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spectroscopy unit led by Prof. Van Doorslaer is continuously improving and testing ex-
isting and new electron paramagnetic resonance techniques on the most diverse organic
and inorganic systems covering photovoltaics, electrochemical catalysis, and hybrid ma-
terials. On the other hand, the protein chemistry unit led by Prof. Dewilde within
PPES has years of experience with the over-expression and purification of globins and
has an overall research goal to understand the structural and biochemical properties of
recombinantly-expressed globins from all kinds of different organisms.

This thesis aims to elucidate the structure-function relationship of recently discovered
globins in the nematode Caenorhabditis elegans and the protoglobin fromMethanosarcina
acetivorans. Special focus was brought on the nitrite-binding properties and subsequent
reactions. Furthermore, I wanted to explore new strategies to study these reactions using
electron paramagnetic resonance techniques. Additionally, the intense collaboration with
dr. Roberta Sgammato, who was part of the group led by Prof. Christian Johannessen and
Prof. Wouter Herrebout (previously MolSpec, nowadays part of TSM2), complemented
the results with electronic circular dichroism spectroscopy and resonance Raman.

The thesis chapter outline is as follows: Chapter 1 contains an overall introduction to
globins, from structure to evolution and function. Moreover, the globin-nitrite interaction
will be introduced and discussed there. Chapter 2 gives the state-of-the-art of the globins
that were of particular interest in this thesis. Accordingly, the specific research objectives
and how they are part of the greater research lines of the groups are stated there as well.
Chapter 3 gives a brief theoretical overview of the various methods that were used to carry
out the biochemical and biophysical characterization of the globins introduced in Chapter
2. Chapters 4 until 7 contain the main results. In detail, chapter 4 and 5 are related to
globin number 33 from C. elegans. First, its interaction with nitrite studied at various pH
values using a plethora of complementary spectroscopies was done, second, the in-depth
EPR study on the hydroxide-ligated globin domain is presented. In the following chapter
6, the collaborative project with Molspec on the ferric protoglobin from Methanosarcina
acetivorans and its reaction with nitrite and NO is covered. The final results chapter 7
contains my contributions to a first characterization study on the cysteine-rich GLB-3
from C. elegans, together with a description of the experimental optimization that was
done in order to determine the redox potential of this peculiar globin. Finally, as the
conclusive chapter, a brief summary, together with a future outlook, is formulated.
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https://www.uantwerpen.be/en/research-groups/proteinchemistry-proteomics-epigenet/
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Chapter 1

A general introduction to
globins

1.1 Background
Globins (gbs) are small heme-containing α-helical proteins widespread throughout the
kingdoms of life [1, 2, 3] and are best known for their capacity to reversibly bind O2 and
other small gasses such as NO, CO and H2S, anions such as CN– , OH– , NO2 – and small
molecules such as imidazole, at the distal side of the heme. Gbs have attracted research-
ers’ attention since long which eventually led to the first protein structures ever that
were determined using X-ray crystallography: the elucidation of the molecular structure
of myoglobin (Mb) and hemoglobin (Hb), for which J. C Kendrew and M. Perutz received
the Nobel prize in 1962 [4], a milestone in structural biology. In the following decades,
many other globin (and other protein) structures followed, which led to meaningful in-
sights in heme-protein function and porphyrin chemistry. Moreover, interdisciplinary
research effort was focused on understanding the structure-function relationship of gbs,
with a special interest in mammalian Hb. To date, due to the wealth of knowledge,
mammalian gbs remain great model systems and references to test new methodologies
in protein science. Furthermore, the advances in genome sequencing starting in the end
of the of 20th century led to the discovery of many new members of the globin family
with far less clear functions, such as vertebrate neuroglobin (Ngb), and cytoglobin (Cgb),
which sparked renewed interest in this ancient protein family [5, 6].

