 1.89.
The protein expression, mutagenesis and purification were performed by the PPES lab-
oratory in Antwerp.

4.3.3 Analytical gel-filtration experiments

To determine the quaternary structure of Antarctic fish Cygbs in solution, analytical gel-
filtration experiments were performed. The standards and the Antarctic fish Cygbs were
passed through a Superose 12 column (25 mL volume). The column was equilibrated at
room temperature with 50 mM TrisHCl pH 8.0, 150 mM NaCl and 0.5 mM EDTA. The
flow rate was 0.5 ml/min and protein elution was monitored at wavelengths of 280 nm
(probing amino acids with aromatic ring structure) and 412 nm (Soret band typical for
heme proteins (globins)). To evaluate whether protein concentration has an influence
on the degree of the quaternary structure, different Antarctic fish Cygb-1 concentrations
were analyzed (3 µM, 12.5 µM, 50 µM, 100 µM, 125 µM, 500 µM and 1 mM). Also
Antarctic fish Cygb-1* mutants were taken into account. A re-run of the fractionated
multimers, after concentrating, was performed to check the equilibrium between the
different forms.
Four standards (horse Mb, human Hb, recombinant CYGB and thyroglobulin) were taken
into account to make a standard curve. The logarithm of the molecular weights was given
as a function of elution time. The molecular weights of the Antarctic fish Cygb-1 proteins
could be estimated using the standard curve.
As part of the sample preparation for native mass spectrometry, gel-filtration experiments
were also run on a Superdex 200 10/300 GL column (25 mL volume) with a flow rate of
0.75 mL/min (see section 4.3.4).
Analytical gel-filtration experiments were performed by the PPES laboratory in Antwerp.

4.3.4 Native Mass Spectrometry (MS)

Proteins were diluted in 100 mM ammonium acetate to a final concentration of 20 µM.
The samples were desalted using BioSpin columns (Biorad) and were introduced into
the vacuum of the mass spectrometer using nano-electrospray ionization with in-house
prepared gold-coated glass capillaries at a voltage of +1.6 kV. MS experiments were per-
formed on a travelling-wave ion mobility Q-TOF instrument (Synapt G2 HDMS, Waters,
Manchester, UK) [210, 211] or a high mass modified Q-TOF (Micromass, Manchester,
UK) [212] tuned to maintain native protein structure in the gas-phase. Critical voltages
for ion mobility experiments on the Synapt type instrument were 25 V for the sampling
cone, 4 V trap collision energy, 1.5 V transfer collision energy and 45 V for the trap
DC bias. Pressures throughout the instrument were 6 mbar, 4.5× 10−2 mbar, 3.1 mbar
and 4.3 × 10−2 mbar for the source region, trap cell, ion mobility- and transfer cell,
respectively. Ion mobility data were calibrated against proteins of known structure, as
described elsewhere [213]. Experiments on the modified Q-TOF instrument were per-
formed using 20 µM protein in 100 mM AmAc for native or 10 µM protein in 49:50:1
H2O:acetonitrile:formic acid for denatured experiments, which were obtained by collect-
ing the monomer fraction of a SEC (Size-Exclusion Chromatography) run on a Superdex
200 10/300 GL column (25 mL volume) with a flow rate of 0.75 mL/min. Critical volt-
ages were 1.8 kV for the capillary, 100 V for the sampling cone, 3 V for the extractor and
25 V for the collision cell, with pressures of 4 mbar in the source region and 1.5× 10−2

mbar in the collision cell.
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Collision cross sections (CCS) for comparison of protein structures were derived from
the coordinates of the structural model of C.aceCygb-1 that was predicted using the
MODELLER software [214] (see further). Oligomeric head-to-tails models were manually
docked and subsequently subjected to an energy minimization routine implemented in
the Yasara software (www.yasara.com). All CCS from PDB files were calculated with the
Mobcal algorithm using the projection approximation (PA) method at 298 K in He and
scaled to the experimentally derived factor of 1.14×(MWexp/MWmodel)

2/3×CCSPA [215],
to correct for the difference in ion mobility gas (N2 in IM-MS and He in PA calculations)
and the fact that the PA algorithm tends to underestimate cross sections.

Native MS experiments were performed by the Biomolecular & Analytical Mass Spec-
trometry (BAMS) laboratory in Antwerp.

4.3.5 Optical Absorption Spectroscopy

Optical absorption measurements of ferric (as-expressed), ferrous deoxy, and CO-ligated
ferrous Antarctic fish Cygb-1 proteins were performed on a Varian Cary 5E UV-Vis-
NIR spectrometer. All spectra were measured in a range from 350 to 700 nm at room
temperature with a protein concentration of ∼ 20µM. The ferric form of the protein was
obtained after purification. The ferrous and CO-ligated ferrous forms were prepared in a
sealed cuvette containing 1 mL of buffer solution (50 mM TrisHCl pH 7.5). The sample
was then equilibrated with N2 (ferrous form) or CO (CO-ligated ferrous form). The
protein was added to a final concentration of ∼ 20µM using an airtight syringe and 10
µL of a saturated solution of sodium dithionite was finally added to reduce the protein
and remove any residual oxygen.

4.3.6 Resonance Raman Spectroscopy

Resonance Raman measurements were performed at room temperature on a Dilor XY-800
Raman spectrometer in low-dispersion mode using a liquid nitrogen-cooled CCD detector.
The excitation source is a Kr+ laser (Spectra-Physics BeamLok 2060) operating at 413.1
nm. The slit width used during the experiments is 200 µm.

During the measurements, the proteins were magnetically stirred at 500 rpm to avoid
local heating and photochemical decomposition. Ten spectra were acquired with an
integration time of 30-240 s each. In order to remove spikes caused by cosmic rays, we
removed the highest and lowest data points for each frequency value, and averaged the
remaining values. The power of the Kr+ laser was 1-50 mW. The ferrous deoxy and CO-
ligated forms of the proteins were obtained in the same way as for the optical absorption
spectroscopy measurements. The CO-ligated samples were prepared with both 12CO and
13CO; the latter was obtained from Cortecnet (99% 13C). All samples had a final protein
concentration of ∼50 µM.

4.3.7 Electron Paramagnetic Resonance

X-band continuous wave (CW) EPR measurements were performed at low temperature
(10 K) on a Bruker ESP300E spectrometer with a microwave frequency of ∼9.45 GHz,
equipped with a gas-flow cryogenic system (Oxford Instruments), allowing for operation
from room temperature down to 2.5 K. The magnetic field was measured with a Bruker
ER035M NMR Gauss meter. During the experiments, a vacuum pump was attached to
the EPR tube in order to remove paramagnetic oxygen from the sample. The spectra

B. Cuypers 59

www.yasara.com


of heme proteins are typically measured with a modulation amplitude of 0.5 mT, a
modulation frequency of 100 kHz and a microwave power of 100 µW.
The effect of 1,4-dithiothreitol (DTT) on the heme pocket was determined as follows.
DTT was dissolved in the protein buffer to a concentration of 100 mM. This solution
was then added to the protein in the EPR tube to a final concentration of 10 mM DTT,
after which the sample was immediately frozen for EPR measurements.
X-band pulsed EPR measurements were performed at low temperature (7K) on a Bruker
E580 Elexsys spectrometer with a microwave frequency of 9.74 GHz, equipped with a
gas-flow cryogenic system (Oxford Instruments) allowing for operation from room tem-
perature down to 2.5 K. Electron-spin-echo (ESE) spectra (section 2.2.3.3) were recorded
using the π/2− τ −π− τ − echo sequence with tπ/2 = 16 ns, tπ = 32 ns and τ was varied
from 88 ns to 2888 ns in steps of 8 ns. Three-pulse ESEEM spectra (section 2.2.3.4)
were recorded using the π/2− τ − π/2− T − π/2− τ − echo sequence with tπ/2 = 16 ns,
tπ = 32 ns, τ was varied from 88 ns to 648 ns in steps of 16 ns and T was varied from
88 ns to 5688 ns in steps of 16 ns. Hyperfine sublevel correlation (HYSCORE) spectra
(section 2.2.3.4) were recorded using the π/2 − τ − π/2 − t1 − π − t2 − π/2 − τ − echo
sequence with tπ/2 = 16 ns, tπ = 32 ns and t1 and t2 were varied from 88 ns to 5688 ns
in steps of 16 ns. HYSCORE measurements were recorded with different τ -values and
added together as indicated in the figure captions. The HYSCORE spectra are base-
line corrected using a third-order polynomial, apodized with a Hamming window and
zero-filled. After Fourier transformation, the absolute value spectrum was calculated.
The Mims ENDOR (electron nuclear double resonance) spectra (section 2.2.3.5) were
recorded using the π/2−τ−π/2−T −π/2−τ−echo microwave sequence with tπ/2 = 16
ns and τ was varied from 88 ns to 488 ns in steps of 16 ns. An rf π pulse between 6.5 µs
and 11 µs was inserted during time T, depending on the magnetic-field position. Spectra
taken at the different τ -values were added together to remove blind spots.
For all EPR measurements, 20% glycerol was added as a cryoprotectant. All spectra were
computer simulated using Easyspin [216], a toolbox for MATLAB (MathWorks, Natick,
Mass., USA).

4.3.8 Redox Potential Measurements

All electrochemical measurements were carried out using a µ-Autolab III potentiostat
(EcoChemie, The Netherlands) controlled by Nova 1.10 software. Gold disk working
electrodes (MF-2014 BASi, surface area 2.0 mm2) were mechanically polished with abra-
sive slurries of diamond and alumina (particle sizes of 3, 1 1, 0.25 and 0.05 µm). Residual
polishing material was removed from the electrode surface by ultrasonication in ethanol
and water for 5 min. The electrochemical pre-treatment was performed by recording
10 successive scans from 0.1 V to 1.5 V versus a saturated calomel electrode (SCE) in
0.5 M H2SO4 at 0.1 Vs−1. Finally, the electrodes were incubated overnight in 8 mM 6-
mercaptohexanol (Sigma-Aldrich) water solution. The electrodes were washed in copious
amount of water before being installed in an electrochemical cell. Electrochemical behav-
ior in the solution was studied using an electrochemical cell designed for measurements
in a small sample volume [217]. 50 µl of the protein solutions (20-50 µM) was placed in
the cell equipped with a glassy carbon counter and SCE (0.248 V versus SHE at 20 °C,
REF401 Radiometer) electrodes. Alternatively a conventional three electrode cell was
used, where a thin layer of protein solution was entrapped between the working electrode
and a dialysis membrane (MWCO 12 kDa) [218]. The background voltammograms were
recorded before introducing a sample of the proteins. All measurements were carried out
at (20 ± 2) °C in 0.05 M TrisHCl buffer (pH 8.0) under nitrogen atmosphere.
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Redox potential experiments were performed by the AXES laboratory in Antwerp.

4.3.9 3D-Modelling of C.aceCygb-1

The structural model of C.aceCygb-1 was predicted using the MODELLER 9v15 soft-
ware [214, 219] in combination with Chimera [220]. The model was built omitting the
N-terminal part of the protein (i.e. assuming C.aceCygb-1(17-179)). Procheck [221]
evaluation indicated that the geometry of 100% of the residues is in allowed regions.
Verify3D [222,223] showed that 84.66% of the residues have a score higher than 0.2, and
ProSA-web [224, 225] results confirm this finding through a negative Z-score for every
residue, and a calculated Z-score of -7.5 for the global molecule. All these data indi-
cate a reliable model. The predicted model of C.aceCygb-1 is compared to the known
high-resolution 3D structure of CYGB (PDB: 2DC3 [A]) (Figure 4.2).

Figure 4.2: 3D structure of CYGB (PDB:2DC3[A]) (left) and the modelled structure of
C.aceCygb-1 (right). The location of the cysteines is indicated by their sequence number.
The modeling reveals that the position of the cysteines in C.aceCygb-1 is such that internal
disulfide-bridge formation can be excluded.

4.4 Results

4.4.1 Amino-acid sequence analysis

C.aceCygb-1 and D.mawCygb-1 reported here, are considered as Cygb-1 (accession num-
bers KR73976 and KR732975, respectively), because their sequence is closely related to
the Cygbs-1 of temperate fish with more than 70% of sequence identity, whereas they
share from 54 to 59% of sequence identity with fish Cygbs-2 and CYGB (Figure 4.1
and Table A.1). The only exception is for Danio rerio, since its Cygb-2 shares 60% of
sequence identity with Cygb-1 of Antarctic fish (Table A.1). Fish Cygb-2 is more closely
related to mammalian Cygb than fish Cygb-1 with a sequence identity of 66% [196].
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In the liver and brain transcriptome of C. aceratus, Shin et al. [226] have identified
Cygb-1 mRNA having the same nucleotide sequence found in the muscle of another
icefish Chionodraco hamatus [227]. The Cygb-1 mRNA has also been identified in the
brain of C. hamatus and Trematomus bernacchii (a red-blooded species of the family
Nototheniidae) [197]. The latter Antarctic fish Cygb-1 displays very high sequence sim-
ilarity with C.aceCygb-1 and D.mawCygb-1 (unpublished results). As mentioned, the
Cygb-2 mRNA has been found in the red-blooded Antarctic fish N. coriiceps, C. hamatus,
T. bernacchii and D. mawsoni DNA.
The two Antarctic fish Cygbs are composed of 179 amino-acid residues with a sequence
identity of 98%, differing in only four positions: R24K (position A5), N52K (BC loop),
I158M (H15 position) and V165I (H22 position). The residues suggested to be essential
for the function (Leu46 B10, Phe60 CD1, His81 E7, Arg84 E10, Val85 E11 and His113
F8, considered equally important in binding of an exogenous ligand [190, 192, 228]) are
conserved and present in both Antarctic fish Cygbs (Figure 4.1).
Mammalian Cygbs contain conserved Cys residues, positioned at B2 and E9, which are
known to create an intramolecular disulfide bridge in vitro [23] that slightly increases the
O2 affinity of mammalian Cygb under oxidizing conditions. However, these Cys residues
are only conserved in Tetraodon nigroviridis Cygb-2, whereas in the other teleost Cygbs,
as well as in Antarctic fish Cygb-1, the Cys at position E9 is replaced by another amino
acid (Figure 4.1). Moreover, teleost Cygbs have another Cys residue positioned at H17
(Figure 4.1), too far from the first Cys to form a disulfide bridge [see discussion and
modeling (Figure 4.2)]. Therefore, the O2 affinity of fish Cygb-1 is expected to depend
differently on the redox state of the Cys residues than in mammalian Cygbs.
In globin sequences, cysteine residues are rather scarce and occur at well-defined posi-
tions, suggesting specific functions. The role of cysteyl residues in globins is most likely
the same as in all proteins in general, namely, the involvement in the formation of intra-
or intermolecular disulfide bonds. Although the number of Cygb sequences available is
rather small, the relative conservation of the Cys residues may suggest a functional sig-
nificance. Whereas intramolecular disulfide bonds are well documented as affecting the
O2 affinity in NGB and CYGB, to date, these effects have never been observed in the
fish variants of these globins.

4.4.2 Multimeric state of Antarctic fish Cygbs

Analytical gel-filtration experiments for C.aceCygb-1(*) suggested the presence of
monomers and multimers [Figure 4.3 (low concentrations) and Figure A.2 (high con-
centrations)]. A re-run of the fractionated peaks (immediately after concentrating the
samples) was performed (Supplementary Figure A.3). Minor redistribution of oligomeric
species was observed in the fractionated samples. The same results were obtained for
D.mawCygb-1 (data not shown).
In order to study this in more detail, native MS was performed to assess the degree of
heterogeneity present in the Antarctic Cygbs (Figure 4.3). The experimental approach is
outlined in Figure 4.3A. First, gel-filtration experiments were performed over a Superdex
200 10/300 GL column on diluted samples with a final concentration of 60 µM in a 100
mM AmAc pH 7.5 buffer (Figure 4.3B). The volume representing the monomeric species
was collected and kept overnight at 4°C with a concentration of 20 µM. Nano-electrospray
ionization (nESI), which leaves the structure and non-covalent interactions of a protein
unaltered upon transfer to the gas phase, was then used to produce the protein ions. MS
measurements were performed under both native and denaturing conditions. Figure 4.3C
shows the results for C.aceCygb-1(*), while the corresponding results for D.mawCygb-
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Figure 4.3: A Cartoon showing the outline of the analytical approach. B Chromatogram
of the gel-filtration experiments performed on C.aceCygb-1(*) and D.mawCygb-1(*) (Superdex
200 10/300 GL column). C Nano-ESI mass spectra of C.aceCygb-1 (left) and C.aceCygb-1*
(right) introduced in the spectrometer under non-denaturing conditions (top) and denaturing
conditions (bottom). The charges of the formed complexes and signals stemming from charged
multimers are indicated.

1(*) are shown in Figure A.4. nESI generates multiply charged protein ions, with a
Gaussian like charge state distribution for each species. For both Cygbs we observe spec-
tra dominated by signals from the monomer (Figure 4.3 blue circles) and dimer (Figure
4.3 red circles) species. However, along with monomers and dimers, oligomeric species
up to pentamers are observed. When chaotropic solvents (acetonitrile and formic acid),
which weaken all non-covalent interactions, were added to the solutions and the solutions
were left incubating overnight at 4°C, the signals from oligomeric protein were abolished
(Figure 4.3C and A.4). This shows that the driving forces behind oligomerization are
non-covalent interactions between the subunits. When the experiments were repeated
starting from a sample diluted from a high-concentration aged batch, similar multimers
were observed under native conditions (Figure A.5). However, under mild denaturing
conditions (acetonitrile alone), the signal for oligomeric protein was partially retained
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(Figure A.5C). Degrading in the presence of acetonitrile and formic acid was needed
to abolish most of the signals of the multimers, indicating that the non-covalent mul-
timers are quite stable. The initial oligomers formed in a non-covalent way may even
be further stabilized by slow disulfide bridge formation. Such disulfide bridge formation
may explain the more pronounced broad signals observed at m/z values larger than 3500
for the Cygb-1 in comparison to Cygb-1*, both under denaturing conditions (Figures
4.3C and A.4) and can also explain the notable effect of DTT on the MS spectrum of
the high-concentration batch of D.mawCygb-1 (Figure A.5D). However, these disulfide
bridges are clearly not necessary for the oligomerization and are not the key factor in
determining their high stability.

Note that in the mass spectrum of C.aceCygb-1 shown in Figure 4.3C, extra peaks due to
a complex 1.1 kDa lower in mass are observed. These peaks are, however, not observed
in any of the other batches (e.g. Figure A.5A) and are therefore ascribed to an impurity.
Their presence does not influence the oligomerization behavior.

We further assessed the topology of oligomerization with IM-MS (Figure 4.4, Figure
A.6). All Antarctic fish Cygbs investigated (both wild-type and mutants) displayed sim-
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Figure 4.4: Ion-mobility MS shows that Antarctic fish Cygbs form oligomers that grow linearly
in size. Head-to-tail model of oligomeric C.aceCygb-1 confirms a linear oligomerization pathway.

ilar CCS for the same oligomeric sizes, suggesting that oligomerization proceeds via a
similar pathway in all cases. In addition, native IM-MS revealed that the Antarctic
fish Cygb forms oligomers for which the CCS increases linearly with oligomer size, sug-
gesting a chain-like growth of the oligomers. The obtained results are congruent with
a head-to-tail oligomerization. In order to confirm the linear oligomerization pathway,
we considered models of head-to-tail oligomeric C.aceCygb-1 (Figure 4.4). Although the
CCSs predicted for these oligomeric models were found to be somewhat lower than the
experimental values, such differences are most likely due to the missing N-terminus in
the models.

CYGB was also investigated with native MS (Figure A.7). Compared to the spectra of
Antarctic fish Cygbs-1, no extensive oligomeric CYGB was observed. The spectrum is
dominated by monomeric CYGB, with only low intense signals for dimer CYGB.
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4.4.3 Optical absorption spectra

Figure 4.5 shows the optical absorption spectra of the ferric, the ferrous deoxy and the
CO-ligated ferrous forms of C.aceCygb-1 and D.mawCygb-1. The spectra of C.aceCygb-
1 and D.mawCygb-1 are similar with the Soret and Q-bands at the same position. Ferric
C.aceCygb-1 shows the Soret band at 415 nm and the β and α Q-bands at 531 and 562
nm, respectively. This is typical for hexacoordination of the heme iron (low-spin (LS)
state S = 1/2) and indicates bis-histidine ligation to the iron as was earlier observed
for ferric CYGB [57]. Similarly, the Soret (425 nm) and Q-bands (531/559 nm) of the
ferrous deoxy Antarctic fish Cygbs are typical for a bis-histidine coordination of the
ferrous iron [57]. The Soret (423 nm) and Q-bands (543/471 nm) of the CO-ligated
ferrous forms of the Antarctic fish Cygbs are also identical to those of the corresponding
form of CYGB [57].
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Figure 4.5: Optical absorption spectra of the ferric (blue), ferrous deoxy (red) and CO-ligated
ferrous (black) forms of A C.aceCygb-1 and B D.mawCygb-1 at pH 7.5. The spectra were
normalized to the Soret band in order to allow better visual comparison of the shifts of the
spectral lines.

4.4.4 Resonance Raman spectroscopy

The porphyrin in-plane vibrational modes in the high-frequency region (1000-1700 cm−1)
of the RR spectra of heme proteins present marker bands for the oxidation, coordination
and spin state of the heme iron. In the low-frequency region (250-900 cm−1) different
bending modes of the propionate, pyrrole and vinyl groups can be found [62]. Figure
4.6 shows the RR spectra of ferric (a), ferrous deoxy (b), and CO-ligated ferrous (c,d)
C.aceCygb-1. The corresponding spectra for D.mawCygb-1 are shown in Figure 4.7,
which are similar to those of C.aceCygb-1.
The main vibration modes of the ferric and ferrous ligated forms of the Antarctic fish
Cygbs-1 are given in Table 4.1 and compared to those of CYGB and other globins
exhibiting heme bis-histidine coordination. The characteristic marker bands ν4, ν3 and ν2

clearly confirm this coordination state for both the ferrous deoxy and the ferric state of the
two proteins. The size of the porphyrin ring can be calculated using the following formula
ν = K(A − d) where ν represents the peaks correlated with ν10, ν2, ν38 and ν3 [229].
The distance between the porphyrin center and the pyrrole nitrogen is given by d(Å) and
the values of K (cm−1/Å) and A (Å) were determined by Choi et al. [229]. ν38 was not
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Figure 4.6: RR spectra in the low- and high-frequency range of C.aceCygb-1 in the ferric (a),
ferrous deoxy (b) and CO-ligated ferrous (c,d) form. The spectra were measured with a laser
power of 12 mW (a,b), 1 mW (c) and 50 mW (d).
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Figure 4.7: RR spectra in the low- and high-frequency range of D.mawCygb-1 in the ferric
(a), ferrous deoxy (b) and CO-ligated ferrous (c,d) form. The spectra were measured with a
laser power of 12 mW (a,b), 1 mW (c) and 50 mW (d).

taken into account for the calculation of d for C.aceCygb-1 and D.mawCygb-1 because
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of the uncertainty on the peak position determination (Table 4.1). For C.aceCygb-1 and
D.mawCygb-1 the predicted distance is 0.1987(1) nm. This is comparable to the heme
core dimension in CYGB, but somewhat lower than the one found for the tomato globin
SOLly GLB1 [130]. The out-of-plane modes γ6, γ7, γ12 and γ21 are not visible in the
ferric and ferrous heme forms indicating that the central iron is located in the heme plane
due to the bis-histidine coordination.
The propionate bending mode δ(CβCcCd) is found at 380-383 cm−1 for all forms of the
Antarctic fish Cygbs under study, in agreement with a strong hydrogen bond between
the heme propionate and the surrounding amino acids [230]. A similar value was found
for CYGB [57]. The vinyl bending modes are observed at 416 and 433 cm−1 (ferrous
deoxy form), 416 and 429 cm−1 (ferric form) and 417 and 430 cm−1 (CO-ligated form).
Similar vinyl bending modes are observed for CO-ligated ferrous CYGB [57]. The two
vinyl bending modes of the Cygbs are less separated than in the Mb case (408 and 439
cm−1) [62].
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Figure 4.8: A Deconvolution of νFe−CO stretching modes observed in CO-ligated ferrous
C.aceCygb-1; two modes centered at 489 cm−1 (77%) and 509 cm−1 (23%). B Comparison of
12CO-ligated (blue) and 13CO-ligated (red) forms of C.aceCygb-1. A clear down-frequency shift
of around 3 cm−1 is seen for the two νFe−CO stretching modes in the case of 13CO. C Comparison
of 12CO-ligated forms of the wild-type (black) and mutant (red) form of (a) C.aceCygb-1 and
(b) D.mawCygb-1. No differences between the spectra can be observed.
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C.aceCygb-1 [cm−1] D.mawCygb-1 [cm−1] CYGB [cm−1] C.aceNgb [cm−1] SOLly GLB1 [cm−1]
FeIII FeII FeIII FeII FeIII FeII FeIII FeII FeIII FeII

ν4 1374 1361 1374 1361 1375 1361 1373 1360 1371 1359
ν3 1507 1493 1506 1493 1507 1493 1504 1492 1502 1490
ν38 1552* 1558 1553* 1559 1546 1555 1555 1556 1550

ν(C=C) 1621 1616 1621 1615 1619 1613 1629 1627
ν(C=C) 1623 1616
ν10 1642 1641 1642 1636 1636

301 299 292 295
ν8 348 349 347 350 348 343

δ(CβCcCd) 380 383 380 384 378 380
δ(CβCaCb) 416*/433* 416*/429* 416*/433* 416*/430* 426 430

490 490 488 487 485 480
ν7 678 676 676 675 674 674
ν15 749 749 746

* broad background limits the correct assignment of these vibration modes (± 2 cm−1)

Table 4.1: Selection of vibration modes as seen in the RR spectra of ferric and ferrous deoxy forms of C.aceCygb-1, D.mawCygb-1, recombinant
CYGB [57], C.aceNgb [207] and non-symbiotic tomato Hb (SOLly GLB1) [130].
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Figure 4.6 reports the RR spectra of CO-ligated ferrous C.aceCygb-1 recorded with a
laser power of 1 mW (Figure 4.6c) and 50 mW (Figure 4.6d). Upon increase of the laser
power, the ν4 component at 1361 cm−1 (ferrous form) increases with respect to the ν4

component at 1373 cm−1 (CO-ligated ferrous form) in line with the photolysis of the
heme-bound CO. At the same time, a marked change occurs in the 470-530 cm−1 area.
This allows an identification of the Fe-CO stretching modes (νFe−CO). Two bands can be
discerned: one strong band at 489 cm−1 (77%) and one lower intense peak at 509 cm−1

(23%) (Figure 4.8A for fit). Analogous observations were done for the CO-ligated form
of D.mawCygb-1 (Figure 4.7). The identification of these bands is further corroborated
by comparison of the RR spectra of the 12CO- and 13CO-ligated ferrous forms of the
Antarctic fish Cygbs (Figure 4.8B), revealing a down-frequency shift of ∼3 cm−1 for
both bands in the 13CO-ligated Cygb case.
The RR spectra of CO-ligated ferrous C.aceCygb-1* and D.mawCygb-1* were found
to be identical to those of the wild-type proteins (Figure 4.8C). This shows that the
mutations and putative formation of intermolecular disulfide bonds do not influence the
stabilization of the CO ligand.

4.4.5 Electron Paramagnetic Resonance

Figure 4.9 shows the CW-EPR spectra of ferric C.aceCygb-1, and C.aceCygb-1* at 10
K with their corresponding simulations. The corresponding spectra for D.mawCygb-1
and D.mawCygb-1* are given in Figure 4.10 as well as the ESE-detected EPR spectra
(Figure 4.11). Similar to earlier observations for ferric CYGB [30], all EPR spectra
are dominated by a low-spin (LS, S = 1/2) ferric heme component that agrees with
the bis-histidine coordinated ferric form (HisF8-Fe(III)-HisE7) of the protein (Table 1).
The EPR spectrum also shows minor contributions of a non-heme iron (indicated with
an asterisk, g ∼ 4.28), a batch-dependent high-spin (HS) ferric heme component (gx =
5.96±0.01, gy = 5.85±0.01, gz = 1.997±0.01) and a minor LS ferric form (gx = 1.850.01,
gy = 2.37±0.01, gz = 2.62±0.01) due to ligation of buffer molecules to the heme iron [30].
The batch-dependent HS form is related to protein denaturation and/or the breaking of
the Fe-E7His bond. It stems from less than 1% of the globin proteins and is of little
biological relevance. Furthermore, all spectra show a Cu(II) cavity background signal
(gz = 2.28 ± 0.01, gy = gx = 2.06 ± 0.01; |Ax| = |Ay| = 45 ± 5 MHz , |Az| = 500 ± 5
MHz).
Table 4.2 shows the principal g values of the dominant LS component of ferric wt
C.aceCygb-1(*) and D.mawCygb-1(*) in comparison with other globins. Although the
gz- and gy-values of the LS ferric heme contribution can be easily determined from CW
EPR, little information can be obtained about the gx value (too broad lines). Usually,
this value is estimated assuming

∑
g2
i = 16, which is based on a simplification of the

ligand-field theory [150]. To check whether this assumption is valid in the present cases,
two sets of experiments were set up. First of all, 2D ESE-detected EPR spectra were
recorded to estimate the region in which a spin echo could still be detected (Figure 4.11).
To evaluate that the weak spin echo observed at higher fields is still due to the heme
protein, 2-pulse-ESEEM experiments were performed at the high-field position (600 mT,
g ∼ 1.13) (Figure 4.12). Since the unpaired electron of Fe(III) interacts with the heme
nitrogens, contributions of the 14N nuclear transitions in the 2-pulse-ESEEM spectra at
higher field positions are expected if the echo signals are indeed originating from the
heme centre. It is obvious that there is still a weak signal due to 14N interactions at
600 mT. This is stronger in the D.mawCygb-1 case, indicating that the gx value may
still be lower than that of C.aceCygb-1. In any case, the experiments indicate that the
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Figure 4.9: CW-EPR spectra of a frozen solution of ferric C.aceCygb-1 (a) and C.aceCygb-
1* (b) at pH 7.5. Blue line is the experiment, red line is the simulation. The simulations of
the different contributions of C.aceCygb-1 are all shown separately: (1) low-spin component, (2)
high-spin component, (3) non-heme iron component, (4) buffer-ligated low-spin heme component
and (5) Cu(II) background component. # indicates the contribution of a non-heme iron, the
feature around g∼6 is due to a small amount of HS ferric heme. The spectra are rescaled to the
same microwave frequency and normalized to equal intensity for comparison.
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Figure 4.10: CW-EPR spectra of a frozen solution of ferric D.mawCygb-1 (a) and D.mawCygb-
1* (b) at pH 7.5. Blue line is the experiment, red line is the simulation. # indicates the
contribution of a non-heme iron. All spectra are rescaled to the same microwave frequency and
normalized to equal intensity for comparison.
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Figure 4.11: Experimental ESE-detected EPR spectra (blue) of a frozen solution of (A)
D.mawCygb-1 and (B) C.aceCygb-1 and their corresponding simulation (red). The simula-
tion parameters are described in Table 4.2. All spectra were recorded at 7.5 K and summed
over 350 different τ -values (from 88 ns to 2880 ns).
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Figure 4.12: Fourier transform of 2-pulse ESEEM experiment of a frozen solution of ferric (a)
D.mawCygb-1 and (b) C.aceCygb-1 at high field (600 mT, g ∼ 1.13).

calculated gx-value is an upper boundary for the real value.

The principal g values of the dominant LS component of ferric wt C.aceCygb-1 and
D.mawCygb-1 (Table 4.2) are in line with those found for ferric wt CYGB [30]. They are
typical for heme proteins with bis-histidine ligation of the ferric heme and a large dihedral
angle between the imidazole planes. The gz value increases with increasing dihedral angle,
suggesting that D.mawCygb-1 has a slightly higher dihedral angle between the two heme-
binding His imidazoles. Interestingly, the principal gz value of the C38S/C160S mutant
D.mawCygb-1* shows small but significant differences with those of the corresponding
wt variant for the concentrated protein solutions (44 mg/mL) (Table 4.2 and Figure
4.13). Furthermore, the EPR parameters are also influenced by addition of DTT to
this high concentration sample. A similar, but more pronounced effect was observed
earlier for NGB [30]. Indeed, the EPR parameters of NGB with or without an internal
disulfide bridge differ strongly (Table 4.2), thus indicating a significant change in the
heme environment upon disulfide-bridge formation. Although intramolecular disulfide-
bridge formation was demonstrated to slightly influence the dioxygen affinity of CYGB,
no change in the EPR parameters was observed when comparing the spectra of ferric
wt CYGB and CYGB* or when DTT was added to ferric wt CYGB [30]. For the
Antarctic fish Cygbs intramolecular disulfide bridge formation can be excluded based
on the 3D modeling (Figure 4.2). However, MS experiments on samples diluted from
the D.mawCygb-1 batch used for EPR with and without DTT showed a change in the
multimer composition (Figure A.5B,D). The observed change of the EPR spectrum after
addition of DTT may thus agree with the break-up of the disulfide bridges. This reveals
that, although disulfide bridges are not necessary for the oligomerization, their presence
influences the heme-pocket region. More specifically, the dihedral angle between the two
imidazole planes of E7His and F8His is slightly changed. Since the amino-acid residue
at position B10 is located in the heme pocket of globins, formation of a disulfide bridge
between B9Cys and H17Cys of two different subunits may induce a movement of the
B-helix (and thus the position of B10), which can in turn influence the orientation of the
E7His residue. Furthermore, the low-field EPR feature of the ferric wt forms shifts in
solutions with lower proteins concentration (Table 4.2, Figure 4.13d), which may point
to the loss of non-covalent multimers and/or reflects the concentration dependency of
the disulfide-bridge formation.
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gz gy gx∗
(±0.005) (±0.005) (±0.005)

D.mawCygb-1 (44 mg/mL) 3.250 2.08 ≤ 1.05
D.mawCygb-1 (5.5 mg/mL) 3.230 2.08 ≤ 1.11

D.mawCygb-1 (44 mg/mL) + DTT 3.230 2.08 ≤ 1.11
D.mawCygb-1* 3.210 2.08 ≤ 1.17

C.aceCygb-1 (27.95 mg/mL) 3.200 2.08 ≤ 1.22
C.aceCygb-1 + DTT 3.190 2.08 ≤ 1.25

C.aceCygb-1* 3.210 2.08 ≤ 1.17
CYGB [30] 3.200 2.08 1.20
CYGB* [30] 3.200 2.08 1.20

D.mawNgb [125] 3.125 2.15 1.27
C.aceNgb [125] 3.125 2.15 1.27

NGB [30] 3.10 2.17 1.30
3.26 2.06 1.05

NGB* [30] 3.10 2.16 1.30
T. bernacchii Hb [127] 3.15 2.26 0.98
T. newnesi Hb [127] 3.13 2.24 1.08

* calculated assuming g2
x + g2

y + g2
z = 16

Table 4.2: Principal g values of the dominant LS heme form of the ferric Antarctic fish Cygbs-1
under study in comparison with other globins.
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Figure 4.13: Detailed view of the gz-component of the dominant low-spin ferric heme contri-
bution of (a) ferric D.mawCygb-1 (44 mg/mL), (b) ferric D.mawCygb-1 (44 mg/mL) + DTT,
(c) ferric D.mawCygb-1* and (d) ferric D.mawCygb-1 (5.5 mg/mL). The spectra are rescaled to
the same microwave frequency and normalized to equal intensity for comparison to allow good
comparison. The number of accumulations differed for the different spectra.

The changes are more subtle and within the experimental error for C.aceCygb-1 (Table
4.2). This agrees with the fact that the MS data did not change notably for this sample
upon addition of DTT. It further highlights that disulfide bridges are not the key factors
determining oligomerization for these proteins.
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Earlier work has shown that a combination of CW-EPR, HYSCORE and ENDOR ex-
periments can be used to deduce information on the relative orientation of the imidazole
planes of the heme-ligating histidine residues in ferric globins [130,160]. There exists two
conflicting X-ray structures of CYGB. One shows staggering imidazole planes of E7His
and F8His with a dihedral angle between the two planes of 60-80° and different Fe-Nε dis-
tances for the two His [190]. The other shows a bis-histidine coordinated heme with only
negligible differences between the Fe-Nε distances and a dihedral angle of 60° between
the two imidazole planes [192]. The HYSCORE analysis of CYGB allowed to estab-
lish that the second structure was the one found in solution [160]. Different pulse EPR
experiments were therefore set up for both ferric C.aceCygb-1 and D.mawCygb-1 and
compared to our results obtained earlier for ferric wt CYGB [160]. The 14N HYSCORE
spectra reflect the interactions of the unpaired electron on the iron and the nearby heme
and His nitrogens. Figure 4.14 shows the experimental 14N HYSCORE spectrum of a
frozen solution of D.mawCygb-1 taken at an observer magnetic field corresponding to
g ≈ gz where the cross-peaks of the histidine nitrogens, heme nitrogens and proton in-
teractions are indicated. Here we see both double quantum (DQ) and single quantum
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Figure 4.14: HYSCORE spectrum of a frozen solution of ferric D.mawCygb-1 at observer
position g = gz (B0 = 215 mT). HYSCORE spectra with different τ -values (τ = 88 ns, τ = 184
ns and τ = 264 ns) were added together to reduce the amount of τ -dependant blind spots. All
spectra were recorded at 7.5 K.

(SQ) frequencies for the 14N contributions (I = 1). The DQ frequencies correspond to
the nuclear transitions |∆mI | = 2, while the SQ frequencies correspond to the nuclear
transitions |∆mI | = 1. Assignment of the different DQ and SQ cross peaks is done using
previous research [5, 6]. The proton interactions (I = 1/2) give rise to two SQ peaks.
The first one is located at (νH, νH) and originates from the far protons of the matrix.
The second peak is shifted one ridge compared to νH and originates from the protons of
the closest histidines.

Figures 4.15-4.17 and 4.18-4.20 show the 14N HYSCORE spectra and their simulations
for C.aceCygb-1 and D.mawCygb-1 respectively taken at different observer positions. All
computer simulations were performed using a system with three nitrogen nuclei (S = 1/2,
(3x) I = 1), where the heme nitrogen contribution was taken into account twice. For
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Figure 4.15: Experimental (black) and simulated (red) 14N HYSCORE spectrum of a frozen
solution of ferric C.aceCygb-1 (pH 7.5) recorded at a magnetic field position corresponding to
g = gz (B0 = 218 mT). The experimental HYSCORE spectrum is recorded at 7.5 K and is the
sum of those recorded for different τ -values (88, 184 and 264 ns). The same procedure was
applied for the simulated spectrum.
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Figure 4.16: Experimental (black) and simulated (red) 14N HYSCORE spectrum of a frozen
solution of ferric C.aceCygb-1 (pH 7.5) recorded at a magnetic field position corresponding to
g = gy (B0 = 335 mT). The experimental HYSCORE spectrum is recorded at 7.5 K and is the
sum of those recorded for different τ -values (88, 184 and 248 ns). The same procedure was
applied for the simulated spectrum.
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Figure 4.17: Experimental (black) and simulated (red) 14N HYSCORE spectrum of a frozen
solution of ferric C.aceCygb-1 (pH 7.5) recorded at a magnetic field position corresponding to
g = gx (B0 = 420 mT) with τ = 248 ns. The experimental HYSCORE spectrum is recorded at
7.5 K.
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Figure 4.18: Experimental (black) and simulated (red) 14N HYSCORE spectrum of a frozen
solution of ferric D.mawCygb-1 (pH 7.5) recorded at a magnetic field position corresponding to
g = gz (B0 = 215 mT). The experimental HYSCORE spectrum is recorded at 7.5 K and is the
sum of those recorded for different τ -values (88, 184 and 264 ns). The same procedure was
applied for the simulated spectrum.
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Figure 4.19: Experimental (black) and simulated (red) 14N HYSCORE spectrum of a frozen
solution of ferric D.mawCygb-1 (pH 7.5) recorded at a magnetic field position corresponding to
g = gy (B0 = 215 mT). The experimental HYSCORE spectrum is recorded at 7.5 K and is the
sum of those recorded for different τ -values (88, 184 and 248 ns). The same procedure was
applied for the simulated spectrum.
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Figure 4.20: Experimental (black) and simulated (red) 14N HYSCORE spectrum of a frozen
solution of ferric D.mawCygb-1 (pH 7.5) recorded at a magnetic field position corresponding to
g = gx (B0 = 420 mT) with τ = 88 ns. The experimental HYSCORE spectrum is recorded at
7.5 K.
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the second heme nitrogen contribution, the hyperfine and quadrupole tensor was rotated
about the z-axis (α = 90°). In this way we simulate two adjacent heme nitrogens.
The simulations assume perfect pulses, so diagonal peaks due to pulse imperfections are
not showing up in the computer simulations. The HYSCORE spectra obtained at the
magnetic field position corresponding to g ≈ gx (Figures 4.17 and 4.20) give a weak
signal, which corresponds to earlier results for ferric CYGB [160]. This is in line with
the low spin-echo intensity at high field (Figure 4.11) and the weak modulation at this
field (Figure 4.12). This seems to be a consequence of a large g anisotropy that in
combination with large g-strain effects makes sure the electron spin echo is very weak at
this observation position [5]. Because it is not possible to get much information at this
position from the HYSCORE spectra, 3-pulse-ESEEM experiments were performed at
this magnetic-field position (Figure 4.21). From the simulations of the HYSCORE and
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Figure 4.21: Experimental (blue) and simulated (red) 3-pulse-ESEEM experiment of a frozen
solution of A ferric C.aceCygb-1 and B ferric D.mawCygb-1 at observer position g ≈ gx (B0 =
420 mT). The spectrum is the sum of 35 τ -values (from 88 ns to 632 ns). All spectra were
recorded at 7.5 K

three-pulse ESEEM spectra, the hyperfine and nuclear quadrupole tensors of these 14N
nuclei can be determined (Table 4.3). For each of the Antarctic fish Cygbs only one set
of hyperfine/quadrupole parameters is found for the Fe-binding 14N nuclei of the two
His residues. This indicates that in each protein the Fe-Nε distance is the same for the
two heme-iron His ligands. The hyperfine values of these nuclei are for the Antarctic fish
Cygbs slightly lower (in absolute value) for Antarctic fish Cygbs than those found earlier
for CYGB. This could indicate a slightly longer Fe-Nε distance in the former case.

As shown earlier, 1H HYSCORE [159, 160] and 1H ENDOR [131] reveal the hyperfine
interaction with the nearby His protons that reflect the distance and rotation of the His
imidazole planes versus the g tensor frame. The 1H ENDOR spectra of ferric C.aceCygb-
1 and D.mawCygb-1 were found to be the same (Figure 4.22). Figure 4.24A shows the
1H HYSCORE spectrum of ferric C.aceCygb-1. Two spectral features can be discerned.
The ridge centred around (νH, νH) has a width of 1.26 MHz. The second proton ridge has
a maximum width of 4.10 MHz. It has been earlier ascribed to the hyperfine interaction
with the nearest protons of the imidazole of the HisE7 and HisF8 [160]. Since only
one ridge is observed, the two imidazole planes approximately lie symmetrically oriented
versus the (gx, gz) plane (Figure 4.23). The shift of this second proton ridge along the
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A1 [MHz] A2 [MHz] A3 [MHz] Q1 [MHz] Q2 [MHz] Q3 [MHz]
(±0.2) (±0.2) (±0.05) (±0.10) (±0.10) (±0.10)

Histidine
D.mawCygb-1 -4.7 -5.55 -4.80 0.76 0.12 -0.88
C.aceCygb-1 -4.7 -5.55 -4.75 0.76 0.12 -0.88
CYGB [160] -4.7 -5.90 -5.00 0.56 0.34 -0.90

Heme
D.mawCygb-1 -4.0 -4.05 -5.53 0.82 -0.40 -0.42
C.aceCygb-1 -4.0 -4.05 -5.55 0.82 -0.40 -0.42
CYGB [160] -4.0 -4.10 -5.45 0.92 -0.50 -0.42

Table 4.3: Hyperfine (A) and nuclear quadrupole (Q) tensors of the heme and histidine
nitrogens of ferric D.mawCygb-1 and C.aceCygb-1 used for the spectral simulations of Figures
4.15-4.21. An Euler angle α = (22 ± 10)° was used for the tensors of the histidine nuclei in the
g-tensor frame, for all other tensors, all Euler angles were (0 ± 10)°.

1

−4 −2 0 2 4

−2

−1. 5

−1

−0. 5

0

0.5

E
N
D
O
R
 I
n
te
n
s
it
y
 [
a
.u
.]

ν−νH  [MHz]

(b)

(a)

B

(c)

−4 −2 0 2 4

−3. 5

−3

−2. 5

−2

−1. 5

−1

−0. 5

0

0.5

1

E
N
D
O
R
 I
n
te
n
s
it
y
 [
a
.u
.]

(b)

(c)

(d)

A

(a)

ν−νH  [MHz]

Figure 4.22: Mims ENDOR spectra of A D.mawCygb-1 and B C.aceCygb-1. Trace (a) shows
the spectrum at position B0 = 215 mT, (b) at position B0 = 280 mT, (c) at position B0 = 335
mT and (d) at position B0 = 420 mT. All spectra were recorded at 7.5 K.

diagonal (indicated by the red arrow in Figure 4.24A) is a measure for the anisotropy
of the hyperfine tensor [65, 231], and it is 0.45 MHz. This value is proportional with
1/r3 with r the distance between the unpaired electron and the proton nucleus. Figure
4.24B shows the corresponding simulation of the contribution of the His protons closest
to the heme iron for the case of the ferric C.aceCygb-1 at one field setting. The hyperfine
tensor used for the simulation is [-3.7, -4.8, 6.8] MHz for the closest protons with Euler
angles [-45, 36, 30]°. These simulation parameters and ridge displacement agree with a
Fe-H distance of 0.31± 0.03 nm. These values are very similar to those found for ferric
CYGB [160], indicating a similar arrangement of the two imidazole planes of the HisE7
and HisF8 in the Antarctic fish Cygbs with maximum dihedral angle between the planes
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Figure 4.23: The heme-pocket structure of ferric D.mawCygb-1 (proximal side up). The
numbers between brackets indicate the principal hyperfine and nuclear quadrupole values in
MHz as given in Table 4.3. The indicated angles are given by ∆φE7His = ∆φF8His = 22(±10°).
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Figure 4.24: A Experimental 1H HYSCORE spectrum of C.aceCygb-1 at observer position
g = gz (B0 = 218 mT). The spectrum is the sum of experiments at τ = 88 ns, τ = 104 ns and
τ = 184 ns. All spectra were recorded at 7.5 K. B Corresponding simulation where only the
contributions of the HisE7 and HisF8 protons, nearest to the iron, were assumed.

being 60°and equal Fe-Nε distances (Figure 4.23). This also indicates that the increase in
dihedral angle going from CYGB to D.mawCygb-1 as follows from the g-tensor analysis
will only be a few degrees.

4.4.6 Redox potential of Antarctic fish Cygbs

The electrochemical behavior of the Antarctic fish Cygbs-1 was studied by cyclic voltam-
metry (CV) and differential pulse voltammetry (DPV) in a 50 mM TrisHCl buffer (pH
8.0). The voltammograms (Figure 4.25, Figures A.8-A.9) reveal one redox process for
each protein at approximately -0.04 V (versus SHE) related to reduction/oxidation of
the heme active site. The entrapped proteins gave clear peaks in both CV and DPV mea-
surements. Table 4.4 lists values of the redox potential including CYGB and CYGB* for
comparison. The value of the wt proteins equals that of the mutant forms, whereas a small

E [V] versus SHE ± 0.005V
DPV CV

D.mawCygb-1 -0.037 -0.031
D.mawCygb-1* -0.037 -0.035

C.aceCygb-1 -0.048 -0.046
C.aceCygb-1* -0.043 -0.040

CYGB -0.033 -0.026
CYGB* -0.027 -0.025

Table 4.4: Redox potential (E°) of the studied Cygbs obtained by differential pulse (DPV) and
cyclic voltammetry (CV).

difference in the redox potential (10-15 mV) between D.mawCygb-1 and C.aceCygb-1 is
noticed. The redox potential of CYGB lies closer to the one of D.mawCygb-1 than of
C.aceCygb-1. The redox potentials found for dissolved and entrapped protein by DPV
are identical (Table A.2), however, CV measurements for dissolved D.mawCygb-1 and
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Figure 4.25: Cyclic and differential pulse voltammograms for D.mawCygb-1 and C.aceCygb-1
entrapped in a thin layer between the electrode surface and the dialysis membrane (MWCO 12
kDa). Scan rate, 5 mVs−1; step potential, 5 mV; DPV modulation amplitude, 20 mV; 50 mM
TrisHCl buffer (pH 8.0).

C.aceCygb-1 showed no clear peaks (Figure A.8), probably because of aggregation that
slows down the protein diffusion and hinders the redox active site. It is the only difference
found between wt and mutant Cygbs.

4.5 Discussion

The optical absorption spectra, RR spectra and CW-EPR spectra (Figures 4.5-4.13)
confirm that C.aceCygb-1 and D.mawCygb-1 are hexacoordinated in both the ferric and
ferrous deoxy form, i.e. exhibiting a HisF8-FeII/III-HisE7 ligation in agreement with
CYGB [30, 57, 190, 192]. Interestingly, a recent study revealed that zebrafish Cygb-1 is
mainly pentacoordinated in its ferrous deoxy form [232], in contrast to what is observed
here for the Antarctic fish Cygbs-1, whereas zebrafish Cygb-2 displays spectral features
consistent with a hexacoordinated heme [232]. Nothing is at present known about the
spectroscopic characteristics of Antarctic fish Cygb-2, except that they share about 50%
and 70% of sequence identity with D. rerio Cygb-1 and Cygb-2, respectively (Giordano,
unpublished).

The RR spectra of the Antarctic fish Cygbs show similar propionate bending modes as
for the CYGB case [57], indicative of a strong hydrogen bond between the propionate
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heme groups and the surrounding amino acids (Figures 4.6-4.7). In CYGB, the A propi-
onate group interacts with the Lys116 and His117 of the FG loop, while the D propionate
interacts with Gln77 at position E3 and two water molecules [190, 192]. Furthermore,
the nearby guanidinium group of Arg84 (E10) may be involved in electrostatic stabi-
lization through the same propionate group [190]. Gln77 (E3), Arg84 (E10) and His117
are conserved in C.aceCygb-1 and D.mawCygb-1 (Figure 4.1), while the Lys116 is re-
placed by an Arg. This suggests a common heme-stabilization mechanism in the different
Cygbs. Small differences in the EPR data for the Antarctic fish Cygbs-1 and CYGB in-
dicate slight differences in the dihedral angle between the imidazole planes of the two
His residues ligating to the heme iron (Table 4.2). Overall, the heme environment of the
bis-histidine coordinated ferric form of the three proteins is very similar.

This changes when an external ligand, like CO, is bound. Two Fe-CO stretching modes
are observed in the CO-ligated ferrous form of the Antarctic fish Cygbs. The dominant
form (77%) has νFe−CO at 489 cm−1 and agrees with an open structure, where no
group is sufficiently close to the CO to affect the electronic structure of the Fe-C-O unit.
This has been observed for Mb at low pH [233], for C.aceNgb* and D.mawNgb* [207]
and for CYGB [57], although in the latter case this form constituted less than 40% of
the Fe-CO forms. The second stretching mode (νFe−CO = 509 cm−1) agrees with a
closed conformation where a positively charged group near the iron-bound CO stabilizes
an Fe=C=O· · ·X+ structure [234]. This mode is very similar to the one observed in
CO-ligated Mb at neutral pH and the X+ residue is the His at position E7. A small
contribution of this mode was visible in CYGB (10%). Surprisingly, the CO-ligated
form of C.aceCygb-1 and D.mawCygb-1 does not show an Fe-CO stretching mode at
518-523 cm−1, as was the case for CYGB (∼50%) [57, 235]. This mode was associated
with a second closed Fe=C=O· · ·X+ structure, whereby stronger hydrogen bonding and
electrostatic interactions occur than in the closed form characterized by νFe−CO at ∼509
cm−1. The X-ray structure of carbonmonoxy CYGB did indeed show a shorter distance
between the HisE7 and the CO ligand than in the carbonmonoxy Mb case [195]. If the
mode at 520 cm−1 is present, an Fe-CO bending mode is visible at 584 cm−1 [235]. In
the RR spectra of CO-ligated ferrous C.aceCygb-1 and D.mawCygb-1 this mode is also
not present, thus confirming the absence of the second closed Fe-CO structure. This
indicates different arrangements of the residues in the heme pocket. Note that CYGB
has a Cys residue at position E9 (Cys83), while this is Asn in the two Antarctic fish
Cygbs under study (Figure 4.1). CYGB has a second Cys at position B2 (Cys38) that
is spatially close to Cys83 (E9), thus allowing formation of a disulfide bridge [23, 191].
Although EPR revealed that the formation of the disulfide bond in CYGB does not
induce a marked change in the structure of the heme pocket [30], the ligand binding
affinity changes [23] and a switch in the ligand migration pathway is induced [198]. The
lack of CysE9 (and hence the lack of similar disulfide bridges as in CYGB) may account
for the different stabilization of the CO ligand in C.aceCygb-1 when compared to CYGB.
Indeed, a combined RR and FT-IR study of the ferrous-CO state of CYGB and mutants
revealed that point mutation of Arg84 at position E10 to Ala induced a change in the
relative contributions of the three Fe-CO stretching modes in favor of the open Fe-CO
mode (492 cm−1) [235]. This proves that a point mutation in the E-helix may indeed
affect the relative contributions of the different Fe-CO forms. Interestingly, the cold-
adapted C.aceNgb* and D.mawNgb* have only two Fe-CO-modes (489 and 522 cm−1),
while there are three CO-binding motives in NGB (494/505/521 cm−1) [207].

Another striking difference between the Antarctic fish Cygb-1 proteins and CYGB lies
in their oligomerization behavior. For CYGB, only monomers and dimers have been
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reported. From gel-filtration experiments it was assumed that CYGB forms a dimer in
solution [23,190]. However, a more detailed study revealed that CYGB is monomeric in
a diluted solution and that the protein has a loose structure with high flexibility at the
N- and C-termini instead of a more compact globular structure [191]. Native MS studies
showed that low fractions of dimers in CYGB could form intermolecular disulfide bridges
in vitro [191], as is confirmed in this work (Figure A.7). Furthermore, the formation of
intermolecular disulfide bridges was shown to have an effect on the heme-pocket region,
since clear structural differences were found between the crystal structures of wt CYGB
(dimer with an intermolecular disulfide bridge between Cys38 and Cys83) [192] and
CYGB* (where the Cys are mutated to Ser) [190]. For Antarctic fish Cygbs-1, we here
report the observation of oligomers (up to pentamers). These oligomers are found to
be stable also at low concentrations and driven by non-covalent interactions. Although
intermolecular disulfide bridges may further stabilize the oligomers, they are not essential
for the oligomerization. Moreover, combined EPR and MS data of the protein with and
without DTT indicates that the disulfide bridges, if formed, induce small changes in
the heme-pocket region. This may not be so surprising, giving the fact that one of the
Cys is located on the B helix. Interestingly, the predicted 3D structure of C.aceCygb-1
(Figure 4.2), based on the known XRD structure of CYGB (PDB:1URV [190]), shows
that the two Cys ligands are located at the surface of the protein pointing outwards at
opposite sides of the protein. Whether the oligomerization of the Antarctic fish Cygbs
occurs in vivo is rather difficult to ascertain and deserves further investigation, but it is
worth noting that occurrence of the polymerization phenomenon displayed by other cold-
adapted (hemo)globins may be a response to stressful environmental conditions [236].