1.2 Globin structure
On a primary structural level, typical gbs consist of roughly 150 amino acids (AA)
which are, on a secondary structural level, folded into a number of alpha helices, usually
eight labelled A-H. A rigid three-on-three helical sandwich structure is created by helices
A-G-H and B-E-F, connected by a more flexible CD region (see Fig. 1.1 (A)). This
tertiary structure organization of two layers of helices is also indicated as the three-over-
three helical fold (3/3). Variation in this structure mainly occurs by N- and C-terminal
extension and variation in length of the inter-helical segments. Next to the 3/3 globin
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fold, the two-over-two globin fold (2/2) is recognized as a sandwich of the B-E and
G-H helices. The 2/2 gbs are normally shorter than the 3/3 gbs (20-40 residues) and
therefore referred to as truncated Hbs. In both globin folds, a hydrophobic crevice,
the heme pocket, is formed in which an iron containing protoporphyrin (see §1.2.1 and
Fig. 1.2) is embedded that acts as the active catalytic center.

At the level of quaternary structural organization, gbs can be either monomeric,
dimeric, tetrameric or of a higher-order multimerization. Mb (Fig. 1.1 (A)), one of the
best-studied gbs found in muscle tissue, is a monomeric protein of O2 storage, whereas
human Hb, essential for O2 transport in blood, is a tetrameric globin1. Next to the
formation of heteromultimers, chimeric gbs exist, such as the flavohemoglobins (FHbs)
and the globin-coupled sensor (GCS).

The wide variety of globin structures is reflected on a primary level as remarkable
amino-acid sequence diversity, originating from the long evolutionary history of the globin
family. Nevertheless, key AAs are highly conserved, with position F8 always occupied by
a His residue and E7 mostly occupied by histidine, especially in mammalian globins, but
not exclusively in all globins. The E10 residue plays an important role in some globins
as a stabilizer and is usually occupied by a positively charged residue in truncated Hbs,
capable of forming salt bridges involving the heme propionates [7]. In other (bacterial)
globins, E10 or E11 are involved in the hexacoordination of the heme [8, 9]. Finally,
residue B10 (often Leu) plays an important role in ligand binding as well, and deviations
from all of the above-mentioned have a high impact on the globin’s O2 and overall
ligand binding properties. CD1 (Phe) is another strongly conserved position essential for
maintaining the globin structure by supporting the heme.

1.2.1 The heme group
The heme group (Fig. 1.2) is a naturally occurring compound and can be considered as
the active center of a globin and gives the protein a typical brilliant red to brown color. It
consists of a tetrapyrrole or porphyrin (four pyrrole rings linked by four methine bridges)
with an iron atom centrally located. The substituents of the porphyrin ring are four
methyl groups, two vinyl groups and two proprionate side chains. Depending on the
presence, position or deviation of the specific vinyl or methyl side groups, hemes are
classified with an alphabetic letter. Heme types a, b, c and o are biologically the most
relevant with type b being the most abundant, see Fig. 1.2. All gbs, but also other heme
proteins such as horse radish peroxidase (HRP), chlorite dismutase and cytochrome P450
and many more, are heme-b bearing proteins. Examples of other heme-type containing
proteins are cytochrome c oxidase (heme a), the cytochrome c1 (heme c) that is part of
bc1 electron transfer complex and some bacterial terminal oxidases (heme-o) [10]. Other
examples of heme derivatives include heme I, m, D and S.

Due to its substitution, the heme-b group has a hydrophilic (proprionates) and a
hydrophobic edge. In gbs, it is held into its place by hydrophilic and hydrophobic inter-
actions with surrounding amino acid (AA)s, and via a covalent bond between its central

1A tetrameric organization is essential for mammalian Hb to exert its function as an O2 carrier. O2
acts as a positive allosteric modulator which upon binding, enhances the affinity for O2 of the other
subunits. Vice versa, O2 release causes a decrease in O2 affinity allowing efficient delivery to the tissue.
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(a) (b)

Figure 1.1: The three-dimensional structural organisation of globins: (A) the 3-over-3 α-
helical sandich (A-H) structure of horse heart Mb (pdb:1WLA). (B) Structure of the 2-over-2

fold of TrHb from the Mycobacterium tuberculosis (pdb:1S56).