The sequences of C.aceCygb-1 and D.mawCygb-1 differ only in 4 amino-acids (indicated
in green in Figure 4.1). Not surprisingly, the spectroscopic parameters of both Antarctic
fish Cygbs are very similar (Tables 4.1-4.3). The EPR parameters of ferric C.aceCygb-1*
and D.mawCygb-1* are identical. It is unclear whether the small differences in the gz
values of ferric C.aceCygb-1 and D.mawCygb-1 (Table 4.2) are due to differences in the
heme pocket of the Cygb-1 monomer or reminiscent of different relative amounts of the
formed multimers. The hyperfine tensor and nuclear quadrupole tensor obtained for the
heme-ligating histidine nitrogens in ferric CYGB are slightly different from those obtained
for the ferric Antarctic fish Cygbs-1 (Table 4.3). This may indicate local differences in the
heme-pocket structure, possibly the difference in the Fe-Nε distance and slight differences
in the dihedral angle between the imidazole planes of the Fe-bound His ligands. The
nuclear quadrupole tensors are influenced by the full electronic structure, and not only
by the localization of the unpaired electron. Comparison of the sequences of CYGB
and the Antarctic fish Cygbs-1 (Figure 4.1) indicate small differences in the B, E and F
helices surrounding the heme. The differences at position E9 (CYGB: Cys, Antarctic fish
Cygbs: Asn) and B12 (CYGB: Phe, Antarctic fish Cygbs: Leu) are the most striking,
which may lead to small local variations in the heme-pocket environment. CYGB is
longer at the C-terminal and Lechauve et al. [191] showed that the C- and N-terminal
ends are responsible for the loose structure of the protein, which may have again an effect
on the heme-pocket structure. Next to crystal structures in which the C- and N-terminal
segments were not resolved due to disorder (PDB:1URV and 1V5H), a crystal structure
of wt CYGB could be obtained that showed an additional helix in the N-terminal region
prior to the A helix and an ordered loop in the C-terminal region (PDB:2DC3) [193]. The
two crystal forms showed substantial differences in the conformation of the residues in the
heme environment, thus suggesting that the terminal region is structurally important.

The redox potentials of C.aceCygb-1 and D.mawCygb-1 are in the range of -0.03 to

84 B. Cuypers



-0.05 V (versus SHE). Mutation of the Cys to Ser did not alter the redox potential, but a
small difference (10-15 mV) between C.aceCygb-1 and D.mawCygb-1 was observed. The
difference is close to the expected experimental error and is negligible for mutant forms.
Notably, the largest difference is observed between the redox potential of C.aceCygb-1
and CYGB (15-20 mV). The redox potential of CYGB (-0.033 ± 0.005 V versus SHE)
found in the present work by the direct electrochemical measurements equals to the
previously reported value obtained by redox titration (-0.028 ± 0.005 V) [237]. To
conclude, the direct electrochemical measurements show no significant variation in the
redox potential between mutant and wild type forms of the Antarctic fish Cygbs, but
minor differences among Cygbs of different origin are observed. This may be related to
the earlier mentioned small differences in the heme environment.

4.6 Conclusions

The cytoglobins of two Antarctic fish, Chaenocephalus aceratus and Dissostichus maw-
soni, were purified and investigated using a wide variety of techniques: analytical gel-
filtration experiments, native mass spectrometry, optical absorption spectroscopy, reso-
nance Raman spectroscopy, electron paramagnetic resonance and redox potential exper-
iments. These species are of specific interest because of their huge difference in terms
of globin composition in their genome. C. aceratus for instance has white blood (so it
does not contain any hemoglobin in its blood), while D. mawsoni is red-blooded. These
interesting differences can thus further unravel the evolutionary model of globins.
Regardless of the striking differences between the two species, the impact of the primary
structure on the spectral behaviour of Antarctic fish Cygbs-1 is clearly small because
of their very high sequence identity. Other mechanisms, such as differences in gene
regulation and/or protein expression, may account for Cygbs function and regulation
under specific physiological requirements in Antarctic fish.
Upon comparison with CYGB however, the differences are clearer. They are most pro-
nounced in the multimerization behavior and the binding of exogenous ligands, and to
a lesser extent in their redox properties. The ability of Antarctic fish Cygbs-1 to form
stable, non-covalently linked multimers up to pentamers even at low concentrations is
intriguing and may mark a common feature within cold-adapted (hemo)globins [236].
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Chapter 5

Characterization of the Heme
Pocket Structure and Ligand
Binding Kinetics of
Nonsymbiotic Hemoglobins
from the Model Legume Lotus
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5.1 Abstract

Plant hemoglobins (Hbs) are found in nodules of legumes and actinorhizal plants but
also in nonsymbiotic organs of monocots and dicots. Nonsymbiotic Hbs have been clas-
sified into two phylogenetic groups. Class 1 Hbs show an extremely high O2 affinity and
are induced by hypoxia and nitric oxide (NO), whereas class 2 Hbs have moderate O2

affinity and are induced by cold and cytokinins. The functions of nonsymbiotic Hbs are
still unclear, but some of them rely on the capacity of hemes to bind diatomic ligands
and catalyze the NO dioxygenase reaction (oxyferrous Hb + NO→ ferric Hb + nitrate).
Moreover, NO may nitrosylate Cys residues of proteins. It is therefore important to
determine the ligand binding properties of the hemes and the role of Cys residues. Here,
we have addressed these issues with the two class 1 Hbs (LjGlb1-1 and LjGlb1-2) and
the single class 2 Hb (LjGlb2) of Lotus japonicus, which is a model legume to facilitate
the transfer of genetic and biochemical information into crops. We have used carbon
monoxide (CO) as a model ligand and resonance Raman, laser flash photolysis, and
stopped-flow spectroscopies to unveil major differences in the heme environments and
ligand binding kinetics of the three proteins, which suggest non-redundant functions. In
the deoxyferrous state, LjGlb1-1 is partially hexacoordinated, whereas LjGlb1-2 shows
complete hexacoordination (behaving like class 2 Hbs) and LjGlb2 is mostly pentacoor-
dinated (unlike other class 2 Hbs). LjGlb1-1 binds CO very strongly by stabilizing it
through hydrogen bonding, but LjGlb1-2 and LjGlb2 show lower CO stabilization. The
changes in CO stabilization would explain the different affinities of the three proteins
for gaseous ligands. These affinities are determined by the dissociation rates and follow
the order LjGlb1-1 > LjGlb1-2 > LjGlb2. Mutations LjGlb1-1 C78S and LjGlb1-2 C79S
caused important alterations in protein dynamics and stability, indicating a structural
role of those Cys residues, whereas mutation LjGlb1-1 C8S had a smaller effect. The three
proteins and their mutant derivatives exhibited similarly high rates of NO consumption,
which were due to NO dioxygenase activity of the hemes and not to nitrosylation of Cys
residues.

5.2 Introduction

The first plant hemoglobins (Hbs) were discovered in the root nodules of legumes and
accordingly designated leghemoglobins [238]. The discovery of Hbs was subsequently
extended not only to the nodules of Parasponia and actinorhizal plants [239,240], but also
to nonsymbiotic tissues of monocots [241, 242], legumes [243], and Arabidopsis thaliana
[244]. Phylogenetic analyses showed that these nonsymbiotic hemoglobins (nsHbs) belong
to two distinct clades, termed class 1 and class 2 [245]. Class 1 nsHbs have an extremely
high O2 affinity and are induced by hypoxia [244,245] and by exposure to nitrate, nitrite,
or nitric oxide (NO) [246]. These proteins may play a role in plant survival by increasing
the energy status of the cells under hypoxic conditions [247]. The underlying molecular
mechanism is thought to be the Hb/NO cycle, in which the NO dioxygenase (NOD)
activity of Hb plays a critical role [247]. In this reaction, the oxyferrous Hb dioxygenates
NO to yield nitrate and ferric Hb. The NOD activities of a few class 1 nsHbs, including
A. thaliana Hb1 (AtGlb1), have been measured in vitro [21,248,249]. However, AtGlb1
may be also nitrosylated by NO on Cys residues and this might affect its function [21].
Class 2 nsHbs have a moderate O2 affinity and are induced by low temperature and
cytokinins but not by hypoxia [250].

At the molecular level, the control of hemeprotein function is tightly coupled to the struc-
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ture and ligand-binding dynamics of the heme pocket. For plant Hbs, early studies on
the heme properties have been focused on leghemoglobins [251, 252], although more re-
cently some information has become available about the hemes of nsHbs [58,130,253,254].
Class 1 and class 2 Hbs and some animal globins, such as neuroglobin and cytoglobin,
are hexacoordinated because, in the absence of exogenous ligands, they have the fifth
(proximal) and sixth (distal) positions of the heme iron coordinated to His residues; in
contrast, leghemoglobins and mammalian Hb and myoglobin (Mb) are pentacoordinated
because the fifth position of the heme iron is coordinated to a His residue but the sixth
position is open for ligand binding [81]. Interestingly, a system of hydrophobic cavities,
capable of transiently stocking reactants and/or products, was proposed to be central to
sustain the turnover of NOD activity in class 1 Hbs [255,256], as may occur for Mb [17]
and neuroglobin [257].

In this work we have studied the nsHbs of Lotus japonicus, a model legume for classical
and molecular genetics [258]. Legumes are important in agriculture for two main reasons:
they are a source of protein for animal and human nutrition, and can establish nitrogen-
fixing symbioses with soil rhizobia, allowing to minimize the supply of contaminant and
costly nitrogen fertilizers. Selecting L. japonicus instead of A. thaliana as plant material
has potential applications in agriculture because the information gained on Hb genes and
proteins will help define their role in symbiosis and will facilitate translational genomics
to crop legumes. More specifically, the use of L. japonicus has allowed us to compare
herein the biochemical properties of two class 1 Hbs (LjGlb1-1 and LjGlb1-2) and a class
2 Hb (LjGlb2) that greatly differ in their expression profiles in plant tissues [259] and in
their O2 affinities [260]. These previous results from one of our laboratories prompted us
to investigate the heme environment properties of LjGlbs, as well as the contribution of
their Cys residues to protein stability and ligand binding kinetics. To accomplish these
objectives, we have performed a detailed spectroscopic study of the wild-type and the
mutated proteins and have measured their NOD activities.

5.3 Materials & Methods

5.3.1 Protein Purification and Identification of Disulfide Bond

The three nsHbs of Lotus japonicus were expressed with an N-terminal poly-His tag in
Escherichia coli BL21 Star (DE3) cells (Invitrogen) or C41(DE3) cells (Lucigen) fol-
lowing conventional protocols [260]. The mutated versions of LjGlb1-1 C8S, LjGlb1-1
C78S, LjGlb1-2 C79S, and LjGlb2 C65S were obtained by PCR-based single-site sub-
stitutions using appropriate primers (Mutagenex; Somerset, NJ, USA). The DNA con-
structs were entirely sequenced and the amino acid substitutions (Figure B.1 verified by
matrix-assisted laser desorption and ionization time-of-flight (MALDI-TOF) mass spec-
trometry analysis of the trypsinized protein using a 4800 TOF/TOF instrument (AB
Sciex, Framingham, USA). The proteins were purified using ammonium sulfate fraction-
ation, metal-affinity chromatography, and anion-exchange chromatography, as reported
earlier [260]. Purification of LjGlb1-1 was carried out in the presence of 200 mM NaCl
to avoid precipitation of the dimeric form. The presence of LjGlb1-1 homodimer was
demonstrated by fast protein liquid chromatography (FPLC) and mass spectrometry.
For FPLC, the purified protein (10 µg) was loaded on a gel filtration column (Superdex
200 HR 10/30) coupled to an ÄKTA FPLC chromatography system (GE Healthcare Life
Sciences), and was eluted with 50 mM potassium phosphate (pH 7.0) containing 150
mM NaCl at a flow rate of 0.5 ml min−1. The void volume was calculated with dextran
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blue (0.1 mg ml−1) and the column was calibrated with cytochrome c (12.4 kDa), Mb
(17 kDa), ovalbumin (44.3 kDa), and bovine serum albumin (66 kDa). For molecular
mass determinations, the purified protein was diluted 1:50 with 0.2% trifluoroacetic acid
and analyzed by MALDI-TOF mass spectrometry. Calibration was performed with a
mixture of albumin, trypsinogen, and protein A (mass range between 22,306-66,431 Da),
and the accuracy was ±50 Da at 40 kDa. Protein purification was performed by Estación
Experimental de Aula Dei (CSIC) in Zaragoza.

5.3.2 Resonance Raman Spectroscopy

Resonance Raman (RR) spectra were acquired using a Dilor XY-800 spectrometer in
low-dispersion mode using a liquid N2-cooled CCD detector. The excitation source was
a Spectra Physics (Mountain View, CA, USA) BeamLok 2060 Kr+ laser operating at
413.1 nm. The spectra were recorded at room temperature and the protein solutions
were magnetically stirred at 500 rpm in order to avoid local heating and photochemical
decomposition. The slit width used during the experiments was 200 µm. In general, 12-
15 spectra were acquired with an integration time of 150-180 s each. Spikes due to cosmic
rays were removed by omitting the highest and lowest data points for each frequency and
by averaging the remaining values. Typical sample concentrations were in the order of
40-60 µM.

5.3.3 Ligand Binding Kinetics

Laser flash photolysis (LFP) experiments were performed at 20°C using a laser photolysis
system (Edinburgh Instruments LP920, UK) equipped with a frequency-doubled, Q-
switched Nd:YAG laser (Quanta-Ray, Spectra Physics). The CO-ferrous Hb complexes
were prepared in sealed 4 × 10 mm quartz cuvettes with 1 ml of 100 mM potassium
phosphate buffer (pH 7.0) containing 1 mM EDTA. In the case of LjGlb1-1 this buffer
was supplemented with 200 mM NaCl to improve protein stability. The buffer was
equilibrated with mixtures of CO and N2 in different ratios to obtain CO concentrations
of 50-800 µM by using a gas mixer (High-Tech System, Bronkhorst, The Netherlands). A
saturated sodium dithionite solution (10 µl) was added and the protein was injected to a
final concentration of ≈ 4 µM. Formation of the CO-ferrous Hb complex was verified by
UV/visible absorption spectroscopy. Recombination of the photo-dissociated CO-ligand
was monitored at 417 nm. Laser flash photolysis experiments were performed at the
BIMEF Laboratory in Antwerp and by the Dipartimento di Fisica e Scienze della Terra
in Parma.

5.3.4 Stopped Flow Experiments

Stopped flow measurements were performed in 100 mM degassed potassium phosphate
buffer (pH 7.0) and 1 mM EDTA at 20°C, by using a thermostated stopped flow apparatus
(Applied Photophysics, Salisbury, UK). Sodium dithionite was added to both the protein
solution and the CO solutions to a final concentration of 10 µM. Measurements were
carried out during 2 s at 414 nm with 4 µM of protein solution that was mixed with
different CO concentrations. Analysis was performed by using Origin software. Stopped
flow experiments were performed by the PPES laboratory in Antwerp.
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5.3.5 Nitric Oxide Dioxygenase Activities

NOD activities were assayed by following the disappearance of NO [248] with a selective
electrode (ISO-NOP) coupled to a free radical analyzer (TBR4100), both from World
Precision Instruments (Sarasota, FL, USA). The proteins were converted to the oxyfer-
rous form by reduction with a trace of dithionite and rapid oxygenation through NAP-5
mini-columns (GE Healthcare Life Sciences). NOD activities were measured with diethy-
lamine NONOate (DEA) and GSNO as NO donors. DEA was purchased from Sigma and
was freshly prepared for each assay. GSNO was synthesized by mixing 1 mM of acidified
nitrite and 1 mM glutathione; the solution was rapidly neutralized and GSNO was quan-
tified, aliquoted, and stored at -80°C protected from light [249]. Concentrations of DEA
and GSNO were standardized just prior to the assays by using extinction coefficients of
8 mM−1cm−1 at 250 nm and 0.85 mM−1cm−1 at 335 nm, respectively.

For the assay, DEA (20 µM) or GSNO (1 mM) was added to a final volume of ≈ 4 ml of
50 mM potassium phosphate buffer (pH 7.5) containing 50 µM diethylenetriaminepen-
taacetic acid. The solution was gently stirred at 24°C until NO concentration became
stable (≈ 6 µM with DEA and ≈ 2 µM with GSNO after ≈4 min). The oxyferrous Hb (1
µM; 30-60 µl) was added, while stirring, so that the final volume of the reaction mixture
was exactly 4 ml, and the decrease in NO concentration was measured. The time between
the preparation of oxyferrous Hbs and the assays of NOD activity was always < 5 min.
The corresponding ferric globins lacked NOD activity and were employed as negative
controls. The NO electrode was calibrated for each set of measurements by following the
manufacturer’s instructions. NOD activities were measured by Estación Experimental
de Aula Dei (CSIC) in Zaragoza.

5.4 Results

5.4.1 Purification of nsHbs and Identification of Disulfide Bond

Recombinant LjGlbs, as well as the mutant derivatives LjGlb1-1 C8S, LjGlb1-1 C78S,
and LjGlb1-2 C79S, were highly purified and the protein preparations usually exhibited
Soret/A280 ratios > 2.8. Unfortunately, we were unable to produce the LjGlb2 C65S
at enough yield for kinetic and structural studies because of the instability of the pro-
tein. We found that LjGlb1-2 and LjGlb2 are monomeric proteins. However, LjGlb1-1
was present both as a monomer and dimer when purified in the presence of 200 mM
NaCl, whereas only the monomer was found when the salt was omitted during purifica-
tion. The homodimer was formed by a disulfide bond, as revealed by fast protein liquid
chromatography and mass spectrometry analysis in the absence and presence of dithio-
threitol (Figure B.2). The disulfide bridge involves Cys8 because the LjGlb1-1 C78S
mutant is still able to form a dimer that disappears upon addition of dithiothreitol (data
not shown). Interestingly, barley Hb1 is a homodimer having a disulfide bond through
its unique residue and hence the protein is stable without salt [261, 262], whereas rice
Hb1 is also a homodimer but does not appear to form disulfide bridges [263]. We found
that the dimer of LjGlb1-1 precipitated if salt was omitted during purification and the
spectroscopic studies of the wild-type LjGlb1-1 and its mutated forms were therefore
performed in buffer supplemented with 200 mM NaCl.
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5.4.2 Resonance Raman Spectroscopy

Earlier work has shown that RR spectroscopy is most useful to identify different oxidation
and ligation states of the globins and to study in detail the stabilization of heme ligands
by the amino acid residues in the heme pocket [62]. Accordingly, we have used RR to
compare the heme environments in the wild-type and mutant LjGlbs.
The RR spectra were obtained in the high-frequency region (1300-1650 cm−1), which
contains marker bands for the oxidation, coordination, and spin state of the heme iron,
as well as in the low-frequency region (200-700 cm−1), which contains several in-plane
and out-of-plane vibrational modes of the heme. Figure 5.1 shows the RR spectra of all
the wild-type proteins and their mutated versions in their deoxyferrous form. All RR
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Figure 5.1: RR spectra of LjGlbs in in the deoxyferrous state. The spectra correspond to
(a) LjGlb1-1, (b) LjGlb1-1 C8S, (c) LjGlb1-1 C78S, (d) LjGlb1-2, (e) LjGlb1-2 C79S, and (f)
LjGlb2. All the spectra were recorded with a laser power of 12 mW.

spectra show marker bands ν4 at 1361-1363 cm−1 and ν3 at 1493-1496 cm−1, which are
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characteristic for a hexacoordinate low-spin (6cLS) ferrous form. Additionally, a second
ν3 band is seen at 1467-1475 cm−1, which indicates the presence of a pentacoordinate
high-spin (5cHS) ferrous form. This band has a substantially larger intensity for LjGlb2
relative to LjGlb1-1 and LjGlb1-2. Although the intensities of the two ν3 marker bands
seem to be similar for LjGlb1-1 and LjGlb1-2, the population of the pentacoordinate (5c)
ferrous heme is nevertheless smaller than that of the hexacoordinate (6c) ferrous heme.
Indeed, the intrinsic intensity of the ν3 marker band of 5c heme is much higher than
that of 6c heme [58], which makes it difficult to get accurate relative populations out of
the RR spectra. This is confirmed by the optical absorption spectra that were shown in
earlier work [260], which indicated that in the ferrous forms of LjGlb1-1 and LjGlb1-2, a
mixture between 5cHS and 6cLS is observed, with the latter being the dominant species.
On the contrary, in the ferrous form of LjGlb2, the 5cHS species prevails over the 6cLS
species, in line with earlier absorption measurements [260]. Taken together, the RR and
UV/visible spectra reveal that, for LjGlb1-1 and LjGlb1-2, a 5cHS form is present as
a minor fraction, whereas this constitutes the most abundant fraction in LjGlb2. The
equilibrium between the 5cHS and 6cLS species, evidenced by the spectroscopic data, is
confirmed by the distal His binding constants reported in Table 1. The high-frequency
region of the RR spectra of the deoxyferrous form of both LjGlb1-1 and LjGlb1-2 is
similar to that found for barley Hb1 [58], tomato Hb1 [130], and AtGlb2 [254], which
all have a bis-histidyl coordination of the heme. This is in contrast with LjGlb2, which
has a mixed 5cHS-6cLS state in the ferrous form and is more similar to AtGlb1 [254].
Mutation of Cys to Ser alters the relative intensity ratio of the ν3 marker bands for
LjGlb1-1 (Figures 5.1a-c). More specifically, the relative fraction of 5cHS increases for
LjGlb1-1 (C8S) and decreases for LjGlb1-1 (C78S) when compared to the wild-type
protein. Overlay of the RR spectra of LjGlb1-2 and LjGlb1-2 (C79S) shows a small
decrease in the 5cHS contribution in the mutant (Figures 5.1d-e).

The low-frequency region (200-730 cm−1) of the RR spectra contains a number of bending
modes from the vinyl and propionate substituents of the heme group. The propionate
bending mode (δ(CβCcCd)) appears at 382-384 cm−1. For comparison, this mode is
found at 380 cm−1 in ferrous barley Hb [58] and tomato Hb [130]. It is possible to
use this mode to quantify the strength of the interaction between the heme propionate
groups and nearby amino acid residues; a higher Raman shift for the propionate bending
mode indicates a stronger interaction [63]. This interaction seems to be similar for all
studied LjGlbs. When compared with ferrous barley and tomato Hbs, the interaction
seems stronger for the LjGlbs. The vinyl bending modes (δ(CβCaCb)) are seen as a single
line at 428-432 cm−1 (LjGlb1-1 and LjGlb1-2) and 422 cm-1 (LjGlb2). This indicates
a stronger interaction of the vinyl group with surrounding amino acid residues for both
class 1 Hbs. In barley Hb the vinyl bending modes were found at 425 cm−1. The overlap
of both bending modes of the vinyl groups indicates a relaxed heme configuration. The
γ7 pyrrole bending mode, which is associated with a heme out-of-plane distortion, is only
visible for LjGlb2 at 316 cm−1, in line with the relative high fraction of 5cHS heme in
this protein. Both LjGlb1-1 and LjGlb1-2 lack out-of-plane modes γ6, γ7, γ12 and γ21,
which is typical for a bis-histidyl coordination. This indicates, together with the overlap
of both bending modes of the vinyl groups, that for the class 1 nsHbs, the heme is in a
relaxed state with the heme iron almost completely in the porphyrin plane. Finally, the
νFe-His stretching mode (228 cm−1) is only visible for LjGlb2 in the deoxyferrous state.
This is in agreement with the presence of the 5cHS form, since the Fe-His stretching
mode is generally not observed for bis-histidyl coordinated globins. The value of νFe-His

of LjGlb2 is somewhat higher than that observed for barley Hb (219 cm−1) but still
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typical for globins [58].
Figure 5.2 shows the RR spectra of the ferrous 12/13CO-ligated forms of the globins and
their mutated forms. In addition, Figure 5.3 includes a comparison of the RR spectra of
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Figure 5.2: RR spectra of LjGlbs and of their mutant derivatives in the ferrous CO-ligated
form. The figure shows the spectra of A LjGlb1-1, B LjGlb1-1 C8S, C LjGlb1-1 C78S, D
LjGlb1-2, E LjGlb1-2 C79S, and F LjGlb2. The upper (blue), middle (black), and lower (red)
spectra correspond to the 12CO form, the 13CO form, and the difference spectra, respectively.
All spectra were recorded with a laser power of 1 mW.

the ferrous CO-ligated forms of all proteins recorded with low (1 mW) and high (35-165
mW) laser power. Upon increasing the laser power, partial photolysis occurs which is
apparent from the shift of the ν4 frequency from the CO-ligated (1375 cm−1) to the
ferrous (1362 cm−1) state. Because of this photolysis, a general decrease in intensity of
the Fe-CO stretching modes (νFe-CO) is expected. We clearly see a spectral change in the
450-600 cm−1 region, where the Fe-CO stretching modes occur. Further assignment of
these bands is corroborated by comparing the RR spectra of the 12CO- and 13CO-ligated
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Figure 5.3: RR spectra of LjGlbs in the ferrous CO-ligated form. The spectra correspond
to (a) LjGlb1-1, (b) LjGlb1-1 C8S, (c) LjGlb1-1 C78S, (d) LjGlb1-2, (e) LjGlb1-2 C79S, and
(f) LjGlb2. The upper spectra (blue) were recorded at low laser power (1 mW) and the lower
spectra (red) at high laser power (35-165 mW).

globins (Figure 5.2). The use of 13CO induces a downwards shift in the νFe-CO modes of
≈ 3 cm−1, whereas the Fe-CO bending mode (δFe-CO) mode shifts from 582-589 cm−1 to
564-569 cm−1. This can be better seen in the difference spectrum (12CO-13CO) (Figure
5.2; red spectra).

The νFe-CO modes are sensitive to interactions of the CO ligand with nearby amino acid
residues. Whereas Fe-CO stretching modes around 490-495 cm−1 indicate an open heme
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pocket in which the CO interacts only weakly with the surrounding amino acids, higher
νFe-CO modes are due to a closed heme pocket in which a positively charged amino acid
residue is stabilizing the CO group. In general, the higher the mode, the stronger the
CO ligand will be hydrogen bonded and interact with the positively charged residue.
For LjGlb1-1 and its C8S and C78S mutants, the νFe-CO modes were found at 533-536
cm−1, with δFe-CO at 587-589 cm−1 (Figure 5.2A-C; Figure 5.3a-c). This indicates a
very strong interaction of the CO ligand, which is not affected by the mutations. In
contrast, the νFe-CO mode is at 519 cm−1 for wild-type LjGlb1-2, but at 492 cm−1 for its
C79S mutant (Figure 5.2D,E; Figure 5.3d,e). In this case, the mutation induces a switch
from a closed to an open heme pocket. Consistent with this, the Fe-CO bending mode
is clearly visible for the closed configuration (≈ 586 cm−1) of the wild-type protein, but
it is hardly observed for the open heme pocket of the mutant (Figure 5.2E). Finally, the
νFe-CO mode of LjGlb2 at 508 cm−1 (Figure 5.2F, Figure 5.3f) is similar to that observed
for CO-ligated vertebrate Mbs, where the CO stabilization occurs through the His(E7)
residue. The interaction of bound CO with the surrounding amino acid residues is thus
weaker in class 2 than in class 1 Hbs, in line with the occurrence of a dominant fraction
of 5cHS form in the deoxyferrous state of LjGlb2 (Figure 5.1, spectra f).

5.4.3 Ligand Binding Kinetics

As evidenced from the RR experiments (Figure 5.3), the Fe-CO bond in hemeproteins
is photolabile. LFP exploits this property to photodissociate the ligand with a short
(nanosecond) laser pulse and monitor rebinding through the concomitant absorption
changes. Photodissociated ligands can either be rebound by the heme from temporary
docking sites within the protein matrix (geminate rebinding) or migrate to the solvent
and be rebound at later times (bimolecular rebinding) [264]. The CO rebinding kinetics
of LjGlb1-1, LjGlb1-2, and LjGlb2 were examined by LFP (Figure 5.4). For LjGlb1-1,
a geminate phase was observed in the nanosecond range, which accounts for ≈ 10% of
the rebinding and is well described by a single exponential relaxation (Figure 5.4A). On
longer time scales, the progress curve for LjGlb1-1 is dominated by a large microsecond
to millisecond phase with two easily recognizable kinetic steps (Figure 5.4A). The faster
of these two steps has a clear bimolecular nature as demonstrated by the response of
the kinetics to ligand concentration. When [CO] is decreased, the apparent rate of the
faster step becomes lower, as expected for a diffusion-mediated bimolecular reaction.
Accordingly, this step is identified as the reaction between CO and the LjGlb1-1 5c
species. On the other hand, the amplitude of the slower step becomes higher when [CO]
is decreased, whereas the apparent decay rate is unaffected. This is consistent with
the transient formation of the bis-histidyl 6c species, which is observed when the distal
His(E7) is coordinated to the sixth coordination site at the heme Fe, made available by
the photolysis of the parent CO adduct. At lower [CO], the slower bimolecular rebinding
to the 5c heme allows for a more efficient relaxation towards the bis-histidyl 6c species,
thus resulting in a larger accumulation of this intermediate. Eventually, His(E7) will be
displaced by CO, with a rate which is independent of [CO] and coincides with the His
dissociation rate.
The overall kinetics is well described by the sum of three exponential decays, corre-
sponding to the kinetic phases described above, and which are, in order of increasing
lifetime: geminate rebinding, bimolecular binding to 5c species, and decay of bis-histidyl
6c species.