iron atom and a nitrogen atom from F8His. The central heme iron has another four
bonds with the pyrrole nitrogens of the protoporphyrin. The central iron atom and the
4 pyrrole nitrogens determine the heme plane with the 5th and 6th binding places per-
pendicular to it. This heme plane divides the heme pocket in a proximal side with the
F8His (5th) and a distal side bearing the ligand-binding place (6th). The ligand-binding
positions, can be occupied by an external ligand (O2, CO, NO) or by an internal ligand
being mainly the E7 side chain.

When the coordination number is six, these gbs are referred to as hexacoordinated.
If the distal ligand is E7His, these gbs are called bis-His coordinated gbs. If the sixth
ligand position is vacant, we call them pentacoordinated gbs. The heme iron in gbs
can either be in the reduced ferrous (Fe(II)), the oxidized ferric (Fe(III)), or even the
ferryl (Fe(IV)) oxidation state. Only when Fe(II), most gbs are able to reversibly bind
O2, but the Fe(III) and Fe(II) states are observed in many reaction intermediates. The
ferryl state is a transient state that is formed during catalase or peroxidase reactions
involving gbs, resulting in a Fe(IV)-porphyrin cation radical also known as compound I
(Por•-Fe(IV)––O) and follow-up products.

1.3 Globin evolution and classification
Gbs can be classified based on their fold (3/3 and 2/2), or evolutionary-wise, based on
their lineage: F-family (3/3), T-family (2/2) and S-family (3/3).
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Figure 1.2: Some of the most common heme types: structures of hemes a, b, c, d and o.
The biosynthetic relationship is indicated by arrows. IUPAC numbering is shown for heme b.

This figure was taken from [11].

First, let us focus on the structural level. The classical three-over-three gbs, such
as Mb, and the truncated two-over-two gbs, such as the truncated (Tr)Hbs, are single-
domain (SD)gbs. Furthermore, chimeric (CH) gbs can be either FHbs, which consist
of an N-terminal globin domain and a C-terminal ferredoxin reductase-like nicotinamide
adenine dinucleotide (NAD)/flavin adenine dinucleotide (FAD)-binding domain [12, 13]
or GCSs, which have an N-terminal globin-like domain and a C-terminal domain with
a variety of activities (aerotactic, diguanylate cyclase, histidine kinase activity) [14, 15].
The M-, S- and T-families all have SD and CH representatives.
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Figure 1.3: The three globin families. The F (or M) (Flavo) family, the S (Sensor) family
and the T (Truncated) family can all be found in a chimeric or in a SD configuration. Figure

taken from [16].

Evolutionary-wise, the Hbs, Mbs, and other SDgbs are related to the CH FHbs and
are grouped together in theM-family, which stands for “Mb-like” (sometimes also referred
as the F-Family., Fig. 1.3). Chimeric (FHb) and SD (Fgb) F globins are found in bacteria
and eukaryotes, but absent in archaea, and are numerically preponderant. The second
separate T-family stands for “truncated”, and thus contains the SD and CH 2/2 TrHbs.
T family globins exist in three structural subfamilies, T1, T2 and T3, which, in bacteria,
are also termed N, O and P, respectively. Chimeric and multi-unit T globins can be
found in bacteria (T2/O and T3/P) and eukaryotes (T1), whereas SD T globins appear
in bacteria (T1/N, T2/O and T3/P), in archaea (T1/N) and eukaryotes (T1 and T2)
[16]. The third lineage or the “sensor” S-family contains the CH GCSs and SDprotoglobin
(Pgb)s. These S-family gbs are thought to be closely related to the ancestral globin in
the last universal common ancestor (LUCA), however evolutionary issues are still under
debate. S family globins include CH GCS proteins which carry a C-terminal output
domain (including HemAT for aerotactic heme sensor), and sensor SD globins (SSDgb)
and their shorter version the Pgbs. HemAT is found in bacteria and archaea, SSDgbs
are found in bacteria and eukaryotes, and Pgb in bacteria and archaea.