HbCO
khν

k−1
Hb:CO

k2

k−2
Hbp + CO

kon,H

koff,H
Hbh + CO (5.1)
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Figure 5.4: Ligand-rebinding kinetics of LjGlbs and their mutant derivatives. The figure
shows CO-rebinding kinetics of the globins after photolysis at 532 nm and 20°C. The kinetics
are reported as fractions of deoxy molecules and were calculated from the normalized absorption
changes at 417 nm. All protein were used at a final concentration of 4 µM. (A) LjGlb1-1. [CO]
= 800 µM (black), 300 µM (green), 200 µM (cyan), 100 µM (blue), and 50 µM (red). (B)
LjGlb1-1 C8S. [CO] = 800 µM (black), 300 µM (green), and 100 µM (blue). Red solid lines
are the best fits with a three-exponential decay function. (C) LjGlb1-1 C8S (red) and LjGlb1-1
C78S (green). [CO] = 200 µM. For comparison the rebinding kinetics to LjGlb1-1 at the same
[CO] is also displayed (cyan). (D) LjGlb1-2 (black and gray) and LjGlb1-2 C79S (red and
magenta). [CO] = 200 µM (black and red) and 800 µM (gray and magenta). (E) LjGlb2. [CO]
= 800 µM (black), 300 µM (green), and 100 µM (blue). Red solid lines are the best fits with a
four-exponential decay function.
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The above scheme summarizes the relevant kinetic steps and the corresponding micro-
scopic rate constants. After photodissociation with a photon of energy hν, the ligand
can be rebound geminately from positions located within the protein matrix (Hb:CO)
with rate k−1, or escape to the solvent (Hbp+CO) with rate k2. Ligands can be rebound
from the solvent with rate k−2. On the same time scale, the distal His can coordinate
the Fe atom by forming a bis-histidyl hexacoordinate species Hbh with rate kon,H. This
species eventually decays with rate koff,H.
It is possible to simplify the first part of eq. 5.1 to

HbCO
khν

kon,CO
Hbp + CO (5.2)

assuming that the concentration of Hb:CO does not change in time

d[Hb:CO]

dt
= −k−1[Hb:CO]− k2[Hb:CO] + k−2[Hbp][CO] = 0 (5.3)

which leads to

[Hb:CO] =
k−2

k−1 + k2
[Hbp][CO] (5.4)

Using eq. 5.1 we get
d[HbCO]

dt
= k−1[Hb:CO] (5.5)

which after combination with eq. 5.4 gives

d[HbCO]

dt
= k−1

k−2

k−1 + k2
[Hbp][CO] (5.6)

Since experimentally Hb:CO is never seen, eq. 5.2 leads to

d[HbCO]

dt
= kon,CO[Hbp][CO] (5.7)

Combination of these two equations leads to

kon,CO = k−1
k−2

k−1 + k2
(5.8)

which relates the microscopic rate constants to the bimolecular CO rebinding rate to the
5c protein, namely kon,CO.
As described above, on longer time scales two steps are identified in the rebinding kinetics
of CO: a fast phase which involves competition of the histidine and CO association and
a slower phase which involves the formation of the bis-histidyl 6c species followed by the
replacement of histidine by CO. The fast phase can be approximated by

kobs1 = kon,H + kon,CO[CO] (5.9)

which shows that the apparent rates for this reaction (kobs1, which are calculated from
a set of rebinding traces comprising five different CO concentrations) increases linearly
with [CO]. From the slope it is then possible to estimate kon,CO for the process (Table
5.1). The intercept would in principle give an estimate of kon,H, but the error on this
value is too high to be of any use. The slow phase is later explained in more detail in
the paragraph on stopped flow experiments.
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The two Cys residues of LjGlb1-1 appear to play a role in the overall structure and dy-
namics of the protein, with functional consequences on the heme ligand-binding kinetics
(Figure 5.4B,C). Moreover, the C8S and C78S mutations induce very different effects
on the overall CO rebinding kinetics. The C8S mutant is characterized by a smaller
geminate amplitude (4%) with a minor decrease in the corresponding rate. The kon,CO

and the koff,H are not substantially affected, whereas the extent of 6c species becomes
a bit smaller, indicating a lower binding rate for His(E7). On the contrary, the C78S
mutation leads to larger geminate recombination (13%), faster kon,CO, and slower koff,H.
The larger accumulation of bis-histidyl species also indicates a larger kon,H. The changes
in geminate recombination of the C8S and C78S mutants suggest that the regression
pathway is affected by mutations at these two residues, albeit in the opposite direction.

The CO rebinding kinetics of LjGlb1-2 (Figure 5.4D) shares some similarity to that
of LjGlb1-1, with a nanosecond geminate recombination followed by a biphasic kinetics.
Thus, it is possible to recognize a bimolecular step corresponding to CO rebinding to a 5c
species and a slower step associated with the decay of the bis-histidyl species. However,
amplitudes and rates are dramatically different from the ones determined for LjGlb1-1.
Geminate rebinding to LjGlb1-2 is a prominent process accounting for ≈ 30% of the
kinetics, with an apparent rate which is not substantially different from that determined
for LjGlb1-1. A minor contribution from a second transient in the bimolecular phase is
detected in all traces for LjGlb1-2. Given the small amplitude and the irregular trend,
it is ascribed to an impurity and neglected in the current analysis. The apparent rates
for the bimolecular phase are clearly higher for this globin, as can be easily appreciated
by visual inspection of the traces corresponding to the same [CO] (compare Figure 5.4A
and 5.4D). The decay of the bis-histidyl species also appears faster than for LjGlb1-1.
The kinetics are well reproduced by a sum of three exponential decays at all investigated
values of [CO]. The fitting parameters reported in Table 5.1 reflect the above qualitative
description. The amplitude of geminate rebinding for LjGlb1-2 increases to ≈ 30%,
indicating that for photodissociated ligands it is more difficult to reach the solvent than
in the case of LjGlb1-1. A much higher value for kon,CO is observed, in keeping with
the higher geminate rebinding, and the decay of the bis-histidyl species is also a faster
process. The C79S mutation has profound consequences on the rebinding kinetics (Figure
5.4D), with higher geminate rebinding, faster bimolecular rebinding, and accumulation
of a much higher population of the bis-histidyl 6c species. Accordingly, the marker band
of 5cHS in the RR spectrum decreased for this mutant (Figure 5.1e). Table 5.1 shows
that the amplitude of geminate rebinding increases to 46%, and that kon,CO undergoes a
twofold increase. The decay rate of the bis-histidyl 6c species is not substantially affected.
Because this species is accumulated in higher yield, it is expected that the on-rate for
the process will be higher.

The progress curve for CO rebinding to LjGlb2 shows the general kinetic pattern already
highlighted for the class 1 nsHbs previously discussed, and is well described by a sum
of exponential decays (Figure 5.4E). However, unlike the other globins described in this
work, two exponential decays are needed to properly account for the bimolecular phase,
a fact that may arise from two conformations coexisting in equilibrium. Their kon,CO

values differ by about twofold (Table 5.1). Although the long time tail of the rebinding
kinetics is barely appreciable in the plot of Figure 5.4E, this kinetic phase has the typical
features of the decay of bis-histidyl 6c species. The small amount of this intermediate is
indicative of a very low, but not negligible, binding rate for the distal His.

Stopped flow, rapid mixing experiments, were conducted with all nsHbs to determine
the kon,H and koff,H rates. When deoxyferrous Hb solutions are mixed with a solution
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equilibrated with CO, the exogenous ligand is bound by the protein in a bimolecular
reaction. In the 6c proteins like nsHbs, however, the endogenous ligand His(E7) must
first dissociate from the heme so that the diatomic gas is able to bind to the heme.
At high enough [CO], this step becomes rate limiting. For Hbs that are only partly
hexacoordinated (in which a fraction of 5c species is present at equilibrium), binding of
CO in the rapid mixing experiments is a biexponential process described by the following
equation:

∆Aobs = −AT(FPe−kon,CO[CO]t + FHe−kobs2[CO]t) (5.10)

In this equation, ∆Aobs is the observed parameter for binding; kon,CO is the bimolecular
rate constant for CO binding to the 5c species; kobs2 is the observed rate constant for
binding following mixing; FP and FH are the fractions of protein in the 5c and 6c states;
and AT is the total change in absorbance expected for the reaction, determined indepen-
dently from ligand-free and ligand-bound absorbance spectra [265]. The equation that
describes the apparent rate kobs2 for these kinetics is as follows [266]:

kobs2 =
koff,Hkon,CO[CO]

kon,H + koff,H + kon,CO[CO]
(5.11)

Figure 5.5A shows the progress curves for CO binding to LjGlb1-1 at several values
of [CO], along with fits using double exponential relaxations. Figure 5.5B reports the

Figure 5.5: Kinetics of CO binding to LjGlb1-1 observed after stopped-flow rapid mixing.
(A) Absorbance changes at 414 nm following rapid mixing of deoxyferrous LjGlb1-1 in CO-
equilibrated buffer. Final [CO] after mixing was 100 µM (black), 200 µM (red), 300 µM (green),
400 µM (blue), and 500 µM (cyan). Red solid curves are the best fits with double exponential
relaxations. (B) Observed rate constants for the slow kinetic phase of LjGlb1-1 as a function of
[CO]. The rates of the fast kinetic phase exhibit a linear trend with slope kon,CO (not shown
in the figure). The red solid line is the best fit of the data with eq. 5.10.

[CO] dependence of the apparent rate constant associated with CO binding to the 6c
species. Like other 6c globins, a typical trend is observed for the slow kinetic phase,
where the apparent rate constant reaches a saturating value at high [CO] [265]. This
limiting value corresponds to the koff,H rate. For all the proteins, the trend of the rates
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kobs with [CO] is well described by Equation (5.10), wherekon,H and koff,H are held as
free parameters, whereas the value of kon,CO, determined from flash photolysis, is held
as a fixed parameter. The retrieved parameters for LjGlb1-1 and the other proteins are
reported in Table 5.1.
Figure 5.6A compares the expected values for kobs using the model gas CO for several
nsHbs. It is quite clear that, due to the combination of rates kon,CO, kon,H, and koff,H,

Figure 5.6: Apparent binding rates of CO to several plant nsHbs. (A) Comparison of apparent
rates (kobs) determined from the values of kon,CO, kon,H, and koff,H reported in the literature.
[CO]=10 µM. Abbreviations and references: rice Hb1 (rHb1a [242,267]), rice Hb1 (rHb1b [265]),
maize Hb1 (mHb1a [265]), maize Hb1b (mHb1b [265]), barley Hb1 (bHb1 [261]), Arabidopsis
thaliana Glb1 (AtGlb1 [245, 254]), tomato Hb1 (tHb1 [130, 245]), soybean Hb1 (sHb1 [245]).
Values of LjGlb1-1 and LjGlb1-2 (marked with asterisks) were obtained for this work. For
rice and maize, values of two different class 1 Hbs, termed ”a” and ”b”, are provided. (B)
Comparison of kobs values of LjGlb1-1, LjGlb1-2, and their mutant derivatives.

LjGlb1-2 binds CO with higher rate than LjGlb1-1 in these conditions. The kobs values
for LjGlb1-2 and its C79S mutant (Figure 5.6B) are quite similar. On the contrary, a
fivefold decrease in the rate is observed for the C78S mutant of LjGlb1-1, which suggests
a critical role of this residue in determining the rate constants relevant for kobs. In
contrast, the effect of the C8S mutation appears to be negligible.
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Globin kaon,CO (µM−1s−1) kbon,H (s−1) ka,boff,H (s−1) Kc
H F dH F egem kfgem (×107s−1)

LjGlb1-1 1.2 67 27 2.48 0.71 0.09 9.2
LjGlb1-1 C8S 1.6 111 57 1.95 0.66 0.04 6.8
LjGlb1-1 C78S 1.7 288 5.1 56.8 0.98 0.13 6.2

LjGlb1-2 29 1484 88 16.9 0.94 0.27 7.6
LjGlb1-2 C79S 67 3501/1051 84/5.8 41.7/181 0.98/0.99 0.46 8.8

LjGlb2g 3.79 (70%), 10.71 (30%) 0.033/4.4 0.15/20 0.22 0.18 0.15 5.7

Table 5.1: Rate constants of LjGlbs and their mutated derivatives. aDetermined by LFP. bDetermined by stopped flow. cEquilibrium constant for
His binding KH = kon,H/koff,H. dFH = KH/(1 +KH), fraction of bis-histidyl 6c species in ferrous proteins at equilibrium. eFgem, fractional amplitude
of geminate rebinding. fkgem, rate constant for geminate rebinding. gFor LjGLb2, the hexacoordinated fraction FH is calculated from the absorption
spectrum and is consistent with the amplitude of binding to the 5c species in stopped flow. Because KH = FH/(1 − FH), from FH = 0.18 we obtain
KH = 0.22. There are two koff,H values (0.15 and 20 s−1). Assuming the same equilibrium constant, we can calculate two values for kon,H = KH · koff,H

(0.033 and 4.4 s−1, respectively).
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The values of the equilibrium constants (KH) for the binding of the distal His(E7) to the
hemes of the three LjGlbs are shown in Table 5.1. The KH of LjGlb1-1 demonstrates that
a fraction of 5c species is present at equilibrium. This is in keeping with the presence of a
small intensity, second ν3 band observed at 1467-1475 cm−1 in the RR spectrum (Figure
5.1a), indicating the presence of a 5cHS ferrous form. The LjGlb1-1 C8S mutation slightly
shifts the equilibrium towards the 5cHS species. The opposite effect is observed for the
LjGlb1-1 C78S mutant. The weak second ν3 band observed at 1467-1475 cm−1 appears
to behave consistently (Figure 5.1b,c). The KH of LjGlb1-2 clearly indicates that the
unliganded ferrous form of the protein is mostly present as the bis-histidyl 6c species, as
anticipated by the absorption spectra [260] and the RR spectra (Figure 5.1).
The LjGlb1-2 C79S mutation results in heterogeneous kinetics in the time range where
the bis-histidyl species is formed and decays, where two exponential decays are needed
to account for the measured time course of CO binding. Plotting the two rate constants
as a function of [CO] and fitting their trend using Equation (5.10) allows to retrieve the
kon,H and koff,H values reported in Table 5.1. For both conformations, these rates result
in stronger hexacoordination than observed for the wild-type protein. The reason for the
presence of the two species is as yet unclear. Finally, the KH of LjGlb2 is quite low,
indicating a substantially lower stability of the bis-histidyl 6c species. Consistently, RR
spectra of LjGlb2 (Figure 5.1) show a remarkably high population of 5cHS species, and
the absorption spectra clearly show a mixture of 5c and 6c species [260].

5.4.4 Nitric Oxide Dioxygenase Activities

Because both class 1 and class 2 nsHbs are able to scavenge NO in vitro and in
vivo [21, 248, 249, 268], we measured NOD activities of LjGlbs, as well as of some of
their mutated forms, to identify possible differences among the proteins and to deter-
mine whether Cys residues play a role in NO scavenging activity. To this end, we used
a well-known artificial NO donor (DEA) and a physiological NO donor (GSNO). At the
concentrations employed, both compounds released NO linearly for ≈ 4 min, at which
time NO concentration stabilized. The oxyferrous Hbs were then added and the ini-
tial rate of NO consumption was measured and expressed on the basis of hemeprotein
concentration (Figure 5.7). The decrease in NO concentration was due to NOD activ-
ity mediated by the hemes and was unrelated to scavenging by Cys residues because
the respective ferric Hbs had no activity. We found that wild-type LjGlb1-1, LjGlb1-2,
and LjGlb2 exhibited similar NOD activities regardless of the NO donor. Also, there
were no major differences of NOD activity between the wild-type and the mutated pro-
teins, although the LjGlb1-1 mutants displayed higher NOD activity than the wild-type
LjGlb1-1. The cause for this minor, yet significant, increase is uncertain because it did
not occur in LjGlb1-2 C79S (Figure 5.7), which again indicates that the Cys residues are
not involved in NO scavenging.

5.5 Discussion

In this work, the electronic and ligand binding properties of the heme environments of
the three nsHbs of L. japonicus were examined by combining several spectroscopies and
assaying the NOD activities of the proteins. The comparisons between LjGlb1-1 and
LjGlb1-2, as well as between class 1 and class 2 nsHbs, were facilitated by using mutated
proteins, which enabled us to determine the effect of Cys residues on protein stability and
ligand affinity. This type of studies on plant nsHbs is scarce, yet important to understand
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Figure 5.7: NOD activities of LjGlbs and some of their mutated forms. The activities were
measured with DEA or GSNO as NO donors. Values are means ± SE of at two-three independent
protein preparations. Means denoted by the same letter were not statistically different (P <
0.05) based on the Duncan’s multiple range test.

protein function.
Although the general behavior of the two class 1 nsHbs is similar, the details of their
distal pocket and the ligand rebinding kinetics show significant differences. For LjGlb1-
1, the geminate phase of ligand binding is comparable to that of other class 1 nsHbs.
Thus, the CO rebinding to rice Hb1 is characterized by ≈ 10% geminate rebinding that
occurs with a nearly mono-exponential kinetics. Similarly, the geminate rebinding to
AtGlb1 is a process with a comparable amplitude, but a slightly more complex kinetics
that is well described by a bi-exponential relaxation [264]. In AtGlb1 the bi-exponential
nature of the kinetics was interpreted as a result of the migration of the photodissociated
ligand to nearby cavities, from which the ligand is rebound at later times with different
rates [253, 254]. Both the equilibrium binding constants and the binding rates to heme
proteins are profoundly influenced by structural properties of the active site, including the
presence of temporary docking sites within the protein matrix, and tunnels connecting
the interior of the protein with the solvent. The strong interaction of the CO ligand with
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the distal His residue observed for LjGlb1-1 and its C8S and C78S mutants, for which
the νFe−CO modes were found at 533-536 cm−1 and δFe−CO at 587-589 cm−1 (Figures
5.2-5.3), may be taken as the main reason for the high affinity of this protein for diatomic
gases, because this interaction is expected to decrease substantially the ligand dissociation
rate constant. Notably, the same values (535 cm−1) were found for barley Hb1 [58]
and AtGlb1 [254]. The KH value of LjGlb1-1 is consistent with those of other class 1
nsHbs (Figure B.3A). It is interesting to note that while kon,H and koff,H show a large
variability across the class 1 nsHbs, these rate constants appear to be strongly correlated
(r = 0.87; Figure B.3B). The slope provides a KH of 1.6±0.2, a value that implies partial
hexacoordination for the equilibrium, ligand-free deoxyferrous species. A similar average
value of 1.7±0.2, estimated from the analysis of several class 1 nsHbs, was reported earlier
[245]. The reasons for the correlation may be ascribed to the dynamics of the different
proteins and may involve an enthalpy-entropy compensation. The transition from the
bis-histidyl hexacoordination to pentacoordination implies conformational changes of the
protein. Central to this conformational change is the peculiar translation of helix E along
its axis. The flexibility of the CD and EF loop regions in class 1 Hbs allows the piston
motion of the E-helix that accompanies dissociation of the distal His and subsequent
ligand binding. This flexibility, along with the unfavorable interaction of Phe(B10) with
the coordinated distal His, promotes reversible hexacoordination [269].

LjGlb1-2 is clearly an outlier with respect to CO binding rate, His binding and dissoci-
ation rates, and KH values, which are much higher than the typical values observed for
class 1 nsHbs. The amplitude of geminate rebinding for LjGlb1-2 is much larger than the
typical values reported for other class 1 nsHbs and, in fact, it is similar to the amplitude
observed for AtGlb2 [254, 270]. Likewise, the kon,CO of LjGlb1-2 resembles the values
of class 2 nsHbs rather than those of class 1 nsHbs (Figure B.4). The distal pocket of
LjGlb1-2 is quite closed, with νFe-CO mode at 519 cm−1, suggestive of a strong interaction
with distal pocket residues, but this interaction is less strong than for LjGlb1-1. Unlike
the case of LjGlb1-1, the presence of a closed distal pocket in LjGlb1-2 does not impair
geminate recombination, which occcurs with a remarkably large amplitude (≈ 30%),
probably due to the weaker interaction. The νFe−CO mode undergoes a dramatic change
for the LjGlb1-2 C79S mutant, shifting to 492 cm−1 (Figure 5.3E), a value indicative
of an open heme pocket. Consistently, the amplitude of the geminate recombination
becomes ≈ 50%, showing that the barrier encountered by the ligand is further decreased.
For LjGlb2, the νFe−CO mode is similar to that observed for CO-ligated mammalian
Mbs at neutral pH [271]. The prevalence of the 5c heme in the deoxy LjGlb2 seems to
indicate that, for this globin, the heme-pocket region is indeed more Mb-like.

Plant nsHbs contain Phe(B10) and His(E7) in their distal pockets [242, 269]. These
residues are crucial for protein function because they strongly modulate ligand binding
to the heme. The distal His residue in LjGlb1-1 and LjGlb1-2 may also impose a barrier
to rebinding and favor ligand escape to the solvent through the protein matrix, thus
resulting in small amplitude geminate rebinding. The LjGlb1-1 C8S and C78S mutations
do not change substantially the distal pocket interactions of the bound CO, whereas
the geminate recombination is changed, suggesting that the distal pocket is somehow
perturbed. However, the two mutations appear to lead to opposite effects, as was also
the case for the KH values.

The measurements of NOD activities complemented our spectroscopic studies because
NO is a typical ligand of plant and animal Hbs [248, 249, 257]. Our results demonstrate
that both class 1 and class 2 nsHbs are able to scavenge NO at similarly high rates (Figure
5.7), comparable to those reported for other Hbs using a different assay system [249].
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The initial rates of NO consumption measured here are due to genuine NOD activity
catalyzed by the hemes and not to Cys nitrosylation because ferric Hbs had no activity
and because the wild-type and mutant proteins displayed similar NOD activities. These
observations are consistent with the finding that barley Hb1 and its single Cys mutant
also showed similar NOD activities [262] and with the proposal that NOD activities are
widespread amongst plant and animal Hbs [249, 272]. Interestingly, the NOD activity
of LjGlb1-1 would provide the only way, to our knowledge, for this protein to remove
bound O2 because it has an extremely high O2 affinity (KO2

= 50 pM) due to a very
slow dissociation rate (koff = 0.004 s−1) [260]. The differences in CO binding kinetics and
in O2 affinities [260] among the three LjGlbs, along with their similar NOD activities,
strongly suggest that the proteins perform non-redundant functions. This is supported
by the different expression profiles of the three proteins observed in plant tissues [260].
An additional consideration is that NOD activity yields ferric Hb and therefore enzymatic
and/or nonenzymatic systems are required to regenerate oxyferrous Hb and sustain NOD
activity in vivo. These may include free flavins and flavoproteins [248,273,274]. Further
studies on the identification of ferric Hb reducing mechanisms shall shed light on this
controversial issue [249].

5.6 Conclusions

Spectroscopic analyses of LjGlbs reveal major differences between the two phylogenetic
classes of nsHbs and also between the two members of the same class, strongly sug-
gesting that the three globins perform non-redundant functions. Specifically, the degree
of binding of the distal His(E7) to the heme iron in the deoxyferrous state greatly dif-
fers among the LjGlbs studied here. Whereas the equilibrium constant for His bind-
ing (KH) of LjGlb1-1 is in line with those determined for other class 1 nsHbs [245],
LjGlb1-2 behaves more like class 2 nsHbs, showing complete bis-histidyl hexacoordina-
tion in the deoxyferrous state. Moreover, LjGlb2 is an atypical class 2 nsHb because it
is mostly pentacoordinate in the deoxyferrous form. Upon CO ligation, the bound CO
is very strongly stabilized by hydrogen bonding to nearby amino acid residues, probably
His(E7), in LjGlb1-1 and its C8S and C78S mutants, but the stabilization is less strong
in LjGlb1-2 and LjGlb2. In the latter, the CO is similarly stabilized as in mammalian
Mbs and Hbs, which are also pentacoordinate globins. The LjGlb1-1 C8S and C78S mu-
tations caused changes in CO geminate recombination, indicating perturbations of the
heme environment. Remarkably, the LjGlb1-2 C79S mutation removes the CO stabiliza-
tion and gives rise to an open heme pocket. The CO stabilizations of the three globins
are consistent with their O2 affinities [260], following the order LjGlb1-1 > LjGlb1-2
> LjGlb2. Considering that the stronger the stabilization, the higher the affinity, we
conclude that the affinities for diatomic ligands are essentially determined by the dis-
sociation rate constants (koff). In contrast to the differences observed for CO binding
and geminate recombination, the NOD activities of the three nsHbs were rather similar,
which leads us to conclude that the activities are an intrinsic property of the hemes and
that the small variations seen in the mutated proteins are due to alterations in the heme
environment and not to direct NO scavenging by Cys residues.
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Chapter 6

EPR Characterization of the
Heme Pocket Structure of
Nonsymbiotic Hemoglobins
from the Model Legume Lotus
japonicus
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6.1 Abstract

The model legume Lotus japonicus expresses several nonsymbiotic hemoglobins (nsHbs)
which have been classified into two phylogenetic groups. Class 1 Hbs show an extremely
high O2 affinity and are induced by hypoxia and nitric oxide (NO), whereas class 2
Hbs have moderate O2 affinity and are induced by cold and cytokinins. Although Lotus
japonicus expresses two class 1 Hbs and one class 2 Hb, a combination of resonance
Raman, EPR and modelling did not show large differences in the heme-pocket structure
of the ferric forms of these nsHbs. Comparison with other plant hemoglobins however
shows a clear difference in the orientation of the His imidazole planes.

6.2 Introduction

An extensive introduction to plant nsHbs in general and the nsHbs found in the model
legume Lotus japonicus was given in section 5.2. This model legume is extremely inter-
esting because of the presence of several classes of nsHbs.

A quick look at literature learns us that up to now, only three nsHbs were analyzed in
their ferric form using EPR: barley Hb [58], tomato Hb (SOLly Glb1) [130] and Ara-
bidopsis thaliana Hb1 [118], which are all class 1 nsHbs. Droghetti et al. showed that a
mutation of the E7His towards a Leu induces a special ground state, which again shows
the importance of the E7His ligation. All authors also performed RR spectroscopy ex-
periments as well. Furthermore, Bruno et al. investigated Arabidopsis thaliana Hb2,
which is a class 2 nsHb, using RR spectroscopy [254]. Apart from EPR and RR spec-
troscopy experiments, also x-ray diffraction (XRD) structures of ferric nsHbs can be
found in literature: rice Hb (PDB:1D8U), corn Hb (PDB:2R50) and Trema tomentosa
Hb (PDB:3QQQ). All these spectroscopic techniques show that ferric class 1 nsHbs are
predominantly in a bis-histidine ligated form (F8His-Fe-E7His), which was also the case
for the antarctic fish Cygbs studied in Chapter 4.

In this chapter, we will investigate the difference(s) between the heme environments of
class 1 Hbs (LjGlb1-1 and LjGlb1-2) and a class 2 Hb (LjGlb2) using a combination
of spectroscopic techniques (RR and EPR) and 3D modelling of the protein structure.
Figure B.1 (Appendix B) shows the sequences of the mutated class 1 and class 2 Hbs
from Lotus japonicus. While the two class 1 Hbs have a sequence identity of 76.8%
and a similarity of 92.3%, this changes completely when comparing them with LjGlb2,
where the sequence identity is only about 50% and the similarity 76% in comparison
with LjGlb1-2. Based on this sequence identity, we might see a big difference between
the different samples.

To our knowledge, this is the first work where EPR is used as a method to characterize
class 2 nsHbs.