All three lineages are unequally distributed in the three kingdoms of life as revealed
by an extensive genomic study of Vinogradov et al. [17] (see Fig. 1.4). Chimeric gbs have
only been found in invertebrates, prokaryotes and yeasts, whereas the M -, and T -family
are widespread over the different kingdoms. Interestingly, the 2/2 Hbs (T -family) are
represented in all kingdoms.
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Figure 1.4: Venn-diagram adapted from [18]: in which globin sequences in 245 bacterial, 26
archaeal and 49 eukaryote genomes were searched and analysed. The diagram shows the three
globin lineages represented unequally over the three kingdoms of life. The fraction represents

the number of globin sequences identified in the total number of analysed genomes.

1.3.1 Prokaryote globins
The spread of the respiratory proteins known as (hemo)globins throughout all kingdoms
of life2 is no coincidence, as specialized O2 transport and O2 storage mechanisms in
which gbs fulfill an important role are crucial throughout evolution. However, gbs occur
so far in only about 62% of bacterial genomes according to [17]. Although the specific
percentage may be considered outdated, the overall consensus in current research is that
the majority of bacterial genomes harbor globins [16]. GCSs and Pgb are found in archae
and bacteria, but some bacterial globin families and subfamilies such as the FHbs, TrHbs
and SDgbs are found in eukaryotes as well. Nevertheless, gbs are present in each of the
major bacterial groups and therefore it is likely that a globin originated in a bacterial
ancestor that dates back from the LUCA of all living organisms [18]. Considering that
the LUCA lived in an anaerobic environment, a respiratory function of this ancestor
protein is unlikely, but other functions are not excluded like reactive oxygen species
(ROS)- and reactive nitrogen species (RNS) detoxification functions, or redox functions
that are observed for other prokaryote gbs [19].

1.3.2 Invertebrate globins
The invertebrates (non-chordate metazoans) comprises soft tissue animals lacking a ver-
tebral column. Over ninety percent of animals belong to this overall very diverse class,

2Gbs are found in eukaryotes (vertebrate and invertebrates animals, fungi, plants and protists) and
prokaryotes (archae and bacteria). [15, 1].
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including worms, arthropods, cnidarians, echinoderms, mollusks and sponges, which span
a wide diversity in morphology. Being far less complex than vertebrates, often without
a profound vascular network, invertebrate organisms have to rely on O2 delivery by
diffusion, regulated by specialized proteins such as gbs. Not surprisingly, the common
ancestral globin evolved in structural diverse gbs among those species as well. The class
of invertebrate gbs did not receive as much attention compared to the vertebrate globin
family and is therefore less extensively studied, but nevertheless, not less interesting
[20, 21, 22, 23, 24, 25]. This implies that O2-binding protein diversity is likely under-
estimated across this subkingdom. For example, a (3.5 million Da) Hb built up by 144
separate globin chains is found in Arthropods [26]. Such large globin complexes are un-
precedented in other phyla. Furthermore, extracellular gbs are common in invertebrates
[27]. Interestingly, the nematode Caenorhabditis elegans, C. elegans (Ce) is known to
express up to 34 different gbs with large structural and functional diversity3, which will
be introduced and reviewed in Chapter 2, §2.2.

1.3.3 Vertebrate globins
Even though this work is focused on nematode4 and archaeal gbs and not on vertebrate
gbs, a small part on vertebrate gbs is in its place. With the emergence of larger animals,
O2 delivery by diffusion was insufficient and specialized structures, such as specific res-
piratory organs and circulatory systems emerged. Simultaneously, respiratory proteins,
such as the ancestral globin, evolved in what we now know as the vertebrate globin fam-
ily. The family consists of 8 different members including the well-known mammalian Mb
and Hb. Additionally, in the past decades six other gbs were discovered in respective
order: Ngb [6], Cgb [28, 5, 29], globin X5, Y and E [30, 31, 32, 33, 34, 35] and androglobin
[36]. A detailed overview on vertebrate gbs can be found in [37, 38, 39, 40, 16].