6.3 Materials & Methods

6.3.1 Protein Expression and Purification

The class 1 and class 2 nsHbs of L. japonicus were prepared in the exact same way as
has been described in section 5.3.1 of this thesis, by the lab of M. Becana.
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6.3.2 Resonance Raman Spectroscopy

Resonance Raman spectra were acquired using a Dilor XY-800 spectrometer in low-
dispersion mode using a liquid nitrogen-cooled CCD detector. The excitation source was
a Spectra-Physics BeamLok 2060 Kr+ laser operating at 413.1 nm. The spectra were
recorded at room temperature and the protein solutions were magnetically stirred at 500
rpm in order to avoid local heating and photochemical decomposition. The slit width
used during the experiments was 200 µm.

In general 12-15 spectra were acquired with an integration time of 150-180 s each. Spikes
due to cosmic rays were removed by removing the highest and lowest data points for each
frequency, and averaging the remaining values. Typical sample concentrations are in the
order of 0.04 M - 0.06 M.

6.3.3 Electron Paramagnetic Resonance (EPR)

X-band continuous wave (CW) EPR measurements were performed on a Bruker ESP300E
spectrometer with a microwave frequency of 9.45 GHz equipped with a gas-flow cryogenic
system (Oxford Inc.), allowing for operation from room temperature down to 2.5 K.
The magnetic field was measured with a Bruker ER035M NMR Gauss meter. During
the experiments, a vacuum pump was attached to the EPR tube in order to remove
paramagnetic oxygen from the frozen sample. The spectra of heme proteins are typically
measured with a modulation amplitude of 0.8 mT, a modulation frequency of 100 kHz
and a microwave power of 2 mW.

For the EPR measurements, 20% glycerol was added as a cryoprotectant. All spectra were
simulated using Easyspin, a toolbox for MATLAB (Mathworks, Natick, Mass., USA).

X-band pulsed EPR measurements were performed on a Bruker E580 Elexsys spectrom-
eter with a microwave frequency of 9.75 GHz equipped with a gas-flow cryogenic system
(Oxford Inc.), allowing for operation from room temperature down to 2.5 K. Two-pulse
ESEEM experiments were performed using the π/2-τ -π-τ -echo sequence with tπ/2 = 16
ns and τ ranging from 88 ns to 2880 ns in steps of 8 ns. Three-pulse ESEEM experiments
were performed using the π/2-τ -π/2-T-π/2-τ -echo sequence with tπ/2 = 16 ns, τ ranging
from 88 ns to 320 ns in steps of 8ns and T ranging from 88 ns to 5672 ns in steps of
16 ns. Hyperfine Sublevel Correlation (HYSCORE) measurements were performed using
the π/2-τ -π/2-t1-π-t2-π/2-τ -echo sequence with tπ/2 = 16 ns and t1 and t2 ranging from
88 ns to 5672 ns in steps of 16 ns. HYSCORE measurements were performed at different
field positions with different τ -values. The HYSCORE spectra are baseline corrected
using a third order polynomial, apodized with a Hamming window and zero-filled. The
absolute value spectrum was calculated after Fourier transformation. As a last step, all
absolute value spectra with the different τ -values were added together.

6.3.4 3D Modelling

The structural models of LjGlb1-1, LjGlb1-2 and LjGlb2 were predicted using Swiss-
Model [275] in combination with BIOVIA Discovery Studio Visualizer 4.5, San Diego,
Dassault Systèmes. The obtained models were afterwards evaluated with Procheck [221],
Verify3D [222,223] and ProSA-Web [224,225].
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6.4 Results

6.4.1 Resonance Raman Spectroscopy

In Chapter 5, we have used RR spectroscopy to compare the heme environments of the
ferrous and ferrous CO-ligated class 1 and class 2 wild-type and mutant LjGlbs [276].
Here, we focus on the ferric forms of these LjGlbs.
The high-frequency region (1300–1650 cm−1) of the Resonance Raman (RR) spectra
contains marker bands for the oxidation, coordination and spin state of the heme iron,
while the low-frequency region (200–700 cm−1) contains several in-plane and out-of plane
vibrational modes of the heme. The RR spectra of ferric LjGlb1-1, LjGlb1-1 C8S, LjGlb1-
1 C78S, LjGlb1-2, LjGlb1-2 C79S and LjGlb2 are shown in Figure 6.1.
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Figure 6.1: Resonance Raman spectra of (a) LjGlb1-1, (b) LjGlb1-1 C8S, (c) LjGlb1-1 C78S,
(d) LjGlb1-2, (e) LjGlb1-2 C79S and (f) LjGlb2 in their ferric form. All spectra were recorded
with a laser power of 12mW.

After expression, LjGlb1 usually consists of a mixture of oxyferrous and ferric forms.
Hence, before these RR experiments were performed, it was confirmed using absorption
spectroscopy that all hemoglobins are in their ferric form. In this form, they show a
marker band ν4 around 1375-1377cm−1 which is characteristic for a ferric state with the
marker bands ν3 at 1504-1507 cm−1 and ν10 at 1637-1639 cm−1 being characteristic for
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a low-spin (S = 1/2) hexacoordinated ferric form. A second weak ν3 line is seen at 1470-
1472 cm−1 which indicates that a small fraction of a high-spin (S = 5/2) hexacoordinated
ferric form is present; this is probably an aquomet form. The porphyrin marker bands
that were found are in line with those described in earlier work on bis-histidine ferric
globins [58, 130, 254]. Using these marker bands, it is possible to predict the distance d
between the porphyrin centre and the pyrrole nitrogen using ν = K(A − d), where the
values of K (cm−1 Å−1) and A (Å) were determined by Choi et al. [229]. Here we find an
average distance of 1.9878-1.9915 Å, which is somewhat lower than the distance found
in earlier work for tomato hemoglobin (SOLly GLB1): 1.9948 Å [130]. This distance
indicates that there is not a strong ruffling of the heme, as has been shown to be the case
for protoglobin [140].

The high-frequency region of the resonance Raman spectra of the ferric forms of the
globins are similar to those found for Barley Hb [58], Arabidopsis thaliana Hb2 [254]
and SOLly Hb [130], which all have a bis-histidine coordination of the heme. This is in
contrast with Arabidopsis thaliana Hb1 E7L mutant, which has a mixed HS-LS state in
both the ferric and ferrous form [118,254].

In the low-frequency region, the propionate bending mode (δ(CβCcCd)) is visible at 376-
380 cm−1. For comparison, this mode is found in ferric SOLly Hb at 378 cm−1 [130] .
It is possible to use this mode to quantify the strength of the interaction between the
heme propionate side-chains and nearby amino acid residues; a higher Raman shift for
the propionate bending mode indicates a stronger interaction [63].

This interaction seems to be stronger for the ferrous form when compared to the ferric
form, as is also the case for barley Hb (Figure 5.1). Furthermore, the interaction is similar
for the different Lotus japonicus class 1 and 2 wild-type Hbs and their mutants in either
the ferric or ferrous forms. The ferric forms have, in contrast with the ferrous forms, a
similar strength when compared with barley Hb and SOLly Hb. The vinyl bending modes
δ(CβCcCd) are seen as a single line at 428-432 cm−1. The overlap of both bending modes
of the vinyl groups indicates a relaxed heme configuration. These bending modes have
a sharper profile for LjGlb1-2 when compared with LjGlb1-1, which indicates a larger
symmetry in stabilization of the heme group, indicating a better stabilization. The vinyl
bending mode peaks of LjGlb2 on the other hand exhibit a broader profile than both
class 1 LjGlbs, indicating that the local environment of the two vinyl groups is more
different than in the LjGlbs. The out-of-plane modes γ6, γ7, γ12 and γ21 are not visible
in the ferric and ferrous form, as is typically the case for a bis-histidine coordination.
This indicates, together with the overlap of both bending modes of the vinyl groups, that
the heme is in a relaxed state with the heme iron almost completely in the porphyrin
plane.

6.4.2 Electron Paramagnetic Resonance

Figure 6.2A shows the CW-EPR spectra of ferric LjGlb1-1 wt, LjGlb1-1 C78S and
LjGlb1-1 C8S as well as their corresponding simulations, and Figure 6.2B shows the
CW-EPR spectra of ferric LjGlb1-2 wt and LjGlb1-2 C79S. Four to five different com-
ponents are seen in these spectra, of which two are totally unrelated to heme irons: a
minor contribution of a non-heme iron (indicated with an asterisk at g ≈ 4.28) and a
small Cu(II) background from the cavity (gz = 2.28 ± 0.01, gy = gx = 2.06 ± 0.01;
|Ax| = |Ay| = 45± 5 MHz , |Az| = 500± 5 MHz). A first contribution of the heme irons
is due to a high-spin heme iron (i.e. heme iron in the S=5/2 state), which is indicated by
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HS. It is batch-dependent and can be ascribed to protein denaturation and the breaking
of the Fe-E7His of Fe-F8His bound; this form has only a small contribution to the entire
spectrum. The remaining one (for LjGlb1-1) or two (for LjGlb1-2) contributions stem
from low-spin (LS, S=1/2) ferric heme species and are the ones we are interested in.
Their principal g-values are given in Table 6.1. Note that the low-field component can
only be determined from field-swept spin echo experiments (see further).

gz gy gx V/λ V/∆ Reference±0.005 ±0.01 ±0.05
LjGlb1-1 WT 3.075 2.20 ≤ 1.29 1.44 0.51 This work
LjGlb1-1 C8S 3.068 2.212 ≤ 1.21 1.51 0.52 This work
LjGlb1-1 C78S 3.065 2.212 1.28† 1.48 0.53 This work

LjGlb1-2 WT LS1 3.178 2.13 ≤ 1.19 1.31 0.44 This work
LjGlb1-2 C79S LS1 3.170 2.13 1.19† 1.31 0.44 This work

LjGlb1-2 LS2 2.950 2.25 ≤ 1.44 1.77 0.58 This work
LjGlb2 WT LS1 3.058 2.20 1.29† 1.49 0.52 This work
LjGlb2 WT LS2 2.830 2.28 1.61† 2.18 0.63 This work
LjGlb2 WT LS3 2.530 2.19 1.87† 3.71 0.58 This work

SOLly GLB1 2.98 2.23 1.44 1.72 0.54 [130]
Barley Hb 3.02 2.22 1.48 1.72 0.49 [58]
D.mawNgb 3.13 2.15 ≤ 1.27 1.40 0.45 [125]

hNgb LS1 (SH) 3.10 2.17 1.30 1.45 0.47 [30]
hNgb LS2 (S-S) 3.26 2.06 1.05 1.13 0.39 [30]

hCygb 3.20 2.08 1.20 1.26 0.39 [30]
Mblm 2.9 1 2.26 1.53 1.93 0.58 [143]

† using g2
x + g2

x + g2
x = 16

Table 6.1: Principal g-values and corresponding ligand field parameters of the dominant low-
spin heme component in different ferric Lotus japonicus class 1 and class 2 hemoglobins in
comparison with other hexacoordinated globins.

The principal g-values can be translated into ligand-field parameters V/∆ and ∆/λ (V =
rhombic splitting parameter, ∆ = tetragonal splitting parameter, λ= spin-orbit coupling)
[151], that in turn can be compared with the so-called Peisach-Blumberg truth tables [277]
to get a first clue about which distal ligands bind to the heme iron. Only the ligand-
field parameters of LjGlb1-2 LS2 fall fully within the ’H-region’ of the truth tables, with
values typical for an imino nitrogen atom binding to the heme iron at the distal side.
Although the region in which the values of LjGlb1-1 WT, LjGlb1-1 C8S, LjGlb1-1 C78S,
LjGlb1-2 WT LS1 and LjGlb1-2 C79S LS1 fall was not originally assigned to a specific
coordination, the ligand-field parameters are very close to those of neuroglobin (Ngb)
and cytoglobin (Cygb) variants [30], both with known bis-His coordination of the heme
iron. This suggests that the dominant ferric component in LjGlb1-1 WT, LjGlb1-1 C8S,
LjGlb1-1 C78S, LjGlb1-2 WT and LjGlb1-2 C79S is a bis-His coordinated heme, which
is in line with what we expected.
Figure 6.3 shows the CW-EPR spectrum of LjGlb2, which interestingly shows a different
form when compared with the class 1 Hbs discussed above. As indicated by Table 6.1,
three different low-spin contributions have been identified, with LS1 indicating a typical
bis-His coordination as was the case for class 1 Hbs. Earlier work on Thermobifida fusca
revealed the presence of two ferric forms with g-values similar to LjGlb2 LS2 and LS3.
The first one, with gz ∼ 2.8, was assigned to His/OH− (Table 3.3) coordination where the
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Figure 6.2: X-band CW-EPR spectra of different Class 1 hemoglobins found in the model
legume Lotus japonicus. Panel A shows the experimental (blue) and simulated (red) spectra for
(a) LjGlb1-1, (b) LjGlb1-1 C8S and (c) LjGlb1-1 C78S. Panel B shows the experimental (blue)
and simulated (red) spectra for (a) LjGlb1-2 and (b) LjGlb1-2 C79S. The asterisk indicates
the signal from the non-heme iron and “HS” indicates a high-spin ferric heme component. All
spectra were recorded at 10K.

OH− group is strongly H-bonded [137]. A second weak species was found with gz ∼ 2.6
which was assigned to a His/OH− coordination as well, but where the OH− group is not
strongly H-bonded [137]. When deriving the ratio of the three species found in LjGlb2,
we see that LS1 is the major contribution (∼ 71%), followed by LS2 (∼ 26%) and finally
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LS3 (∼ 0.17%). This indicates that the fraction of not-strongly H bonded OH− is rather
small. As was the case for LjGlb1, it can thus be concluded that a bis-His coordinated
heme is the dominant ferric form for LjGlb2. The OH−-ligation should however not be
neglected.
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Figure 6.3: X-band CW-EPR spectrum of Class 2 hemoglobin found in the model legume
Lotus japonicus. The asterisk indicates the signal from the non-heme iron and ”HS” indicates
a high-spin ferric heme component. All spectra were recorded at 10K.

The ligand-field parameters of LjGlb1 and LjGlb2 LS1 can also be used to get informa-
tion about the histidine-plane orientations in the heme-pocket. The two histidines are
coplanar when V/λ ' 2 and this value will decrease when the histidine planes get twisted
and tilted [156, 278]. In the case of co-planar imidazole (His) planes, the V/∆ value is
2/3 if the planes are eclipsing the Nheme-Fe-Nheme axis [156] This is not the case for the
dominant LS1 fractions. Note that the principal g values (and ligand-field parameters) of
LS1 are strongly different from those of tomato and barley Hb. The trend in the values
indicates that the dihedral angle between the two His imidazole planes is considerably
larger for the LjGlb1-1, LjGlb1-2 LS1 and LjGlb2 cases than for the other two plant
hemoglobins. The occurrence of the LS2 fraction of LjGlb1-2 is unclear at this moment,
but a few possibilities will be suggested here: (i) it could be a second conformer, in which
the two His imidazole planes are less twisted because of the agreement between these pa-
rameters and those of tomato Hb (SOLly GLB1), (ii) it could be a heme attached to
the His-tag, or (iii) it could be a small fraction that ligates imidazole (added during the
purification process (g values are not very different from those of Mb+imidazole).

As indicated in Table 6.1, the gx component of the low-spin contribution is estimated
assuming

∑
i gi = 16, which is based on a simplification of the ligand field theory [150].

In order to check whether this assumption is valid in the present case, 2-pulse ESEEM
experiments were performed on LjGlb1-1 wt, LjGlb1-1 C8S and LjGlb1-2 wt. In this
experiment, the spin-echo will be recorded as function of the magnetic field and the
interpulse distance τ . By summing over all τ -values, a field dependent signal (echo-
spin-echo (ESE)-detected signal) will be obtained (Figure 6.4 and Figure 6.5). While the
signal in ESE-detected EPR is only dependent on the electronic spin-spin relaxation (T2),
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Figure 6.4: Experimental ESE-detected EPR spectra of a frozen solution of LjGlb1-1 wt (upper
panel) and LjGlb1-1 C8S (lower panel) (blue line) and corresponding simulation (red line). All
spectra were recorded at 7K and summed over the 350 different -values (from 88ns to 2880ns).

the CW-EPR signal is dependent on T2/T1 with T1 the spin-lattice relaxation. The field
positions are thus exactly the same, only the intensity in function of the field is different.
The gx component should be better visible in the absorption signal of ESE-detected
EPR since this component is not resolved in CW-EPR. At high field it seems like there
is indeed still some echo signal. To check whether this signal is due to a background
contamination or stemming from the globin contribution, the data were processed in
another way: the 2-pulse ESEEM data are Fourier transformed in the time direction for
the highest field position that was measured: B0 = 600mT (Figure 6.6). The unpaired
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Figure 6.5: Experimental ESE-detected EPR spectra of a frozen solution of LjGlb1-2 wt (blue
line) and corresponding simulation (red line). All spectra were recorded at 7K and summed over
the 350 different -values (from 88ns to 2880ns).
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Figure 6.6: Experimental 2-pulse ESEEM spectrum of a frozen solution of LjGLB1-2 wt at
600mT. The spectrum was recorded at 7K and fourier transformed in the time direction.

electron of Fe(III) interacts with the heme nitrogens, so if the signal is originating from
the heme iron, contributions of 14N nuclear transitions are expected at high fields. It
seems this is the case here, so the gx value that was calculated in Table 6.1 is an upper
boundary for the real value!

The first HYSCORE experiments were performed for LjGlb1-2 wt at different magnetic
field positions which correspond to a selection of different spatial orientations. Combi-
nation of these different experiments makes it possible to obtain the complete hyperfine
and nuclear quadrupole tensors. Here we will only show a first series of experiments and
corresponding simulations since this work is still in progress. The contributions that are
typically seen in a HYSCORE spectrum of bis-histidine ligated heme proteins has been
extensively explained in section 4.4.5.

HYSCORE measurements at two different magnetic field positions were performed at
different τ -values. Spectra measured at the same field position but with different τ were
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added together to minimize the amount of blind spots. The positions that were chosen
are g ∼ gz, LS1 (B0 = 220mT) (Figure 6.7) and g ∼ gy (B0 = 323.5mT) (Figure 6.8). The
overlap of the gz-values of LS1 and LS2 make it difficult to assign certain contributions
to one or the other form. This is also the reason why these experiments are preliminary.
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Figure 6.7: Experimental (black) and simulated (red) HYSCORE spectrum of a frozen solution
of ferric LjGlb1-2 recorded at a magnetic field position corresponding with g = gz (B0 = 220mT).
The experimental HYSCORE spectrum is recorded at 7K and is the sum of those recorded for
different τ -values (88, 102 and 120ns).
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Figure 6.8: Experimental (black) and simulated (red) HYSCORE spectrum of a frozen solution
of ferric LjGlb1-2 recorded at a magnetic field position corresponding with g = gy (B0 =
323.5mT). The experimental HYSCORE spectrum is recorded at 7K and is the sum of those
recorded for different τ -values (88, 104 and 248ns).

HYSCORE measurements were tried at a magnetic field position corresponding to g ∼ gx
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as well, but as reported earlier with ferric CYGB, only weak signals could be obtained
[160]. This is in accordance with the low spin-echo intensity at high magnetic field in
Figure 6.2B. This appears to be the consequence of a large g anisotropy, which combined
with large g-strain effects gets an electron spin echo that is very weak at this field
position [160]. Instead it was chosen to perform 3-pulse ESEEM experiments at this
position (Figure 6.9).
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Figure 6.9: Experimental (blue) and simulated (red) 3-pulse ESEEM spectrum of a frozen
solution of ferric LjGlb1-2 recorded at a magnetic field position corresponding with g = gx

(B0 = 540mT). The experimental spectrum is recorded at 7K and is the sum of 30 τ -values
ranging from 88ns to 320ns in steps of 8ns.

The preliminary hyperfine tensor A, nuclear quadrupole tensor Q and their corresponding
Euler angles are shown in Table 6.2. All simulations were performed using a system of
four nitrogen nuclei where the heme contribution was taken into account twice using a
rotation of 90◦ around the z-axis for both the hyperfine tensor and the nuclear quadrupole
tensor. All simulations were performed starting from perfect pulses, so diagonal peaks
originating from pulse imperfections are not shown in the simulations!
The preliminary 14N hyperfine and nuclear quadrupole tensors of ferric LjGlb1-2 wt
and ferric SOLly GLB1 differ considerably, indicating a different orientation of the His
imidazole planes. In fact, the LjGlb1-2 wt parameters are closer to those of hCygb than
to those of SOLly GLB1, in line with the g values trend (Table 6.1), indicating that
the heme-pocket structure is closer to that of hCygb with a dihedral angle between the
two imidazole planes in the order of 45◦-60◦. We see a clear difference in the hyperfine
parameters of the ligating nitrogens, which could indicate a tilting away from the heme
normal of one of the His imidazoles.
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A1 [MHz] A2 [MHz] A3 [MHz] α, β, γ [◦] e2qQ [MHz] η α, β, γ [◦] Ref.
(±0.2) (±0.2) (±0.05) (±/15◦) (±0.1) (±0.05) (±/15◦)

Heme N
LjGlb1-2 -4.0 -4.05 -5.40 0, 0, 0 1.95 0.10 0, 90, 90 This work

SOLly Glb1 -4.5 -3.60 -5.40 0, 10, 10 1.75 0.05 0, 90, 100 [130]
mNGb -4.2 -4.20 -5.70 0, 0, 0 1.90 0.10 0, 90, 90 [279]
hCygb -4.0 -4.05 -5.53 0, 0, 0 1.84 0.01 0, 90, 90 [159]

Imidazole N
LjGlb1-2 -4.7 -5.7 -4.70 -20, 0, 0 -1.60 0.70 -20, 0, 0 This work

-4.7 -5.7 -6.20 20, 0, 0 -1.70 0.40 20, 0, 0 This work
SOLly Glb1 -5.1 -6.4 -4.90 0, 5, 30 -1.60 0.90 0, 5, 30 [130]

-5.4 -6.7 -4.90 0, 5, 55 -1.60 0.90 0, 5, 55 [130]
mNGb -5.25 -5.65 -4.90 10, 0, 0 -1.60 0.60 10, 0, 0 [279]

-5.25 -5.65 -4.90 50, 0, 0 -1.70 0.29 50, 0, 0 [279]
hCygb -4.7 -5.9 -5.00 -22, 0, 0 -1.80 0.24 -22, 0, 0 [159]

-4.7 -5.9 -5.00 24, 0, 0 -1.80 0.24 24, 0, 0 [159]

Table 6.2: Comparison between the preliminary data of the hyperfine and nuclear-quadrupole parameters for both the heme and nearest imidazole
nitrogens of ferric LjGlb1-2 with those of other ferric forms of globin proteins.
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Figure 6.10: 3D modelled structure of LjGlb1-1, LjGlb1-2 and LjGlb2. The locations of the
cysteines and histidines are indicated.

6.4.3 3D Modelling of LjGlb

Homology modelling was performed on LjGlb1-1, LjGlb1-2 and LjGlb2 (Figure 6.10).
Verify3D [222, 223] showed that respectively 94.04%, 88.96% and 88% of the residues
have a score higher than 0.2. ProSA-Web [224,225] results confirm these findings through
a negative Z-index for all residues and a calculated global Z-index of -7.59, -7.27 and -
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6.02 respectively for the global molecule. All these data show a reliable model, although
it should be mentioned that it was extremely difficult to find a model with enough
similarity with LjGlb2. While LjGlb1-1 was modelled against Trema tomentosa Hb
(PDB:3QQQ), both LjGlb1-2 and LjGlb2 where modelled against Arabidopsis thaliana
Hb1 (PDB:3ZHW).
Using these models, we get better insights in the location of the different cysteins. Both
LjGlb1-1 and LjGlb1-2 have one Cys at the same location: in the E-loop of the secondary
structure. In contrast to LjGlb1-2, LjGlb1-1 has a second Cys which is located in the
N terminus of the protein. Since this N terminus cannot correctly be modelled, the
exact location and orientation of this Cys is unknown. LjGlb2 has only one Cys, which
interestingly is located next to the E7His, which explains why we only measured its wild-
type form: the mutant form is unstable because of this mutation being so close to the
histidine.
As is clear from Figure 6.10, the Cys residues are not located at the outside of the protein
structure. This indicates that the chances to form intermolecular disulfide bridges are
rather small. Furthermore, since only LjGlb1-1 has two Cys, which are located far from
each other, intramolecular disulfide bridges are also impossible to be formed. The small
differences in the g-values (Table 6.1) are within the experimental error and could be
ascribed to small local changes in the helices.

6.5 Conclusions

In this chapter, resonance Raman, EPR and modelling were used to characterize the
heme environment of the ferric form of three nsHbs of L. japonicus.
Using RR spectroscopy we found that there is no big difference in the heme environment
of ferric class 1 and class 2 nsHbs. The heme plane is not extremely ruffled and agrees
with earlier observations for SOLly Hb1. A small fraction of a high-spin (S = 5/2) ferric
form (probably an aquomet form) is however visible, which is also confirmed by our
CW-EPR experiments. Using the ligand-field parameters, we found that the dihedral
angle between the two imidazole planes is considerably larger for LjGlb1-1, LjGlb1-2
and LjGlb2 when compared with two other plant Hbs (barley Hb and SOLly Hb). The
difference between the different classes of LjGlb is minimal, so more advanced (pulsed)
EPR techniques are necessary to obtain more information.
In this chapter we started these more advanced measurements by using HYSCORE to
get preliminary results for ferric LjGlb1-2 wt. Here we found that the orientation of the
His imidazole planes is indeed different to those of SOLly Glb1. As was the case for our
CW-EPR measurements, the obtained 14N hyperfine and nuclear quadrupole tensors are
in line with those of hCygb, indicating that the heme-pocket structure is closer to that
of hCygb with a dihedral angle between the two imidazole planes in the order of 45◦-60◦.
We see a clear difference in the hyperfine parameters of the ligating nitrogens, which
could indicate a tilting away from the heme normal of one of the His imidazoles.
Further measurements are necessary to draw conclusions about the differences between
class 1 and class 2 Hbs.
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Chapter 7

Charge-transfer-induced
photodegradation of salicylic
acid over ZnTi LDHs under
visible light irradiation

Redrafted after
H. Wang, E.M. Seftel, R.G. Ciocarlan, B. Cuypers, M. Mertens, S. Van Doorslaer,
Y. Wu and P. Cool, “Ligand-to-metal charge transfer induced photodegradation of sali-
cylic acid over ZnTi LDHs under visible light irradiation”, Phys. Chem. Chem. Phys.,
manuscript in preparation.

Own contribution: EPR experiments and interpretation.
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7.1 Abstract

A series of ZnTi layered double hydroxides (LDHs) with different Zn/Ti ratios are pre-
pared and used as catalysts for photodegradation of salicylic acid (SA) under visible light.
The catalysts are characterized by X-Ray diffraction, diffuse reflectance infrared Fourier
transform spectroscopy, UV-vis diffuse reflectance spectroscopy, thermogravimetry and
differential scanning calorimetry, electron paramagnetic resonance and N2 adsorption-
desorption. The results show that SA can react with the surface hydroxyls on LDHs
towards the formation of charge transfer (CT) complexes and thus their photoresponsive
properties may be significantly extended into visible light range. All the ZnTi LDHs are
more active than the commercial reference catalyst P25 for the photodegradation of the
SA molecules. Their superior activity can be attributed to the strong coupling between
SA and the hydroxylated layers of the LDHs via a mononuclear bidentate coordination
which facilitates the charge transfer from SA to the conduction band of the LDHs. Key
factors influencing this coordination are the arrangement of the Ti cations in the sheets,
high surface area and abundant surface hydroxyls in LDH materials. On the contrary,
a binuclear bidentate coordination is more easily formed between SA and P25. This
coordination is less stable and endowed with poor electron donation abilities, leading to
the weaker absorption in visible light. Moreover, the combination of highly dispersed
key cations, such as Zn2+ and Ti4+ in the brucite-like sheets of LDHs may allow better
charge separation, which also accounts for their high photocatalysis activity. The pho-
todegradation of SA through the CT complex is mainly induced by superoxide radicals,
therefore, the introduction of an electron acceptor, such as peroxydisulfate, could further
improve the degradation and mineralization of SA over LDHs. The utilization of ZnTi
LDHs instead of pure TiO2 as photocatalytic substrate might offer a promising alter-
native for the CT-mediated photocatalysis under visible light irradiation. This chapter
focuses mainly on my contributions, the parts performed by others are summarized to
the extend needed to understand the current study.