1.4 Globin function
1.4.1 Versatile functions of globins
A tremendous amount of research on vertebrate Mb and Hb resulted in the definition
of a very clear function: Hb is an essential O2 carrier capable of binding and delivering
O2. Mb is a muscle-specific globin that extracts O2 from the blood and delivers it to
the mitochondria. However, the story does not end there. Mb has affinity towards
CO, NO, H2O2 and ONOO– suggesting that it potentially fulfills other physiological
roles in cellular regulation and oxidative damage control [41]. More generally, given the
large structural diversity within the globin family, many alternative functions have been
associated with and suggested for gbs. In vitro they are found to act as O2, HS– and NO
carriers and sensors, but also enzymatic functions such as superoxide (O2 – ) dismutase

3Related nematodes harboring orthologs to many Caenorhabditis gbs.
4Nematodes are evolutionary-wise separated from the vertebrates since the emergence of the Coelom-

ates about 600 to 580 million years ago.
5Restricted to fish and amphibians
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activity, NO dioxygenase, reductase activity and peroxidase activity, are observed for gbs
[42]. Although many questions are still open, some of these functions are already found
to be biologically relevant.

Through heme pocket mutations in the course of evolution, the O2-binding kinetics
were fine-tuned matching the specific needs of an organism. In some cases, such as
the Hb of the parasitic nematode Ascaris suum, the affinity for O2 has been found to be
extraordinary high due to stabilization of the bound O2 by H-bonds from the E7 and B10
residues, and therefore, efficient O2 delivery is not the main function. Low O2 affinity
on the other hand is observed in genetic disorders associated with human Hb-specific
single AA mutations and for the clam Lucina pectinata Hb, that instead has a very high
affinity for H2S [43, 44].

Ngb is the first discovered vertebrate globin that displays bis-His hexacoordination [6,
45], a coordination state that was already observed in plant (phytoglobins) and bacterial
gbs [46, 47]. The distally coordinated HisE7 residue in Ngb can make place for O2 or
other ligands allowing reversible binding and, therefore, Ngb is in principle capable of
having a function involving O2 binding. However, this bis-His coordination state can be
very strong in some gbs and hence, one can raise the question whether bis-His coordinated
gbs are involved in other functions than ligand binding. Ngb was for instance found to be
capable of electron transfer to cytochrome c [48], potentially playing a role in preventing
hypoxia-induced apoptosis [49]. Until now, the exact role of many bis-His coordinated
gbs is not clear.

1.4.2 Globins and reactive nitrogen species
Structure, biosynthesis and function of nitric oxide RNS, which stands for a
collection of nitrogen and oxygen-containing small molecules, play an important role in
globin-ligand interactions [50]. One of the most important RNS is nitric oxide (NO),
because many reactive products are derived from it. NO is a gaseous molecule with
an unpaired electron (radical) occupying the antibonding π∗ orbital, which makes it
chemically reactive. NO can be oxidised to form nitrogen dioxide (NO2) and in aerobic
environment, nitrite (NO2 – ) and nitrate (NO3 – ). Reversely, the reduction of NO leads
to nitroxyl, hydroxylamine and ammonia.

Nitric oxide became a hot topic in biology [50], especially in the beginning of the 21st
century as this simple molecule has proven to be important in many regulatory mech-
anisms and signalling pathways covering cardiovascular function [51], memory [52], and
anti-tumor responses [53]. NO regulates biofilm formation in different bacteria [54, 55].
Also gut bacteria and parasites have developed clever mechanisms that exploit NO [56].
Many of these pathways involve NO binding to heme proteins, such as cytochrome c oxi-
dases, catalases, nitrophorins and many more including gbs [57, 58, 59, 60]. Furthermore,
NO can modify thiol groups of cysteines (for example in cyclic nucleotide-gated (CNG)
channels) and other amino-acid residues, altering protein function [61]

Almost every species is able to foresee in its own NO production via specialized
enzymes, as depicted in Fig. 1.5, that shows the most important sources of NO. The
pathway involving NOS, which is a heme-containing enzyme, is of great importance. For
example, in the mammalian bloodvessels, NO is synthesized in the endothelial cells that
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Figure 1.5: Nitric oxide (bio)synthesis: nitric oxide can be converted from nitrite and nitrate
by proteins (green) such as nitrate reductases (NRs) or is formed via the L-arginine-dependent
NOS [62, 63]. Direct uptake of NO produced by bacteria (via previous mechanisms) can be
another source of NO [64]. Hydroxyurea is a clinically used compound that can be a viable
source of NO when catalyzed by Hb [65] or even by other enzymes found in plants e.g. HRP

[66].

line the blood vessel. The L-arginine metabolism involves the interaction with endothelial
NOS in a complex reaction pathway together with O2 to form NO and citrulline. The
effort to obtain the structure and function of NOSs is fascinating and many aspects of
the reaction mechanism are still under investigation [67, 68]. L-arginine is furthermore
involved in the synthesis of NO3 – , NO2 – and NO is created as an intermediate product.
The nematode Ce, however, approaches a different strategy to obtain NO because it
lacks its own NOS and therefore relies on environmental NO produced by bacteria [64].
In plants, the mechanism for NO production is more complex, involving the reduction
of nitrate to nitrite to NO and an arginine-dependent mechanism as well [69]. Finally,
therapeutic agents enhancing NOS activity (statins), or hydroxyurea used to treat sickle
cell disease cause nitric oxide release.

Studies addressing the physiological role of NO, often mention its role in vascular
regulation and the homeostasis in vascular smooth muscle relaxation (SMR) in mammals
[70, 51]. Notably, gbs fulfill a crucial role in that process. The specific mechanism involves
the activation of guanylate cyclase (GC) by NO6. Deoxygenated globins are able to
reduce nitrite to NO, and thus contribute to this NO signalled activation pathway during
ischemia. Additionally, gbs contribute to the activation and regulation of GC [73, 74].

6a heme-containing enzyme essential for the conversion of GTP to cGMP. cGMP on its turn activates
protein kinase G which will activate a Ca2+ transporter causing an extracellular Ca2+ increase driving
the muscle regulation mechanism. cGMP activates MLC phosphatase as well, again stimulating SMR.
Recent reviews on the topic can be found here [71, 72].
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This is a great example of a well-studied process, but the interplay between oxygen, NO,
nitrite and in general RNS and globins extends far beyond blood flow regulation and
oxygen delivery to tissues. We end the chapter with a brief overview of relevant globin
reactions in the context of RNS. We will demonstrate this for mammalian Hb, but the
same reactions can be described for Mb (which are generally faster due to the lack of
allosteric effects [75]) and other gbs [76, 77, 60].

Hb removes bioactive NO Gbs fulfil a crucial role in the NO metabolism and their
reactivity strongly depends on the oxygenation level and pH of the environment in which
they reside. First we have a look at oxygenated Hb. The O2-bound state in gbs can
undergo various reactions including the following one with NO:

HbFe(II)−O2 + 4 NO −−→ (met)HbFe(III) + 4 NO3
−. (1.1)

This reaction is known as the dioxygenation reaction in which the globin is oxidized and
NO3 – is created. Note that the reaction stoichiometry is 4-fold, as Hb bears 4 heme
groups.

On the other hand, NO can react again with the Fe(II) deoxy state as well according
to

HbFe(II) + 4 NO −−→ HbFe(II)−NO, (1.2)

in which NO ends up a tightly bound, nitrosyl complex, a state which function is not
immediately clear, but it can be regarded as a feedback mechanism in stabilizing the
R-state7 in Hb. Nitrosylation does not permanently eliminate NO as the dioxygenation
reaction does, but the dissociation rate constant of NO is both slow for T and R states.