7.2 Introduction

Removing organic pollutants in wastewater via photocatalysis over semiconductors has
been successfully used for environmental remediation. TiO2 is the most widely used
photocatalyst due to its activity, non-toxicity, availability, stability and low cost. How-
ever, due to its large band gap (Eg=3.2 eV), TiO2 absorbs less than 5% of the available
solar light photons, and is thus only efficient under ultraviolet (UV) light. Therefore,
the exploration of visible-light-sensitive photocatalysts is highly desired. In general, the
strategies to modify TiO2 for the utilization of visible light include non-metal and/or
metal doping, dye sensitization and coupling of semiconductors [280]. During the past
decades, an alternative form of visible-light activation of TiO2 has been proposed, namely
the sensitization by the formation of charge transfer (CT) complexes on the semiconduc-
tor surfaces. CT complexes arise from the transfer of electrons from the ligand molecular
orbitals to the empty or partially filled metal d-orbitals. This occurs when the ligand
molecular orbitals are full. In this case, the organics-containing functional groups, such
as phenolic, hydroxyl or carboxyl groups, may adsorb and form complexes on the surface
of TiO2. Further, upon visible-light irradiation, charge transfer may occur from the high-
est occupied molecular orbital (HOMO) of the adsorbate to the conduction band (CB)
of TiO2. Subsequently, the thus oxidized adsorbate can be further degraded into smaller
molecules and the photo-excited electrons can react with other electron acceptors, such
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as O2, to produce the oxidizing agents able to degrade different organic molecules. The
formation of CT complexes leads to the absorption of and photocatalytic activation un-
der visible light, although neither TiO2 nor the organics manifest a visible-light response.
Nowadays, increased attention is being paid to the CT-mediated photocatalysis, because
it allows the degradation of colorless organic pollutants over TiO2 photocatalysts under
visible-light irradiation [281–286]. For example, the progress on the visible-light-driven
photocatalysis in TiO2 materials mediated via CT was well reviewed by Zhang et al. [281].

Contamination of urban wastewater by pharmaceuticals and personal care products
(PPCPs) poses considerable environmental risks. Among the various PPCPs, salicylic
acid (SA) arising from aspirin and cosmetics is found to be one of the pollutants with
high occurrence and concentration [287, 288]. As a result, the degradation of SA is of
considerable interest. Researchers reported that SA can form CT complexes on TiO2 sur-
faces [289–293], which could lead to the formation of a visible-light-activated TiO2 photo-
catalyst [294,295] or induce the self-degradation of SA under visible light [284]. However,
it is also reported that the coupling between SA and TiO2 is relatively weak [292], leading
to poor photocatalytic activity under visible light [296].

Most research on the CT-driven visible-light-active photocatalysts has been focused on
TiO2, and less attention is paid to LDHs-based CT. In the current work, ZnTi LDHs
are used as catalysts for the photodegradation of SA through a CT mechanism under
visible light irradiation. The CT complexes formed between SA and the LDH surface
are investigated and compared with those formed on pure TiO2. To our knowledge,
the formation of CT complexes between SA and ZnTi LDHs has not been investigated
previously.

7.3 Materials & Methods

7.3.1 Synthesis of LDHs

ZnTi LDHs with different Zn/Ti ratios ranged from 2 to 4 are prepared by the urea
homogeneous co-precipitation method [297, 298]. This synthesis was performed by H.
Wang at the LADCA laboratory at the University of Antwerp. In a typical synthesis,
appropriate amounts of Zn(NO3)2 · 6H2O, TiCl4, and urea were dissolved in 100 ml of
distilled water and then the solution was stirred vigorously for 1 h. The resulting mixture
was transferred into an autoclave and aged at 110 ◦C for 24 h. The final products were
obtained by filtration, washed several times with water and dried at 80 ◦C for 4 h. These
samples were denoted as ZnTi-r, where r stands for the final Zn/Ti cationic ratio. All
the chemicals were purchased from Sigma-Aldrich and used as received.

7.3.2 Characterization techniques

X-band light-induced (LI) EPR (electron paramagnetic resonance) experiments were per-
formed at low temperature (10 K) on a Bruker ESP300E spectrometer with a microwave
frequency of ∼ 9.45 GHz, equipped with a gas-flow cryogenic system (Oxford Instru-
ments), allowing for operation from room temperature down to 2.5 K. The magnetic field
was measured with a Bruker ER035M NMR Gauss meter. The samples were recorded
before and after irradiation with a 447 nm diode laser light (Dragon Lasers M series)
with an output power of 300 mW. LI-EPR spectra are depicted as the difference between
illuminated and dark signals. Control measurements were performed using the 457.9
nm laser line of a Spectra Physics BeamLok 2060 Ar+ laser with a power of 10 mW.
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The spectra were measured with a modulation amplitude of 0.2 mT, a modulation fre-
quency of 100 kHz and a microwave power of 0.5 mW. The spectra were normalized and
simulated using Easyspin [216], a MATLAB (Mathworks, Natick, Massachusetts, USA)
toolbox.

7.4 Results & Discussion

7.4.1 Non-EPR experiments

In this subsection we will summarize the information that was obtained from non-EPR
experiments performed by the LADCA group in order to understand our EPR experi-
ments.
Table 7.1 shows the final Zn/Ti ratio of the synthesized ZnTi LDHs. Diffuse reflectance

ZnTi-2 ZnTi-3 ZnTi-4 P25
Zn/Ti (mole) 2.07 2.90 4.56 -

Specific surface area (m2/g) 102.4 78.6 58.7 60.2
Pore volume (m2/g) 0.25 0.22 0.17 0.45

Table 7.1: Composition, specific surface area and pore volume of the ZnTi LDHs under study.

infrared Fourier transform (DRIFT) spectroscopy experiments showed that the electro-
static attraction between the brucite layers and the interlayer carbonate anions is stronger
than compared with the M3+-containing LDHs, which results in a decrease of the sym-
metry of the carbonate anions from D3h for the free anions to C2v due to the disordered
nature of the interlayer space [51, 298, 299]. These results correlate well with the XRD
observations indicating a decrease in the interlayer distance due to the higher positive
charged brucite-like sheets.
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Figure 7.1: DRS of ZnTi LDHs before (A) and after (B) adsorption of SA.

The photocatalytic activity of the obtained LDHs was tested for the photodegradation
of salicylic acid (SA) under visible-light irradiation. The catalyst was added to an SA
solution and stirred under dark for 0.5 h to establish the adsorption-desorption equilib-
rium between SA and the surface of the catalyst. Afterwards this suspension was either
kept in dark for 6 h or irradiated with visible light for 5 min or 6 h. These samples are
identified respectively with a suffix -AA (6 h dark), -AAA (5 min visible light), -A (6 h
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visible light). A commercial photocatalyst, P25 (Degussa, Germany), composed of 75%
anatase and 25% rutile was used as a reference.

Diffuse reflectance spectroscopy (DRS) experiments were performed before (Figure 7.1A)
and after (Figure 7.1B) adsorption of SA. No absorption band in the visible light range
can be observed for the as-prepared ZnTi sample, while the P25 sample slightly extends
its absorption tail up to 410 nm due to the existence of the rutile phase [283]. After the
reaction with SA under visible light, both samples exhibit a red shift of the absorption
bands towards the visible light range, which may be attributed to the CT transition
within the surface complexes [284,300].

Next the photodegradation of ZnTi LDHs was tested by photodegradation of SA under
visible light. The most commonly used commercial P25 TiO2 was taken as a reference
photocatalyst. The activity is shown in Figure 7.2. Control experiments with only SA
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Figure 7.2: Photodegradation of SA over ZnTi LDHs and P25. Adsorption and photocatalysis
indicate adsorption under dark and catalysis under visible light irradiation, respectively.

were performed. Its concentration remained almost constant when irradiated for 6 h,
which demonstrates its visible-light resistance. All the as-prepared LDH photocatalysts
proved to be very active for photodegradation of SA under visible-light irradiation and
their activity increases with decreasing Zn/Ti ratios. In contrast, the commercial P25
showed much poorer photocatalytic activity than all the as-prepared LDHs. It is found
that the total organic carbon (TOC) removal of ZnTi-2 and P25 after irradiation with
visible-light for 6 h is 30% and 1% respectively. In order to understand this high differ-
ence, further experiments were set up.

Thermogravimetry and differential scanning calorimetry (TG/DSC) experiments (not
shown) revealed that before adsorption of SA, two endothermal peaks are observed for
all samples. The first one, below 200 ◦C, can be attributed to the release of physically
adsorbed as well as interlayer water molecules, while the second one, centered around 255
◦C, is attributed to the decomposition of carbonate and dehydroxylation of the brucite-
like layers [53]. Above 450 ◦C, no obvious mass loss can be observed. This changes com-
pletely after adsorption of SA, after which an extra exothermal peak, centered around
320 ◦C, is visible in the P25-A sample. This is caused by the decomposition and con-
sequent combustion of the SA chemically bonded with Ti, since free SA decomposes
completely below 205 ◦C. ZnTi-2-A on the other hand, shows two exothermal peaks:
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one centered around 363 ◦C and a second one which is a broad shoulder in the range
of 420-650 ◦C. The existence of two exothermal peaks indicates a different interaction
between the surface Ti centers and SA.
DRIFT was then used to further investigate the ZnTi-2-A and P25-A samples (not
shown). Comparison of P25-A and P25 suggests the formation of a bidentate binu-
clear bridging complex on the P25 surface, as is schematically illustrated in Figure 7.3a,
in which the two oxygen atoms in phenolic C-OH and carboxyl C-O link with their neigh-
boring Ti centers respectively. This is in very good agreement with what is observed for

O

O

Ti

O

Ti O

O

OO

TiOZn O Zn

A B

Figure 7.3: Schematic illustration of the possible bonding modes of SA on (A) P25 and (B)
ZnTi-2 surfaces.

other TiOx materials [289–291,294,295,301]. When irradiating ZnTi-2-AA, which is the
sample obtained after 6h of contact in dark between ZnTi-2 and SA molecules, for a short
amount of time (5 min), a shift in the spectra occurs which is different in comparison
with P25-A. This indicates that the formation of a CT complex happens during visible
light illumination. Taking into account the structure of LDHs, binuclear bidentate coor-
dination is very unlikely for ZnTi-2. The mean distance between two neighboring metal
cations, e.g. between Zn and Ti cations, in the sheets of ZnTi-2 is 0.308 nm as calculated
by the d spacing of (110) crystal plane. Since two Ti cations cannot occupy adjacent
sites in the sheets due to electrostatic repulsion, the distance between these cations will
be larger than 0.616 nm. It is thus very likely that Figure 7.3b shows the correct bonding
mode of SA for ZnTi-2 surfaces.

7.4.2 EPR experiments

EPR has been shown to be an excellent tool to investigate formation of light-induced
paramagnetic centers, such as organic radicals or Ti3+, formed during photocatalytic
processes in titania materials [302]. This light-induced (LI) EPR technique is here used
to further evaluate the effect of light illumination on the ZnTi-2 with and without SA.
In a first step, control experiments are performed on the pristine materials SA and ZnTi-
2. No light-induced EPR signals due to radical formation can be observed when SA is
irradiated with a 447-nm laser light for 0.5 h at 10K (Figure 7.4). This confirms the
stability of SA against degradation with visible light as also observed in the photodegra-
dation experiments. Illumination of pristine ZnTi-2 under the same conditions leads to
a detectable albeit weak EPR spectrum with three contributions (Table 7.2, Figure 7.5).
Center III has the typical g-values of a Ti(III) center [303]. The Ti(III) is formed by
trapping of photoexcited electrons by Ti(IV) in the ZnTi-2. Center I has the charac-
teristic g values of HO·2, formed by electron transfer from Ti(III) or conduction band
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Figure 7.4: X-band CW EPR spectrum before (blue) and after (magenta) in situ illumination
(447 nm) of salicylic acid (SA) at low temperature (10 K). Red: difference spectrum.

Figure 7.5: X-band LI-EPR spectrum (difference between spectrum recorded after and before
30 min. illumination with 447 nm laser light, 10 K) of pristine ZnTi-2. Experiment (red),
simulation assuming the contributions indicated in Table 7.2 (blue). Spectra are represented
normalized to the highest intensity for comparison.
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electrons to surface O2 forming O−2 that interacts further with surface hydroxyls [304].
These centers are reactive and may initiate the degradation of organic products. A small
contribution of an organic radical is found with unknown origin, but that can stem from
an impurity organic material that is being decomposed by the catalyst. Although the
UV-DR spectra show no clear absorption of visible light for pristine ZnTi-2, the EPR
spectra illustrate that some absorption of 447-nm light with related formation of para-
magnetic states occurs. A similar observation has been also made for P25 [305] and was
also confirmed in our test measurements of pristine P25 (not shown). This absorption of
visible light may be related to defect sites in the material. The effect is however small in
comparison to the response in the UV.

When ZnTi-2 is contacted with SA and then illuminated for 0.5 h, the LI-EPR spectra not
only increase strongly in intensity, the EPR pattern changes also drastically compared to
the pristine ZnTi-2 case (Figure 7.6). There is also a difference whether ZnTi-2 has been

Figure 7.6: LI-EPR spectra of ZnTi-2 (black), ZnTi-2-A (6h Visible Light (VL), red), ZnTi-2-
AA (6h dark, blue) and ZnTi-2-AAA (5min VL, green) recorded at 10K after 0.5h illumination
with a 447-nm laser light. All spectra were corrected for differences in the microwave frequency.

mixed with SA in dark (ZnTi-2-AA) or in light (ZnTi-2-A and ZnTi-2-AAA). When the
preparation of the ZnTi-2 sample was performed in dark (ZnTi-2-AA), the EPR spectrum
consists of a contribution of Ti(III) and two radical-type signals (Table 7.2, Figure 7.7).

The EPR parameters of the Ti(III) center are close to those observed in the pristine
material (Table 7.2, III’). The dominant contributions to the EPR spectrum stem from
organic radicals that are formed due to the degradation of SA. The EPR spectrum of
radical center IV has a Lorentzian line shape, suggesting close contact of organic radicals
(exchange narrowing through clustering), while this is not the case for center V, which is
a more isolated carbon-centered organic radical. When the sample is longer irradiated,
the contribution of center V disappears and only signal IV is left (Figure 7.8). Longer
irradiation will generate more organic radicals on the surface that can be in close vicinity
at the surface leading to exchange narrowing of the EPR signal.

When the sample has been exposed to sun light during the preparation, only contributions
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Figure 7.7: X-band LI-EPR spectrum (difference between spectrum recorded after and before
30 min. illumination with 447 nm laser light, 10 K) of ZnTi-2-AA (mixing in dark). Exper-
iment (red), simulation assuming the contributions indicated in Table 7.2 (blue). Spectra are
represented normalized to the highest intensity for comparison.

Figure 7.8: Comparison of X-band LI-EPR spectrum (difference between spectrum recorded
after and before illumination with 447 nm laser light, 10 K) of ZnTi-2-AA (mixing in dark)
for different times of illumination. The spectra are normalized to the highest intensity to allow
comparison of the spectral shape.
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due to Ti(III) and radical clusters IV are found (Figure 7.6, Table 7.2, Figures 7.9 and
7.10). While the contribution of clusters IV increases when the sample has been longer
exposed to light (showing the formation of SA-related radicals already during the mixing),
the contributions of the Ti(III) centers decrease (Figure 7.6). This seems to point to
an increased transfer of electrons from Ti(III) surface centra to the organic molecules
(possibly via a Ti(IV)-O−2 intermediate), leading to EPR-silent Ti(IV) and EPR-active
radical centers.

A similar illumination at 10K of a sample of P25 that has been contacted with SA for 5
min under sunlight (P25-AAA) also leads to a huge increase and change of the LI-EPR
signal (Figure 7.11, Table 7.2). Two signals due to Ti(III) appear upon illumination
with the 447-nm laser light (signals VIII and IX), which are often detected in P25 during
photocatalysis and can be ascribed to Ti(III) in the anatase (VIII) and rutile (IX) phase
of the material [305]. Note that the parameters of the Ti(III) centers in the illuminated
ZnTi-2 (III and III’) differ from those observed in P25, reflecting the different symmetry
of the local environment of the Ti atoms in these materials. Furthermore, several EPR
signatures due to organic radicals are observed in illuminated P25-AAA. Besides HO·2
(center I), there are two contributions that can be assigned to radicals that are reaction
products of SA (centers VI and VII). The principal g values of center VI are similar to
those reported for CO−2 radicals on different oxides [306]. The EPR parameters of center
VII, especially the g value around 2.011, could point to formation of RCO·3 radicals [307].
It is important to note that these radicals VI and VII were not observed in the ZnTi-2
cases, indicating a very different photodegrading reaction mechanism.

Center g1 g2 g3 Assignment
Relative paramagnetic

species (%)
ZnTi-2

I 2.0028(5) 2.008(1) 2.034(2) HO·2 45(1)
II 2.0021(5) 2.0056(5) 2.0068(5) Organic radical 2(1)
III 1.9885(5) 1.9875(5) 1.9565(5) Ti(III) 53(1)

ZnTi-2-AA (6h mixing in dark)
IV 2.004(1) 2.004(1) 2.004(1) Radical cluster 72(1)
V 2.0080(5) 2.0070(5) 2.0050(5) Radical 5(1)

III’ 1.9880(5) 1.9860(5) 1.956(1) Ti(III) 23(1)
ZnTi-2-AAA (5 min mixing in light)

IV 2.004(1) 2.004(1) 2.004(1) Radical cluster 83(1)
III’ 1.9880(5) 1.9860(5) 1.956(1) Ti(III) 17(1)

ZnTi-2-A (6h mixing in light)
IV 2.004(1) 2.004(1) 2.004(1) Radical cluster 99(1)
III’ 1.9880(5) 1.9860(5) 1.956(1) Ti(III) 1(1)

P25-AAA (5 min mixing in light)
I 2.0025(5) 2.008(1) 2.034(2) HO·2 11(1)

VI 2.0042(5) 2.0022(5) 1.9975(5) Radical 61(1)
VII 2.0113(5) 2.0042(5) 2.0042(5) Radical 11(1)
VIII 1.992(5) 1.992(5) 1.962(2) Ti(III)-anatase 1(1)
IX 1.973(5) 1.973(5) 1.950(5) Ti(III)-rutile 15(1)

Table 7.2: Principal g values of the paramagnetic centers contributing to the LI-EPR spectra
of ZnTi-2 with and without SA for different conditions of mixing with SA. Illumination was
performed with a 447-nm laser for 30 min at 10 K.
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Figure 7.9: X-band LI-EPR spectrum (difference between spectrum recorded after and before
30 min. illumination with 447 nm laser light, 10 K) of ZnTi-2-A’ (5 min. mixing in sun light).
Experiment (red), simulation assuming the contributions indicated in Table 7.2 (blue). Spectra
are represented normalized to the highest intensity for comparison.

Figure 7.10: X-band LI-EPR spectrum (difference between spectrum recorded after and before
30 min. illumination with 447 nm laser light, 10 K) of ZnTi-2-A (6h mixing in sun light).
Experiment (red), simulation assuming the contributions indicated in Table 7.2 (blue). Spectra
are represented normalized to the highest intensity for comparison.
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Figure 7.11: X-band LI-EPR spectrum (difference between spectrum recorded after and before
45 min. illumination with 447-nm laser light, 10 K) of P25-A’ (5 minutes mixing in sun light).
Experiment (red), simulation assuming the contributions indicated in Table 7.2 (blue). Spectra
are represented normalized to the highest intensity for comparison

7.4.3 Mechanism of photodegradation of SA over ZnTi LDHs

Based on the above characterization and photocatalysis results, the possible mechanism
of photodegradation of SA over ZnTi LDHs under visible light can be deduced. The
SA molecules adsorb on the LDH surface and react with the surface hydroxyl groups to
form predominantly mononuclear bidentate complexes. These complexes can be excited
by visible light through CT with direct electron transfer from the HOMO orbital of the
SA to the CB of the LDH structure. The photo-generated electron is delivered to pre-
absorbed or dissolved O2 to produce a superoxide radical O−2 , which can act as a strong
oxidizing agent to further induce the degradation of SA [284,308]. The possible reaction
mechanism is illustrated in Figure 7.12.

Unlike the conventional photocatalysis reaction driven by hydroxyl radicals (OH·) and
O−2 , the present reaction induced by the CT may be mainly caused by the superoxide
O−2 radicals. In order to confirm this hypothesis, a reaction using excess tert-butanol
(TBA) as OH· scavenger was performed. It was found that the activity of the catalyst is
hardly affected in the presence of TBA, indicating that OH· may not be the main active
species in the LCMT mediated reaction, which is also in agreement with the reported
literature [284, 308]. On the other hand, when Ar was bubbled during the reaction, the
degradation of SA was significantly suppressed, due to the lack of O2 needed to generate
O−2 . These results may be well correlated with the EPR observations related with the
formation of the Ti(III) centers by trapping the photoexcited electrons on the Ti(IV)
sites in ZnTi-2, thus generating the electron transfer from the Ti(III) or CB electrons to
surface O2 forming O−2 .

As mentioned above, the photo-generated electrons can recombine with the adsorbed
SA, leading to the loss of activity. Although the special structure of the LDH allows
much better charge separation than P25 and the dissolved or adsorbed O2 can act as
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Figure 7.12: Proposed photodegradation mechanism of SA over ZnTi LDH under visible light
irradiation.

an electron acceptor, there is still room for improvement of the degradation of the SA
with LDH. The addition of an external electron acceptor could be helpful to reduce
the charge recombination and promote the mineralization of organic pollutants [284].
Therefore an experiment was set up, in which, H2O2 and K2S2O8 were used as electron
acceptors, respectively. The photocatalysis reaction was performed over ZnTi-2 at pH
5.2 and a catalyst dosage of 1 g/L under visible light irradiation. The TOC of the
solution was measured to determine the extent of mineralization. Table 7.3 lists the
removal of SA and TOC values after 6 h irradiation. In the reaction system with LDH
and SA alone, 40% SA can be removed and the TOC data indicates a 30% mineralization
degree within 6 h of irradiation. The addition of H2O2 leads to a significant decrease in
both the removal and mineralization degrees of SA, although it can act as an electron
acceptor. This may be attributed to the competitive adsorption of H2O2 and SA onto the
surface of the LDH sheets, since H2O2 has a strong affinity to the surface Ti hydroxyls
[309]. This can be confirmed by the decreased adsorption of the SA measured after
the addition of H2O2 (with 72% lower than that without H2O2), which may inhibit the
formation of the CT complexes and thus decrease the overall photocatalytic activity. In
contrast, another electron acceptor K2S2O8 can remarkably improve the removal and
mineralization degrees of SA, as shown in Table 7.3. In this case, the removal of the
SA and the TOC mineralization degree are increased by 37% and 67%, respectively.
Peroxydisulfate ions can accept electrons from the CB to produce sulfate ions and sulfate
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radicals, and then the latter can further accept electrons to produce sulfate ions, as the
following reactions [310].

S2O2−
8 + e−CB → SO2−

4 + SO−4 ,SO−4 + e−CB → SO2−
4 (7.1)

Besides the ability to accept photo-generated electrons, the strong acceleration effect
of peroxydisulfate may be attributed to its relatively small adsorption onto the LDH
surface (Table 7.3), due to its low affinity to the surface hydroxyl groups. In addition,
the sulfate radicals might act as oxidizing agents and directly participate in the organic
pollutant degradation processes [310]. The above results indicate that the efficient charge
separation could promote both the degradation and mineralization of organic pollutants
during the reaction mediated by CT under visible light irradiation.

Electron acceptor
Removal of SAa (%)

TOC removald (%)
by adsorptionb by catalysisc

without 7.6 32.7 29.8
H2O2 2.1 22.8 18.9

K2S2O8 5.9 49.4 49.7

Table 7.3: Effect of the electron acceptor on the SA removal and mineralization. ameasured at
296 nm using a UV/Vis spectrophotometer, badsorption in dark, cunder visible light irradiation,
dtotal organic carbon measured after visible light irradiation.

7.5 Conclusions

ZnTi-containing layered double hydroxides (LDHs) were prepared and used as photo-
catalysts for the salicylic acid (SA) removal under visible light irradiation in aqueous
media. SA can interact with the hydroxyls on the surface of ZnTi LDHs to induce the
CT complex formation under visible light irradiation and thus SA can be photodegraded
and mineralized effectively. The photodegradation activity of ZnTi LDHs is net superior
than that of P25. The most active ZnTi LDH with Zn/Ti ratio of 2 can remove 40%
of initial 50 mg/L SA in 6 h of visible light irradiation, compared to only 10% removal
observed for P25. All results suggest that SA bonds with LDHs via an exclusive mononu-
clear bidentate coordination which allows the larger electron donation from the ligand
into the CB of the LDHs and the formation of much stable CT complexes than the binu-
clear bidentate coordination formed between P25 and SA. Therefore, a stronger red-shift
of absorption can be achieved. In addition, the higher surface area and abundant surface
hydroxyl groups may also facilitate the formation of CT complexes on the LDHs. Fur-
thermore, the highly dispersed metal ions in MO6 octahedra on LDHs may increase the
charge separation efficiency which is the main limitation factor for CT-mediated pho-
todegradation process. The results also indicate that the photodegradation of the SA
over LDHs is mainly driven by superoxide radicals and the addition of external electron
acceptor like peroxydisulfate can significantly improve both the degradation and min-
eralization degrees of SA. Based on the present investigation, it may be suggested that
ZnTi LDHs may act as more effective substrate than pure TiO2, for the formation of
CT complexes to enhance the photodegradation activity of colorless organic pollutants
under visible light irradiation.
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Chapter 8

The effect of the buffer
solution on the adsorption and
stability of horse heart
myoglobin on commercial
mesoporous titanium dioxide:
a matter of the right choice

Redrafted after
S. Loreto, B. Cuypers, J. Brokken, S. Van Doorslaer, K. De Wael and V. Meynen,
“The effect of buffer solution on the adsorption and stability of horse heart myoglobin
in commercial mesoporous titanium dioxide: a matter of the right choice”, Phys. Chem.
Chem. Phys., 19, 13503-13514, 2017.

Own contribution: EPR experiments and interpretation.
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8.1 Abstract

Despite the numerous studies on the adsorption of different proteins onto mesoporous
titanium dioxide and indications on the important role of buffer solutions in bioactivity,
a systematic study on the impact of the buffer on the protein incorporation into porous
substrates is still lacking. The interaction between a commercial mesoporous TiO2 and
three of the most used buffers for protein incorporation, i.e. HEPES, Tris and phos-
phate buffer, were studied here. In addition, this chapter analyzes the adsorption of
horse heart myoglobin (hhMb) onto commercial mesoporous TiO2 as a model system to
test the influence of buffers on the protein incorporation behavior in mesoporous TiO2.
In our study, N2-sorption analysis, FT-IR and TGA/DTG measurements were used to
evaluate the interaction between the buffers and the TiO2 surface, and the effect of such
an interaction on hhMb adsorption. Cyclic voltammetry (CV) and EPR were used to
detect changes in the micro-environment surrounding the heme. The three buffers show
a completely different interaction with the TiO2 surface, which drastically affects the
adsorption of myoglobin as well as its structure and electrochemical activity. Therefore,
special attention is required while choosing the buffer medium to avoid misguided eval-
uation of protein adsorption on mesoporous TiO2. This chapter focuses mainly on my
contributions, the parts performed by others are summarized to the extend needed to
understand the current study.

8.2 Introduction

In the last few decades the interest towards the adsorption of proteins on a solid sur-
face has tremendously increased [311–316]. The use of porous materials to incorporate
biomolecules has attracted great attention because of their large surface area and tunable
textural properties such as their pore size and volume. This permits varying the amount
of immobilized proteins and enzymes in a wide range of molecular sizes, making these
materials suitable in the field of biosensing [317, 318], bio(electro)catalysis [319–321],
bioelectrochemistry [322] and drug delivery [323–327]. Among all these materials, meso-
porous silica is frequently used for the incorporation of proteins in a wide range of ap-
plications because of its ease of synthesis resulting in materials with a highly ordered
and tunable mesoporous structure, a narrow pore-size distribution, a high pore volume
and surface area [328–335]. Nevertheless, the electronic properties of silica considerably
limit its applicability in (bio)electrochemistry [336]. The development of well-structured
nonsiliceous metal oxides [337,338] such as Nb2O5 [317], ZrO2 [339,340], ZnO [341], and
TiO2 [342,343] has led to a huge increase in the use of these materials. Mesoporous TiO2

is a promising substrate for the adsorption of biomolecules because of its bio and eco com-
patibility [3, 344, 345]. Its applications in electrochemistry [346] and biochemistry [347]
are therefore continuously increasing. Despite the many investigations performed on the
encapsulation of proteins and biomolecules into mesoporous metal oxide, there are only
a few studies describing the effect of the buffer solution on the adsorption. Parkes et
al. [348] studied the effect of different buffers on the adsorption of bovine serum albumin
(BSA), showing how the pH greatly affects the tribofilm formation. Wei et al. [349] and
Moulton et al. [350] characterized the effect of the phosphate buffer (phosphate buffer
saline, PBS) on the adsorption of proteins (immunoglobulin, BSA, fibrinogen and lyso-
some) on a germanium crystal surface and TiO2 films respectively. They both concluded
that the use of PBS decreases the adsorption of proteins. B. Fubini and co-workers [351]
compared the use of 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) and
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PBS for the adsorption of bovine serum albumin (BSA) on commercial non-porous TiO2.
The results clearly indicate a great influence of the buffer choice on the surface properties
of the titanium dioxide. To the best of my knowledge, there are no previous systematic
studies on the impact of buffer choice on the adsorption of proteins on mesoporous TiO2

(adsorption capacity and kinetics). This is, however, important as many applications
involving the immobilization of biomolecules imply their encapsulation into porous sys-
tems. On the one hand, the stability of the biomolecule itself is largely dependent on
the buffer solution. On the other hand, the control of the pH of the protein solution
plays a key role in the adsorption process [348] and it is a crucial step in their incorpo-
ration. In fact, a higher amount of proteins can be adsorbed if the solution pH is close
to the isoelectric point (IP) of the proteins and when the proteins and the mesoporous
surface are electrostatically attractive [352]. Furthermore, one can also imagine that the
interaction of the buffer solution with the surface will alter the surface properties of the
mesoporous materials, influencing the protein adsorption and its correlated performance
in application [353].

Buffers play a key role in protein incorporation: they should ensure protein stability
and allow for an optimal sorption capacity and kinetics. In order to gain understanding
in this role, we have investigated the impact of the interaction between a commercial
mesoporous titanium dioxide (Millennium PC 500) and three of the most applied buffers
in protein incorporation: HEPES, 2-amino-2-hydroxymethyl-propane-1,3-diol (Tris) and
PBS.

Although those three buffers are being applied for the same intent, they have large differ-
ences in the chemical structure. Therefore, they may interact in a different way with the
TiO2 surface, forming bonds with different stability and altering the surface properties
to some extent. As a consequence, they may have different degrees of impact on the
rate of protein adsorption on the mesoporous material as well as on the total capacity
of protein loading and on the protein structure upon adsorption. Horse heart myoglobin
(hhMb) has been used as a model protein to examine the influence of the three buffer
solutions on protein adsorption. The protein incorporation has been monitored using
UV-visible absorption spectroscopy of the supernatant and the successful incorporation
into the pores has been confirmed by nitrogen sorption. EPR spectroscopy was performed
to monitor the changes in the heme pocket of hhMb upon the adsorption of the protein
and for stability measurements of hhMb in the three buffers. A better understanding of
the interaction between biomolecules-buffer-titania, and thus a better control of the im-
mobilization of proteins onto surfaces, is envisioned. In addition, knowledge of structural
modification and activity changes due to such interactions will avoid misinterpretation
of the biomolecule-adsorption results.

8.3 Materials & Methods

8.3.1 Materials

Myoglobin from equine heart (>90%, essentially salt-free, lyophilized powder), 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES buffer, >99%, Figure 8.1B), 2-
amino-2-hydroxymethyl-propane-1,3-diol (Tris buffer, >99.9%, Figure 8.1A), phosphate
buffer saline (PBS) and sodium hydroxide (ACS reagent, >97%) were all purchased
from Sigma Aldrich and used without further purification. Titanium dioxide Millennium
PC500 was obtained from Cristal Global.

Prior to use, the commercial titanium-dioxide material was pretreated to enhance its pore
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Figure 8.1: Chemical structure of A Tris and B HEPES.

size, required for protein adsorption. HhMb is a globular protein with a mean diameter of
4 nm [332], which is too large for the non-calcined Millennium PC500 pore size of 3.4 nm.
After calcination at 350 ◦C for 6 h (1 ◦C min−1) in a Lenton chamber furnace, an enlarged
pore size of 5.6 nm was obtained [354]. In Table 8.1, the characteristics of calcined and
non-calcined PC500 are compared. Since hhMb has a mean diameter of 4 nm [332],
calcined material is used. From now on, we will refer only to the mesoporous Millennium
PC500 as material calcined at 350◦C with a pore size of 5.6 nm (Mil). All buffers used

Calc. temp. SBET Tot. Vp Dp meso
(◦C) (m2g−1) (cc g−1) (nm)

Non-calcined Mil PC500 350 0.38 3.4
Calcined Mil PC500 350 122 0.31 5.6

Table 8.1: Characteristics of calcined and non-calcined PC500.

in this work are aqueous solutions of the three buffers discussed above. Considering the
PZC (point of zero charge) of titanium dioxide (∼ 6.2) [355] and the isoelectric points of
hhMb (7.2) [352], the pH of all the solutions was adjusted to 7 by adding NaOH in order
to maximize the adsorption [352]. Buffer solutions without proteins are denoted in the
text as ”(buffer) solutions”, while the buffer solution with proteins added is denoted as
”protein solution”.

8.3.2 Study of the interaction between the buffers and TiO2

In a typical experiment 10 mg of mesoporous TiO2 were dispersed in 4 mL of the buffer
solution. Then, the mixture was left shaking for 2 h at 300 rpm on a VWR ADV
3500 shaker. Unless stated otherwise, the buffer concentration is 10 mM. After shaking,
the solution was centrifuged at 4000 rpm for 5 min and the precipitate was washed and
filtrated under vacuum with distilled water in order to remove the physisorbed molecules.
Finally, the washed samples were dried under ambient conditions for 1 day. The dried
powders were analyzed using TGA/DTG analysis, FT-IR and XRF spectroscopy by the
LADCA laboratory in Antwerp.

8.3.3 Measurement of protein adsorption

Protein adsorption was achieved dispersing 10 mg of calcined Millennium in 4 mL of the
buffered myoglobin solution (0.25 mg protein per mL), then the mixture was left shaking
for at least 24 h. Higher concentrations of hhMb (0.5 mg mL−1) have also been tested to
exclude the effect of protein depletion. The amount of adsorbed proteins was measured by
transferring 1 mL of the solution in an Eppendorf tube and centrifuging it at 4000 rpm for
5 min. The concentration of the proteins was calculated analyzing this supernatant using
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a Thermo Electron Evolution 500 UV-vis spectrophotometer at the wavelength maximum
of the Soret band of hhMb (λ = 408 nm). As different values are reported in the literature
[356, 357], the absorption extinction coefficient ε for hhMb at 408 nm was calculated by
the calibration line at different concentrations in the three buffers. The average value
of 129.000 M−1 cm−1 was used for all the UV-vis measurements (the error occurring
from the use of this value for all the three buffers is within the experimental error).
The amount of proteins loaded on the mesoporous TiO2 was calculated subtracting the
concentration of proteins still in solution from the initial concentration of the solution.
Myoglobin solutions without the mesoporous materials were also analyzed to exclude the
concentration decrease due to precipitation or degradation of proteins out of the solution.
The solid samples were also dried and washed using the same procedure as described
above, using fresh buffer solution to remove the physisorbed proteins. Subsequently, the
myoglobin incorporated powders were analyzed using IR spectroscopy and TGA/DTG
analysis by the LADCA laboratory in Antwerp, and using EPR by the BIMEF laboratory
in Antwerp. Each measurement was repeated at least three times.

8.3.4 Characterization methods

X-Band continuous-wave (CW) EPR measurements were performed on a Bruker
ESP300E spectrometer (microwave frequency ∼ 9.45 GHz) equipped with a gas-flow
cryogenic system (Oxford Inc.), allowing for operation from room temperature down to
2.5 K. The magnetic field was measured using a Bruker ER035M NMR Gauss meter.
During the experiments, a vacuum pump was attached to the EPR tube in order to re-
move paramagnetic oxygen from the sample. The spectra of heme proteins are typically
recorded with a microwave power of 0.5 mW, a modulation amplitude of 0.5 mT, and
a modulation frequency of 100 kHz at a temperature of 10 K. Simulation of the spectra
was performed using Easyspin [216], a toolbox for MATLAB (Mathworks, Natick, Mas-
sachusetts, USA). For the details of the experimental conditions of the non-EPR material
characterization methods see [358].

8.4 Results & Discussion

8.4.1 Buffer effect on protein stability in solution

As stability is one of the key issues in the use of biomolecules, the protein stability has
been evaluated for the three different buffers. HhMb (1 mg) has been dissolved in 4 mL
of each of the three buffers, and the solutions were left shaking at room temperature
for two weeks. Every 24 hours, an UV-vis analysis of the supernatant, obtained after
centrifugation, was performed to determine the protein stability over time. Only 6% of
the initial concentration is lost after two weeks of shaking in Tris solution, this value is
even smaller in the case of PBS (4%). In contrast, the concentration of hhMb decreases
dramatically in the HEPES solution; more than half of the initial amount of proteins is
lost after two weeks through denaturation and/or precipitation.

It has been shown that the presence of specific ligands [359] or ions [360] increases protein
stability in solution. As a consequence of their different chemical structure, the three
applied buffers may interact differently with hhMb leading to a higher or lower stability
than the native protein. Both PBS [361] and Tris buffer [362] are known to stabilize and
protect the native structure of the proteins against thermal denaturation.

Non-native forms, which may arise in HEPES, have a tendency to agglomerate [363],
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forming protein agglomerates with a larger size and a higher molecular weight than the
folded proteins. Therefore the centrifugation process will remove those aggregates (a
precipitate has been observed after this process) leading to a decrease in the amount
of proteins in solution detectable using UV-vis spectroscopy. The position of the Soret
band (410 nm), typical of the ferric aquomet form of hhMb (see 2.1, was identical for all
buffer systems and remained unchanged throughout the entire stability test.

As mentioned, the heme iron of the lyophilized hhMb used here is in its ferric (Fe(III))
state, with the heme iron binding a His residue at position 8 of the F helix from the prox-
imal side and water from the distal side of the heme (the so-called aquomet form). This
results in a paramagnetic high spin (HS) state of the heme iron with a very typical EPR
spectrum. Changes in the heme pocket and heme iron ligation will have an immediate
impact on the EPR spectra.
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Figure 8.2: CW-EPR spectra of a frozen solution of 0.5 mM hhMb in HEPES buffer (blue,
(a)), PBS buffer (grey, (b)) and Tris buffer (orange, (c)). A shows the full spectrum and B is
a detailed view in the range 95-136 mT. The feature stemming from the high-spin (HS) iron
heme center is indicated in the spectra in A, as well as the contribution of a non-heme iron,
which is indicated with an asterisk. All spectra are rescaled to the same microwave frequency
and normalized to equal intensity for facile comparison.

The EPR spectra of frozen solutions of hhMb in the three different buffers (Figure 8.2)
show the expected feature of the HS heme iron with effective g values (geff,x = 5.98±0.02,
geff,y = 5.87 ± 0.02 and geff,z = 1.997 ± 0.002) (see also section 3.4.1). Furthermore, a
(rather small) signal at g = 4.28, which is ascribed to non-heme iron and observed in
most heme-protein solutions, and a background signal due to a Cu(II) cavity impurity
are observed. Additionally, the EPR spectrum of hhMb in Tris buffer (Figure 8.3) shows
a contribution of a LS Fe(III) heme center (gx = 1.84 ± 0.01, gx = 2.16 ± 0.01 and
gz = 2.60 ± 0.001). This change in the heme iron from a high to a low spin state
indicates a change in the distal ligand.

More specifically, the LS signal observed here can be ascribed to hydroxide-coordinated
hhMb, i.e. a low-spin form produced by the ionization of the distal water (Table 3.3,
[364]). This form tends to become more prominent as pH increases. The EPR results
thus show that, for none of the investigated buffers, major changes occur in the heme-
pocket region, apart from the known deprotonation of the heme-ligating water occurring
at pH > 7.

Nevertheless, the UV-vis results clearly show that HEPES is not a very good buffer to
preserve hhMb in solution over time.
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Figure 8.3: CW-EPR spectra of a frozen solution of 0.5 mM hhMb in 10 mM Tris pH7 (blue).
The simulated spectrum (red) shows the contributions of the HS and LS forms respectively. The
contribution of non-heme iron is indicated with an asterisk and the Cu(II) background signal is
indicated with a hash.

8.4.2 Interactions between the different buffers and mesoporous
TiO2

In a next experiment PC500 samples were first dissolved in distilled water, HEPES,
Tris or PBS solutions, then dried and then washed with distilled water. FT-IR experi-
ments showed that the washing procedure is not able to remove phosphate anions of the
PBS solution or Tris molecules from the TiO2 surface. In contrast, there is no evidence
for the presence of HEPES molecules on the TiO2 sample, at least not at concentra-
tions detectable in IR. These findings were confirmed using other techniques, including
TGA/DTG analysis, XRF analysis and N2 sorption.

The different behavior observed can be explained considering the distinct differences in
the chemical structure of the three buffers. It is well known that phosphate anions can
strongly interact with titanium dioxide [365]. With respect to the presence of anions
on the surface, the current results are consistent with the XRF analysis reported by A.
Marucco et al. [351] for TiO2 nanoparticles dissolved in PBS buffer. The Tris molecule
has three OH groups (Figure 8.1) that can bind to TiO2 on top by a possible interaction
via its amino function. It is thus not surprising that Tris has a strong and clear interaction
with the surface. HEPES is only able to interact via the single OH group or via the sulfate
group, which has a chelating effect as well although much weaker than the phosphate
group [366]. The results of the thermal analysis and IR spectroscopy clearly show different
interactions between the three buffers and the surface. Therefore, it is expected that
the use of different buffers will also induce differences in the interaction of hhMb with
Millennium, possibly influencing the protein adsorption rate and loading capacity.

8.4.3 Buffer effects on the adsorption of horse heart myoglobin

The adsorption of hhMb on Millennium PC500 in the three different buffers shows again
clear differences (Figure 8.4). Proteins in HEPES solution are the most efficiently ad-
sorbed, followed by proteins in Tris solution which differ in the initial rate of incor-
poration, but which reaches a similar protein loading, albeit after a much longer ad-
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Figure 8.4: Adsorption of hhMb on the mesoporous Millennium in HEPES (blue line), Tris
(orange line) and PBS (yellow line) solution. The concentration of the buffer is 10 mM. The
results are expressed as the amount of proteins (in µmol) per m2 of TiO2 versus shaking time.
Error bars were calculated on a set of three measurements.

sorption time. The adsorption of PBS shows a completely different behavior: only a
small amount of proteins is able to bind to the surface, with a very slow initial adsorp-
tion rate. In the previous section we have already shown that both Tris molecules and
phosphate anions have a clear interaction with the TiO2 surface, suggesting that the
buffer-dependent protein incorporation arises from these differences in the interactions
of the buffer molecules/ions with the mesoporous material. The fact that the protein
incorporation also depends on buffer concentration, also for the HEPES buffer, reveals a
buffer-TiO2 interaction for all materials. For HEPES, this is the weakest, since only the
adsorption rate (and not the capacity) is influenced at high buffer concentration.

8.4.4 Structural stability of horse heart myoglobin upon adsorp-
tion in different buffers

As discussed earlier, the phosphate anions and hhMb seem to have a competitive ad-
sorption, which causes a strong decrease of the surface coverage. In addition, some
modifications in the secondary structure of the protein occur when the adsorption is
performed in phosphate buffer as was shown by FT IR [358]. This is in agreement with
structural rearrangements of hhMb observed upon adsorption on zirconia nanoparticles
due to the phosphate anions [367]. Furthermore, the TGA/DTG curves evidenced differ-
ences in the deposition of the proteins on the surface. While TGA shows a comparable
weight loss in the region 200-600◦C for samples where hhMb incorporation occured in
Tris or HEPES, this is considerably lower for the PBS case.
We propose that the phosphate anions (HPO2−

4 and H2PO−4 at pH 7) are responsible for
the divergent incorporation behavior observed when PBS is used, generating on the TiO2

surface (which tends to be slightly positively charged at pH 7 [355]) a net negative charge.
This may have two main effects, in addition to the competition for the binding sites on the
mesoporous TiO2 already discussed. On the one hand the negative amino acid residues
can be repulsed by the negative charge on the surface, as a consequence, only a small
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amount of proteins is able to approach the surface. This is confirmed by the adsorption
of hhMb on the non-porous P25. The electrostatic repulsion between negative charges
may account for the difference observed in the amount of hhMb adsorbed in HEPES
and Tris and the one in PBS. The adsorption behavior is in agreement with the results
reported for BSA on P25 in PBS and HEPES [351].
On the other hand, similar to what is observed for the Tris case, hhMb may have stronger
interactions with the phosphate groups (possibly via the positively charged residues).
Therefore the diffusion of the proteins on the surface and inside the pores might be
strongly limited. In particular, proteins adsorbed strongly on the edge of the pore channel
that are unable to diffuse further inside the pore may induce pore blocking that would
explain the observed reduction in the pore volume. This hypothesis is strengthened by
the TGA/DTG curves, according to which hhMb-Mil-PBS shows the same DTG profile
of hhMb-P25-HEPES, suggesting adsorption of hhMb mainly on the external surface.

8.4.5 Heme pocket structure upon adsorption in different buffers

As discussed above, the EPR analysis gives information on the stability and the confor-
mation of the heme center of proteins. Figure 8.5 shows the EPR spectra of a frozen
solution of hhMb in HEPES buffer and of hhMb-Mil-HEPES, before and after drying.
All spectra show the EPR feature typical for the HS aquomet form of hhMb (see also

100 150 200 250 300 350

Magnetic Field [mT]

-1.5

-1

-0.5

0

0.5

1

E
P

R
 I
n

te
n

s
it
y
 [
a

.u
.] LS

5x

HS

g=2.97

g=1.997

g~6

#

*

(a)

(b)

g=2.265

g=2.95 g=2.265

HS

(f)

(e)

(d)

(c)

Figure 8.5: CW-EPR spectra of a frozen solution of hhMb (a) and hhMb-Mil-HEPES (before
(b) and after (c) drying of the final powder). (d) Simulations of the dried Millennium in 10
mM HEPES. (e) The CW-EPR spectrum of frozen solution of 0.5 mM hhMb in HEPES after
addition of SDS to a final concentration of 9.5×10−4 M. (f) The corresponding simulation. The
contributions of high-spin (HS) features, non-heme iron (asterisk) and a Cu(II) background sig-
nal (hash) are shown. All spectra are rescaled to the same microwave frequency and normalized
to equal intensity for facile comparison.

Figure 8.3). After incorporation of hhMb in Millennium, the EPR spectrum (both for
dried and wet materials) changes slightly when compared with the spectrum of hhMb
in a frozen HEPES buffer solution (Figure 8.6), indicating a local change/pressure in
the heme-pocket structure (inducing a change in zero-field splitting parameters). Addi-
tionally, in all spectra the non-heme iron (∗) and the Cu(II) background (#) signal are
also present (see also Figure 8.3). There are no clear differences in the HS feature of
dry and wet incorporated TiO2, which indicates that myoglobin remains strongly inside
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Figure 8.6: Low-field part of the CW-EPR spectra of frozen solution of hhMb (solid line)
and hhMb incorporated in Millennium before (dashed line) and after (dotted line) drying of the
final powder. The incorporation was done in HEPES buffer (blue, (a)), PBS buffer (grey, (b))
and Tris buffer (orange, (c)). All spectra are rescaled to the same microwave frequency and
normalize to equal intensity for facile comparison.

the pores, and not redissolves after addition of buffer (as already shown by the leaching
tests) and that the drying procedure applied here does not cause a major loss of the
water molecule axially ligating to the heme iron.
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Figure 8.7: CW-EPR spectra of frozen solution of hhMb (solid line) and hhMb incorporated in
PBS buffer in Millennium before (dashed line) and after (dotted line) drying of the final powder.
The contribution of high-spin feature (HS), a Cu(II) background signal (#) a small radical (x)
and a non-heme iron are indicated. All spectra are rescaled to the same microwave frequency
and normalized to equal intensity for facile comparison.

The EPR spectrum of hhMb incorporated into phosphate buffer (Figure 8.7) shows a
large non-heme iron signal and a worse signal to noise ratio when compared to the other
buffers. This indicates that a smaller amount of myoglobin is present in the pores,
confirming the previous observations using absorption spectroscopy.

When using HEPES (Figure 8.5) or Tris buffer (Figure 8.8) for the protein incorporation,
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Figure 8.8: CW-EPR spectra of frozen solution of hhMb (solid line) and hhMb-Mil-Tris before
(dashed line) and after (dotted line) drying of the final powder. The contribution of a high-spin
feature (HS) and a non-heme iron are indicated. All spectra are rescaled to the same microwave
and normalized to equal intensity for facile comparison.

the EPR spectra of the hhMb incorporated into mesoporous TiO2 show a low-spin con-
tribution with gz = 2.97± 0.01 and gy = 2.265± 0.005 (Figure 8.5). This is in contrast
with hhMb-Mil-PBS, where no such contribution arises (Figure 8.7). This again suggests
that only a small amount of hhMb is able to enter the pores of mesoporous TiO2 in
the presence of PBS; agreeing with the earlier results. The extra low-spin component
spectrum has similar g-values to those found for the imidazole complex of Mb and other
heme systems with bis-imidazole ligation of the heme iron [145].
Tofani et al. [368] showed using UV-vis absorption spectroscopy that, upon addition of
a low concentration of sodium dodecyl sulfate (SDS), myoglobin forms hexacoordinated
LS species through binding of the distal histidine (His-64) to the central iron atom. It
is suggested that this occurs through breaking of important salt bridges, which renders
the a helix structure more flexible. Figure 8.5e shows the EPR spectrum of a frozen
solution of hhMb in HEPES buffer where SDS was added to a final concentration of
9.5 × 10−4 M. This spectrum also shows an LS contribution with gz = 2.95 ± 0.02 and
gy = 2.265 ± 0.005 which are similar values to those found for the LS contribution in
mesoporous TiO2 incorporated with hhMb. These g values are in the range of those
reported in Table 3.2, for distal His ligation. This indicates that, upon incorporation
into the pores, there is a strain on hhMb resulting in a shift of the E-helix of the protein
and subsequent coordination of the distal histidine to the central heme iron, possibly
related to similar breaking of the salt bridges to that when SDS is added.
The apparent strong difference in the intensity of the HS and LS EPR contributions is
mainly due to the larger magnetization of the HS iron centre. In fact, simulations reveal
that about 30-35% of the spectrum can be ascribed to the LS form. This indicates a
changed strained conformation for a significant fraction of the adsorbed hhMb.

8.4.6 Electrochemical activity of proteins incorporated into dif-
ferent buffers

Cyclic voltammetry is a useful tool to investigate the microenvironment surrounding the
heme center through evaluation of the redox activity. Differences in the electrochemical
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activity may arise from the pore confinement and/or different interactions with the TiO2

surface.
The CV experiments confirm the strong influence of the buffer solution on the struc-
ture of the adsorbed proteins, influencing their electrochemical activity. Although the
electrochemical process follows the same scheme, regardless the buffer used for the in-
corporation, a shift in the potential indicates that the electron transfer is favorable for
hhMb-Mil-HEPES. Since the amount of proteins in hhMb-Mil-HEPES and Tris is the
same, the lower peak current and the concentration of active molecules for hhMb-Mil-
Tris probably arise from the strong interaction between the adsorbed buffer molecules
and the proteins. Furthermore, a much slower electron transfer is observed for samples
with hhMb incorporated in PBS buffer, highlighting again the enormous importance of
the correct choice of the buffer.

8.5 Conclusions

The impact of the choice of the buffer medium on the stability and the adsorption of
hhMb on a commercial mesoporous titanium dioxide was evaluated. Tris and PBS were
revealed to be a good choice to preserve the proteins in solution while a strong decrease
of the concentration was observed after two weeks in HEPES solution. Nevertheless,
the benefit or drawback of the buffer is quite different when incorporating hhMb into
mesoporous TiO2. Very different interactions between the three buffers and the titania
surface were observed. All the results indicate a much stronger interaction between meso-
porous titanium, phosphate anions and Tris molecules than for the HEPES molecules (in
sequence of the interaction strength).
This results in a large impact of the medium choice on protein incorporation. The same
hhMb adsorption capacity for Millennium TiO2 has been observed using Tris and HEPES
buffer. Nevertheless the use of Tris leads to a slower adsorption, probably due to the
strong interaction between hhMb and the adsorbed buffer molecules resulting in a slow
protein diffusion inside the pores. As it is reasonable to expect, the effect is amplified by
an increase in the buffer concentration.
The adsorption from PBS solution exhibits a slower kinetics with a much lower adsorption
capacity, which inhibits the incorporation of a high amount of proteins. Additionally, it
has been shown how the different interaction (hhMb-Mil-Tris) and the adsorption mainly
on the external surface (hhMb-Mil- PBS) create correlated changes in electrochemical
activity of the adsorbed proteins. It is important to note that, irrespective of the buffer,
the adsorption of the hhMb induces changes in its heme-pocket structure.
As our results clearly indicate, the choice of the buffer medium is a crucial step in protein
incorporation. Protein stability in solution, adsorption kinetics, structural modification
and activity of the adsorbed proteins are all parameters strictly connected to the selected
buffer. Moreover, a clear impact specific for mesoporous materials was observed. Further
analysis is required in order to clarify the type and quantify the strength of the interaction
between buffer-mesoporous material-biomolecule, as well as the possible changes in the
conformation of the adsorbed proteins. Nevertheless, it is shown that special attention
in the choice of the buffer medium is indispensable in order to avoid misunderstanding
of the results about adsorption of biomolecules on mesoporous TiO2.
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Summary

For many years now, there is a rising demand for the immobilization of biomolecules in
and onto synthetic matrices for biosensor applications. In the interdisciplinary project
of which my PhD thesis was part, it was attempted to immobilize globin proteins in
mesoporous materials such as mesoporous silica and mesoporous titania. Globins are
iron-containing proteins that are in vivo involved in different processes such as oxygen
binding and in redox reactions. These redox reactions are of particular interest since the
oxidation state of the iron changes and this can be exploited in biosensor applications. It
is however necessary for these applications to immobilize the proteins on the electrodes
of a biosensor. As a support, mesoporous titania was chosen because of its large surface
area and tuneable pore size and pore environment. Furthermore, the pores can protect
the globins against bacterial degradation.

This PhD thesis describes the contributions of a spectroscopist towards the development
of a methodology for the targeted immobilization of globins onto mesoporous titania
materials. Several spectroscopic techniques were used throughout this thesis, including
electron paramagnetic resonance (EPR) techniques (both continuous-wave and pulsed
EPR) and optical spectroscopy techniques such as optical absorption spectroscopy, res-
onance Raman (RR) spectroscopy and laser flash photolysis.

The first part of my PhD thesis handles the introduction to the basic concepts of both the
materials (globin proteins and mesoporous titania, chapter 1) and the used spectroscopic
techniques (optical spectroscopy and EPR spectroscopy, chapter 2). The knowledge of
these two chapters is then combined in chapter 3 to discuss how EPR has become an
essential tool in ferric globin research, and how ferric globins equally provide ideal model
systems to push technical developments in EPR.

The second part of my PhD thesis consists of the spectroscopic characterization of differ-
ent globins using a generic approach. Chapter 4 focuses on a thorough characterization
of cytoglobins (Cygb) that were found in two antarctic fish: Dissostichus mawsoni and
Chaenocephalus aceratus. Interestingly, the latter lacks hemoglobin (Hb) in the blood
and as such is thus a white-blooded fish. Although both fish Cygb have many features in
common with human Cygb, there are some striking differences. RR spectroscopy showed
that the stabilization of an exogenous heme ligand, such as CO, occurs differently in
human cytoglobin in comparison with Antarctic fish cytoglobins. Furthermore, while it
has been extensively reported that human cytoglobin is essentially monomeric and can
form an intramolecular disulfide bridge that can influence the ligand binding kinetics,
3D modeling of the Antarctic fish cytoglobins indicates that the cysteine residues are
too far apart to form such an intramolecular bridge. Moreover, gel filtration and mass
spectrometry reveal the occurrence of non-covalent multimers (up to pentamers) in the
Antarctic fish cytoglobins that are formed at low concentrations. Stabilization of these
oligomers by disulfide-bridge formation is possible, but not essential. When intermolec-
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ular disulfide bridges are formed, they influence the heme-pocket structure, as is shown
by EPR measurements.
Chapter 5 and 6 focuses on the characterization of Lotus japonicus nonsymbiotic (ns)
Hbs. Nonsymbiotic Hbs have been classified into two phylogenetic groups. Class 1 Hbs
show an extremely high O2 affinity and are induced by hypoxia and nitric oxide (NO),
whereas class 2 Hbs have moderate O2 affinity and are induced by cold and cytokinins.
Interestingly, Lotus japonicus expresses two class 1 nsHbs (LjGlb1-1 and LjGlb1-2) and
only one class 2 nsHb (LjGlb2). A combination of several optical spectroscopies and EPR
was used here to find the differences between class 1 and class 2 Lotus japonicus Hbs and
between the two class 1 nsHbs. Chapter 5 focuses on the deoxyferrous and CO-ligated
forms, while chapter 6 focuses on the ferric form. In the deoxyferrous state, LjGlb1-1 is
partially hexacoordinated, whereas LjGlb1-2 shows complete hexacoordination (behaving
like class 2 Hbs) and LjGlb2 is mostly pentacoordinated (unlike other class 2 Hbs).
Combination of RR spectroscopy and kinetics studies indicate that LjGlb1-1 binds CO
very strongly by stabilization through a hydrogen bond, while LjGlb1-2 and LjGlb2 show
a lower affinity for gaseous ligands. Mutations LjGlb1-1 C78S and LjGlb1-2 C79S caused
important alterations in protein dynamics and stability, indicating a structural role of
those Cys residues, whereas mutation LjGlb1-1 C8S had a smaller effect. As for the
ferric forms of these globins, the difference between the two different classes of LjGlb
is minimal, so more advanced (pulsed) EPR techniques are necessary to obtain more
information.
The third part of my PhD thesis describes how EPR can be helpful in the characterization
of Ti-containing materials. In chapter 7, a series of ZnTi layered double hydroxides
(LDHs) with different Zn/Ti ratios were used as catalysts for the photodegradation of
salicylic acid under visible light. The mechanism of this photodegradation was studied
using a combination of spectroscopic techniques, including EPR. Although LDHs were
not used as a support in this work, this chapter is used as an example to illustrate how
EPR has been shown to be an excellent tool to investigate the formation of light-induced
paramagnetic centers, such as organic radicals or Ti3+, formed during photocatalytic
processes in titania materials.
In chapter 8, the impact of the buffer solution on the globin incorporation into meso-
porous titania is systematically studied. In this chapter, commercially available base
materials (horse heart mygolobin (hhMb) and mesoporous titania) were used to test the
influence of the three most used buffers for protein science, i.e. HEPES, Tris and phos-
phate buffer. The three buffers show a completely different interaction with the TiO2

surface, which drastically affects the adsorption of myoglobin as well as its structure
and electrochemical activity. Therefore, special attention is required while choosing the
buffer medium to avoid misguided evaluation of protein adsorption on mesoporous TiO2.
To conclude, in this thesis we laid the foundation towards a methodology for the immobi-
lization of globins onto mesoporous titania. Future steps in this project, which are being
performed by the research groups of the GOA consortium, include the functionalization
of the mesoporous titania, as well as testing the incorporation of a large range of globins,
such as the ones studied in part two. In this way, it will be possible to find an ideal
match between pore size and properties and the globins, which will hugely stabilize the
proteins. This is an essential step towards the development of commercial biosensors.
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Samenvatting

Gedurende vele jaren is er een stijgende vraag naar de incorporatie van biomoleculen in
synthetische matrices voor biosensor toepassingen. Deze doctoraatsthesis is deel van een
interdisciplinair project waarin wordt getracht om globine eiwitten te incorporeren in
mesoporeuze materialen zoals mesoporeus silica en mesoporeus titania. Globines zijn ijz-
erhoudende eiwitten die in vivo betrokken zijn bij verschillende processen zoals zuurstof-
binding en redoxreacties. Deze redoxreacties zijn uitermate interessant aangezien de
oxidatietoestand van het ijzer verandert, zodat dit kan worden aangewend in biosensor
toepassingen. Voor deze toepassingen is het echter noodzakelijk om de eiwitten te im-
mobiliseren op de elektrodes van de biosensor. Mesoporeus titania werd gekozen als syn-
thetische matrix aangezien het een zeer groot oppervlakte heeft, alsook een aanpasbare
poriegrootte. Bovendien beschermen de poriën de globines tegen bacteriële degradatie.

Deze doctoraatsthesis beschrijft de bijdragen van een spectroscopist in de ontwikkeling
naar een methodologie voor de doelgerichte immobilizatie van globines op mesoporeus
titania. In deze thesis werden verschillende spectroscopische technieken gebruikt, waaron-
der elektron paramagnetische resonantie (EPR), zowel continuous-wave als gepulste, en
optische spectroscopie, zoals optische absorptie spectroscopie, resonante Raman (RR)
spectroscopie en laser flits fotolyse.

Het eerste deel van mijn doctoraatsthesis behandelt de introductie van enerzijds de ma-
terialen (globines en mesoporeus titania, hoofdstuk 1) en anderzijds de gebruikte spec-
troscopische technieken (optische spectroscopie en EPR spectroscopie, hoofdstuk 2). De
verkregen kennis uit beide hoofdstukken wordt vervolgens gecombineerd in hoofdstuk
3 waar aangetoond wordt hoe EPR uitgegroeid is tot een essentieel hulpmiddel in het
onderzoek naar ferrische globines, en hoe ferrische globines ook in die mate bijdragen
aan technische ontwikkelingen in EPR doordat het een ideaal modelsysteem is.

Het tweede deel van mijn doctoraatsthesis bestaat uit de spectroscopische karakterisatie
van verschillende globines door het gebruik van een algemene benadering. Hoofdstuk 4
behandelt de uitgebreide karakterisatie van cytoglobines (Cygb) die gevonden werden in
twee Antarctische vissen: Dissostichus mawsoni en Chaenocephalus aceratus. Wat dit
interessant maakt is het feit dat er bij de Chaenocephalus aceratus geen hemoglobine
(Hb) aanwezig is in het bloed, en dat deze vis bijgevolg wit bloed heeft. Hoewel beide vis
Cygbs veel gelijkenissen vertonen met menselijk Cygb, zijn er toch enkele opmerkelijke
verschillen. RR spectroscopie toont aan dat de stabilisatie van een exogene ligand, zoals
CO, verschilt in menselijk Cygb ten opzichte van Antarctische vis Cygbs. Van menselijk
Cygb is geweten dat het voornamelijk een monomeer is, en dat een intramoleculaire
disulfidebrug gevormd kan worden waardoor de ligand bindingskinetiek bëınvloed wordt.
Voor Antarctische vis Cygbs toont 3D modellering echter aan dat de cysteines zich te
ver van elkaar bevinden om zo’n disulfidebrug te vormen. Bovendien tonen gelfiltratie
en massaspectrometrie aan dat niet-covalent gebonden multimeren kunnen voorkomen
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(zelfs tot pentameren) bij lage concentraties. Stabilisatie van deze oligomeren door disul-
fidebruggen is mogelijk, maar niet essentieel. EPR toont aan dat wanneer deze inter-
moleculaire disulfidebruggen gevormd worden, ze de lokale structuur van de heemzak
bëınvloeden.

Hoofdstukken 5 en 6 bespreken de karakterisatie van niet-symbiotische Lotus japonicus
Hbs. Niet-symbiotische Hbs worden ingedeeld in twee fylogenetische groepen. Klasse 1
Hbs tonen een extreem hoge O2 affiniteit en worden gëınduceerd door hypoxie en stiksto-
foxide (NO), terwijl klasse 2 Hbs een gemiddelde O2 affiniteit hebben en gëınduceerd wor-
den door koude en cytokines. In Lotus japonicus werden twee klasse 1 nsHbs (LjGlb1-1
and LjGlb1-2) en één klasse 2 nsHb (LjGlb2) gevonden. Er werden verschillende optische
spectroscopie technieken en EPR gebruikt om de verschillen te achterhalen tussen klasse
1 en klasse 2 Lotus japonicus Hbs, alsook tussen de twee klasse 1 nsHbs. Hoofdstuk 5
bevat het onderzoek naar de ferrische en CO-geligeerde vormen, terwijl hoofdstuk 6 de
resultaten bevat over de ferrische vorm. In de ferrische toestand is LjGlb1-1 gedeeltelijk
hexagecoördineerd, terwijl LjGlb1-2 volledig hexagecoördineerd is (zoals verwacht wordt
bij klasse 2 Hbs). LjGlb2 ten slotte is, in tegenstelling tot de meeste klasse 2 Hbs, vooral
pentagecoördineerd. De combinatie van RR spectroscopie en bindingskinetiek experi-
menten tonen aan dat LjGlb1-1 een hoge affiniteit voor CO heeft, terwijl dit bij LjGlb1-2
en LjGlb2 veel lager is. De mutante vormen LjGlb1-1 C78S en LjGlb1-2 C79S veroorza-
ken belangrijke veranderingen in de eiwitstabiliteit, wat aantoont dat deze cysteines een
belangrijke structurele rol hebben. Dit is in tegenstelling tot de mutatie LjGlb1-1 C8S die
een kleiner effect heeft. Wat betreft de ferrische vormen van deze globines is het duidelijk
dat het verschil tussen de klassen heel klein is. Verdere experimenten zijn bijgevolg nodig
om meer informatie te bekomen.

Het derde deel van mijn doctoraatsthesis beschrijft EPR als ideaal hulpmiddel in de
karakterisatie van Ti-bevattende materialen. In hoofdstuk 7 worden een reeks ZnTi
gelaagde dubbele hydroxiden (LDHs) met verschillende Zn/Ti verhoudingen gebruikt als
katalysator voor de fotodegradatie van salicylzuur onder zichtbaar licht. Het mechanisme
van deze fotodegradatie werd bestudeerd aan de hand van een aantal spectroscopische
technieken, waaronder EPR. Hoewel LDHs niet gebruikt werden als een synthetische
matrix in deze thesis, wil ik met dit hoofdstuk aantonen dat EPR een ideaal hulpmiddel
is om de vorming van licht-gëınduceerde paramagnetische centrums, zoals organische
radicalen of Ti3+, welke gevormd werden in titania materialen te bestuderen.

Hoofdstuk 8 behandelt tot slot de impact van de bufferoplossing op de incorporatie
van globines in mesoporeuze titania materialen. In dit hoofdstuk werden commercieel
verkrijgbare materialen (paardenhart myoglobine (hhMb) en mesoporeus titania) ge-
bruikt om de invloed van de drie meest gebruikte buffers in eiwitonderzoek, nl. HEPES,
Tris en fosfaatbuffer, te bestuderen. Deze drie buffers hebben een totaal verschillende
interactie met het TiO2 oppervlak, waardoor ook de adsorptie van mygolobine bëınvloed
wordt. Hierdoor wordt ook de structuur en de elektrochemische activiteit van het hybride
materiaal bëınvloed, wat aantoont dat de keuze van de buffer een enorm belangrijke stap
is in dit onderzoek.

In deze doctoraatsthesis werd de basis gelegd naar een methode voor het immobiliseren
van globines op mesoporeus titania. Toekomstige stappen in dit project, die worden
uitgevoerd binnen de onderzoeksgroepen van het GOA consortium, zijn onder andere de
functionalisatie van het mesoporeus titania, alsook het testen van de incorporatie met
andere globines, zoals deze die bestudeerd werden in deel 2 van dit proefschrift. Op deze
manier is het mogelijk om een ideale match te vinden tussen de poriegrootte van het
mesoporeuze materiaal en de eigenschappen van de globines. Deze ideale match zal de
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eiwitten bijgevolg op een optimale manier stabiliseren. Dit is dan ook de belangrijkste
stap naar de ontwikkeling van commerciële biosensoren.
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Appendix A

Supplementary Information -
Chapter 4

A.1 Amino-acid sequence identity analysis

C.aceCygb-1 D.mawCygb-1
T. nigroviridis Cygb-1 72% 72%
T. nigroviridis Cygb-2 56% 58%

O. latipes Cygb-1 73% 75%
O. latipes Cygb-2 54% 55%
D. rerio Cygb-1 48% 49%
D. rerio Cygb-2 60% 61%

CYGB 57% 59%

Table A.1: Sequence identity of Antarctic fish Cygbs-1 and temperate fish and human Cygbs.

A.2 Multimeric state of Antarctic fish Cygbs

Figure A.1: 15% SDS-PAGE of D.mawCygb-1 after purification. The abundant band between
21.5 kDa and 31 kDa is the recombinant protein. The molecular weight is higher because of the
N-terminal His-tag and the extra linker amino acids. In the first lane a Low Molecular Weight
Marker (Bio-Rad) was loaded.

B. Cuypers 159



A B

Rt  [min]
20 30 40 50

lo
g

(M
W

)

1

1.5

2

2.5
log(MW)=-0.0405*Rt+2.9805

R2 =0.9482

Figure A.2: Analytical gel-filtration experiments (Superose 12 column (25 mL)). Chro-
matogram of the gel-filtration experiments performed on (A) C.aceCygb-1 and (B) C.aceCygb-
1* with a concentration of 125 µM (black), 500 µM (red) and 1 mM (blue). The standard
curve obtained by running thyroglobulin, human Hb, CYGB and horse Mb is embedded in
(B). C.aceCygb-1 forms multimers up to pentamers, C.aceCygb-1* forms mainly monomers and
dimers. Similarly, C.aceCygb-1 samples treated overnight with 5 mM DTT still give rise to
monomers and dimers.
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Figure A.3: Analytical gel-filtration experiments (Superose 12 column (25 mL)). Chro-
matogram of the re-run of the peaks from (A) C.aceCygb-1 and (B) C.aceCygb-1*. Fractions
are indicated as peak 1 (green), peak 2 (cyan), peak 3 (orange), peak 4 (black) and peak 5 (red).
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Figure A.4: Nano-ESI mass spectra of D.mawCygb-1 (left) and D.mawCygb-1* introduced
in the spectrometer under non-denaturing conditions (top) and denaturing conditions (bottom)
after isolation of the monomer by SEC and overnight incubation. The charges of the formed
complexes and signals stemming from charged multimers are indicated.
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Figure A.5: Native MS performed on samples that were diluted from a high-concentration aged
batch. Nano-ESI mass spectra of (A) C.aceCygb-1 and (B) D.mawCygb-1* introduced in the
spectrometer under non-denaturing conditions reveals oligomeric species up to pentamers, with-
out a preferred oligomeric size, but with higher propensity for D.mawCygb-1 to form oligomers.
(C) Mass spectrum of D.mawCygb-1 introduced under mild denaturing conditions (acetonitrile
only) still reveals the presence of oligomeric species. This shows the relatively high stability
of the oligomeric species. Addition of acetonitrile and formic acid removes most signals of the
multimers (see Figure 4.3) (D) Mass spectrum of D.mawCygb-1 after addition of DTT. The
changes in the mass spectrum upon addition of DTT indicate that not all oligomers are non-
covalently in nature and that disulfide-bridge formation can occur (but is not essential) for
oligomer formation.
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Figure A.6: Ion mobility spectrum of C.aceCygb-1*. Similar spectra were obtained for the
other protein samples.
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Figure A.7: Native mass spectrum of CYGB reveals predominantly monomer, with a lesser
degree of dimer present. Larger oligomeric species, as observed for both C.aceCygb-1 and
D.mawCygb-1 were not observed.
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A.3 Electrochemical experiments

Entrapped Dissolved
DPV CV DPV CV

D.mawCygb-1 -0.037 -0.031 -0.035 -
D.mawCygb-1* -0.037 -0.035 -0.040 -0.039

C.aceCygb-1 -0.048 -0.046 -0.047 -
C.aceCygb-1* -0.043 -0.040 -0.050 -0.054

CYGB -0.033 -0.026 -0.032 -0.025
CYGB* -0.027 -0.025 -0.025 -0.026

Table A.2: Redox potential (E°) of the studied cytoglobins (V versus SHE, ±0.005 V) obtained
by differential pulse (DPV) and cyclic voltammetry (CV).
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Figure A.8: Cyclic and differential pulse voltammograms for the proteins entrapped at the electrodes by a dialysis membrane (MWCO 12 kDa).
Scan rate, 5 mVs−1; step potential, 5 mV; DPV modulation amplitude, 20 mV; 50 mM TrisHCl buffer (pH 8.0). Potential of the reference electrode
(SCE at 20°C) is 0.248 V versus SHE.
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Figure A.9: Cyclic and differential pulse voltammograms in solutions of the proteins (25 × 10−5 M). Scan rate, 5 mVs−1; step potential, 5 mV;
DPV modulation amplitude, 20 mV; 50 mM TrisHCl buffer (pH 8.0). Potential of the reference electrode (SCE at 20°C) is 0.248 V versus SHE.
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LjGlb1-1			C8S	
	
MSTLGSTSFTEEQEALVVKSWSVMKKNSAELGLKLFLKIFEIAPSAQKLFSFLRDSKVPLEENPKLKPHAMSVFVMT
CESAAQLRKAGKVTVRESTLKKLGATHYKYGVVNEHFEVTKFALLDTIKEAVPEMWSPEMKNAWAQAYDQLVGA
IKSEMKPSSS-	
	
	
LjGlb1-1			C78S	
	
MSTLGSTCFTEEQEALVVKSWSVMKKNSAELGLKLFLKIFEIAPSAQKLFSFLRDSKVPLEENPKLKPHAMSVFVMT
SESAAQLRKAGKVTVRESTLKKLGATHYKYGVVNEHFEVTKFALLDTIKEAVPEMWSPEMKNAWAQAYDQLVGA
IKSEMKPSSS-	
	
	
LjGlb1-2			C79S	
	
MAENTTTIAFTEEQEALVVKSWNAMKKDSAELSFKFFSKILEIAPPAKQLFSFLRDSEVPLDQNPKLKPHAMSVFLM
TSESAAQLRKEGKVTVRESNLKKLGATHFKKGVIPEHFEVTKQALLDTIKEAVPELWSLELKDAWAIAHDQLASAIIA
EMKPES-	
	
	
LjGlb2		C65S	
	
MATFSEEQEALVNSSWEAFSQNIPQLSIIFYTSILEKAPEAKAMFSFLKDSDGVPKDNLDLEAHSEKVFELTRNSALQ
LRAKGKVEVERIALKFLGYVHAQRRVLDPHFLVLKEALLKTLKEAMGDKWSEEVSNAWGIAYDELAGVIKKGMS-	
	
	
	
 
 
FIGURE S1 | Mutated versions of the LjGlbs. The Cys è Ser mutation is marked in red. 
The N-terminal poly-His tag is MRGSHHHHHHGMASMTGGQQMGRDLYDDDDKDHPFT	 for	 all	 of	
them.	
	

Figure B.1: Mutated versions of the LjGlbs. The Cys to Ser mutation is marked in red. The
N-terminal poly-His tag is MRGSHHHHHHGMASMTGGQQMGRDLYDDDDKDHPFT for all
of them.
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LjGlb1-1 
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FIGURE S2 | The LjGlb1-1 protein can form homodimers through a disulfide bridge. (A) FPLC 
separation of the monomeric and dimeric forms. The dimer peak (arrow) disappears upon addition of 20 
mM dithiothreitol (DTT). (B) Mass spectrometry analysis confirms the presence of the homodimer. (C) Mass 
spectrum showing that the dimer peak (arrow) disappears upon DTT addition. 

Figure B.2: The LjGlb1-1 protein can form homodimers through a disulfide bridge. (A) FPLC
separation of the monomeric and dimeric forms. The dimer peak (arrow) disappears upon
addition of 20 mM dithiothreitol (DTT). (B) Mass spectrometry analysis confirms the presence
of the homodimer. (C) Mass spectrum showing that the dimer peak (arrow) disappears upon
DTT addition.
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FIGURE S4 | Kinetics for the binding of the distal His(E7) to the heme in class 1 
nsHbs. (A) Comparison between equilibrium constants (KH) for binding of the distal His(E7) 
to the heme for several class 1 nsHbs. (B) Correlation between binding and dissociation 
rate constants for the distal His(E7). Abbreviations are the same as for Figure 5. 

Figure B.3: Kinetics for the binding of the distal His(E7) to the heme in class 1 nsHbs. (A)
Comparison between equilibrium constants (KH) for binding of the distal His(E7) to the heme
for several class 1 nsHbs. (B) Correlation between binding and dissociation rate constants for
the distal His(E7). Abbreviations are the same as for Figure 5.7.
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FIGURE S5 | Comparisons of kon,CO for several class 1 and class 2 nsHbs. (A) Class 1 nsHbs. Dark blue and 
light blue bars distinguish between class 1 nsHbs with low and high kon,CO rates, respectively. Solid horizontal lines 
are average values for the two groups. Abbreviations and references are the same as for Figure 5. The LjGlb1‑1 
and LjGlb1-2 values (marked with asterisks) were obtained for this work. (B) Class 2 nsHbs. Abbreviations and 
references: Arabidopsis thaliana Glb2 (AtGlb2; Bruno et al., 2007a; Uzan et al., 2004; Smagghe et al., 
2009), chicory Hb2a (cHb2a; Smagghe et al., 2009), chicory Hb2b (cHb2; Smagghe et al., 2009), tomato Hb2 
(tHb2; Smagghe et al., 2009). The LjGlb2 value (marked with asterisk) was obtained for this work. For chicory Hb, 
values of two different class 1 Hbs, termed "a" and "b", are given. 

Figure B.4: Comparisons of kon,CO for several class 1 and class 2 nsHbs. (A) Class 1 nsHbs.
Dark blue and light blue bars distinguish between class 1 nsHbs with low and high kon,CO
rates, respectively. Solid horizontal lines are average values for the two groups. Abbreviations
and references are the same as for Figure 5.7. The LjGlb11 and LjGlb1-2 values (marked
with asterisks) were obtained for this work. (B) Class 2 nsHbs. Abbreviations and references:
Arabidopsis thaliana Glb2 (AtHb) [245, 254, 369], chicory Hb2a (cHb2a) [245], chicory Hb2b
(cHb2) [245], tomato Hb2 (tHb2) [245]. The LjGlb2 value (marked with asterisk) was obtained
for this work. For chicory Hb, values of two different class 1 Hbs, termed ”a” and ”b”, are given.
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[18] U. Flögel, M. W. Merx, A. Gödecke, U. K. Decking, and J. Schrader, “Myoglobin:
a scavenger of bioactive no,” Proceedings of the National Academy of Sciences,
vol. 98, no. 2, pp. 735–740, 2001.

[19] S. N. Vinogradov, D. Hoogewijs, X. Bailly, R. Arredondo-Peter, J. Gough,
S. Dewilde, L. Moens, and J. R. Vanfleteren, “A phylogenomic profile of globins,”
BMC Evolutionary Biology, vol. 6, no. 1, p. 31, 2006.

[20] J. A. Hoy and M. S. Hargrove, “The structure and function of plant hemoglobins,”
Plant Physiology and Biochemistry, vol. 46, no. 3, pp. 371–379, 2008.

[21] M. Perazzolli, P. Dominici, M. C. Romero-Puertas, E. Zago, J. Zeier, M. Sonoda,
C. Lamb, and M. Delledonne, “Arabidopsis nonsymbiotic hemoglobin ahb1 mod-
ulates nitric oxide bioactivity,” The Plant Cell, vol. 16, no. 10, pp. 2785–2794,
2004.

[22] S. Dewilde, L. Kiger, T. Burmester, T. Hankeln, V. Baudin-Creuza, T. Aerts,
M. C. Marden, R. Caubergs, and L. Moens, “Biochemical characterization and
ligand binding properties of neuroglobin, a novel member of the globin family,”
Journal of Biological Chemistry, vol. 276, no. 42, pp. 38949–38955, 2001.

[23] D. Hamdane, L. Kiger, S. Dewilde, B. N. Green, A. Pesce, J. Uzan, T. Burmester,
T. Hankeln, M. Bolognesi, L. Moens, et al., “The redox state of the cell regulates the
ligand binding affinity of human neuroglobin and cytoglobin,” Journal of Biological
Chemistry, vol. 278, no. 51, pp. 51713–51721, 2003.

[24] D. Hamdane, L. Kiger, S. Dewilde, B. N. Green, A. Pesce, J. Uzan, T. Burmester,
T. Hankeln, M. Bolognesi, L. Moens, et al., “Coupling of the heme and an internal
disulfide bond in human neuroglobin,” Micron, vol. 35, no. 1, pp. 59–62, 2004.

[25] S. Van Doorslaer, S. Dewilde, L. Kiger, S. V. Nistor, E. Goovaerts, M. C. Marden,
and L. Moens, “Nitric oxide binding properties of neuroglobin a characterization
by epr and flash photolysis,” Journal of Biological Chemistry, vol. 278, no. 7,
pp. 4919–4925, 2003.

172 B. Cuypers



[26] T. Burmester and T. Hankeln, “What is the function of neuroglobin?,” Journal of
Experimental Biology, vol. 212, no. 10, pp. 1423–1428, 2009.

[27] E. Geuens, I. Brouns, D. Flamez, S. Dewilde, J.-P. Timmermans, and L. Moens, “A
globin in the nucleus!,” Journal of Biological Chemistry, vol. 278, no. 33, pp. 30417–
30420, 2003.

[28] N. Kawada, D. B. Kristensen, K. Asahina, K. Nakatani, Y. Minamiyama, S. Seki,
and K. Yoshizato, “Characterization of a stellate cell activation-associated pro-
tein (stap) with peroxidase activity found in rat hepatic stellate cells,” Journal of
Biological Chemistry, vol. 276, no. 27, pp. 25318–25323, 2001.

[29] J. T. Trent and M. S. Hargrove, “A ubiquitously expressed human hexacoordinate
hemoglobin,” Journal of Biological Chemistry, vol. 277, no. 22, pp. 19538–19545,
2002.

[30] E. Vinck, S. Van Doorslaer, S. Dewilde, and L. Moens, “Structural change of the
heme pocket due to disulfide bridge formation is significantly larger for neuroglobin
than for cytoglobin,” Journal of the American Chemical Society, vol. 126, no. 14,
pp. 4516–4517, 2004.

[31] T. Hankeln, B. Ebner, C. Fuchs, F. Gerlach, M. Haberkamp, T. L. Laufs, A. Roes-
ner, M. Schmidt, B. Weich, S. Wystub, et al., “Neuroglobin and cytoglobin in
search of their role in the vertebrate globin family,” Journal of inorganic biochem-
istry, vol. 99, no. 1, pp. 110–119, 2005.

[32] K. Burger, “Coordination chemistry: Experimental methods.,” 1973.

[33] M. Silberberg, Principles of general chemistry. McGraw-Hill Higher Education,
2012.

[34] J. Rifkind, “Inorganic biochemistry,” Elsevier, New York, vol. 2, 1973.

[35] J. Fisher and T. Egerton, “Titanium compounds, inorganic. kirk-othmer encyclo-
pedia of chemical technology,” 2001.

[36] A. Fujishima and K. Honda, “Photolysis-decomposition of water at the surface of
an irradiated semiconductor,” Nature, vol. 238, no. 5385, pp. 37–38, 1972.

[37] A. L. Linsebigler, G. Lu, and J. T. Yates Jr, “Photocatalysis on tio2 surfaces:
principles, mechanisms, and selected results,” Chemical reviews, vol. 95, no. 3,
pp. 735–758, 1995.

[38] D. Dambournet, I. Belharouak, and K. Amine, “Tailored preparation methods of
tio2 anatase, rutile, brookite: Mechanism of formation and electrochemical prop-
erties,” Chemistry of materials, vol. 22, no. 3, pp. 1173–1179, 2009.

[39] H. Liu, H. Ma, X. Li, W. Li, M. Wu, and X. Bao, “The enhancement of tio 2
photocatalytic activity by hydrogen thermal treatment,” Chemosphere, vol. 50,
no. 1, pp. 39–46, 2003.

[40] T. Berger, M. Sterrer, O. Diwald, E. Knözinger, D. Panayotov, T. L. Thompson,
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