The reduction of NO2
– to NO: nitrite reductase activity Nitrite is less reactive

than NO, and mammalian globins (Hb, Mb, Ngb and Cgb) are all known for their ability
to reduce nitrite to NO, strongly indicating a physiological relevance of the reaction. In
order to do so, nitrite must enter the heme pocket and bind the heme. The reaction, and
thus the NO formation is regulated by a globin-dependent control mechanism, which is
strongly controlled by oxygen levels.

Under hypoxic conditions, NO is created during the nitrite reductase (NiR) reaction in
which the Fe(II) deoxygenated (penta-coordinated) Hb interacts with nitrite. An oxygen
atom removal ruptures the N–O bond in NO2 – and a reduction should follow next. The
NiR reaction can be expressed as follows:

4 NO2
− + 8 H+ + HbFe(II) −−→ HbFe(III) + 4 NO + 4 H2O, (1.3)

On the other hand, nitrite can also react with the globin under normoxic conditions,
forming nitrate. This oxidation reaction occurs when nitrite reacts with HbFe(II)–O2

7Mammalian Hb can be either in the closed T-state or open R-state. The R-state promotes O2
binding, whereas the T-state is formed once O2 is released from a critical number of sites in the liganded
tetramer. This allosteric interplay between T- and R-state is crucial for efficient O2 uptake and delivery.
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via a more complex mechanism that involves various reaction pathways and reactive
intermediates such as H2O2 and Fe(IV) Hb [78, 79, 80, 81] resulting in the net reaction:

HbFe(II)−O2 + 4 NO2
− + 4 H+ −−→ HbFe(III) + 4 NO3

− (1.4)
+ O2 + 2 H2O.

This reaction takes place in the bloodstream creating NO3 – and (met)HbFe(III) and
explains why NO3 – and not NO2 – is the predominant metabolite of NO in vivo [82, 83,
84, 79]. Moreover, the reaction prevents the nitrite accumulation in vivo under normoxic
conditions and is among other reaction pathways, responsible for the NO lifetime control
[50].

Nitro versus nitrito binding In the NiR mechanism, nitrite binds the heme and
the subsequent reaction can occur via two (or more) mechanisms involving H+ which is
either originating from H2O in the heme pocket or donated by e.g. the distally located
protonated HisE7. It is known that the binding mode of nitrite at the heme plays a
crucial role in the choice between the two pathways. One distinguishes the O-bound
nitrito or the N-bound nitro binding mode (see Fig. 1.6) [85, 86, 87, 88, 89].

Figure 1.6: The three common binding modes of nitrite: From left to right, the N-bound
nitro, the O-bound nitrito and the O,O-bidentate binding mode.

In the nitro mode, a formal double protonation of the O-atom precedes the release of
a water molecule and generation of an Fe(III)–NO species which then dissociates. The
Fe(III) – NO intermediate will eventually be in equilibrium with Fe(III)Hb releasing NO:

Fe(II)−nitro + 2 H+ −−→ HbFe(III)−NO + H2O (1.5)
Fe(III)−NO −−→ Fe(III) + 4 NO. (1.6)

The Fe(II)−NO←−→ Fe(III)−NO+ resonance structure can for example either release
NO, which can nitrosylate a Fe(II) heme in soluble GC resulting in vasodilation. NO can
also bind the Fe(II) heme of the globin, if present, as shown in eq. 1.9. Alternatively, it
can also reduce the heme in what we call reductive nitrosylation [90]. This is the opposite
of NiR activity, which is mediated by the presence of OH– :

Fe(III)−NO + OH− −−→ Fe(II) + HNO2 (1.7)
HNO2 + OH− ←−→ NO2

− + HNO2. (1.8)
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Interestingly, the formed HbFe(III) in Eq. 1.6 and NO can react with NO2 – according
to:

Fe(III)−NO2
− + NO −−→ HbFe(II) + N2O3. (1.9)

The formed N2O3 could serve a role in preventing formation of damaging superoxide in
the mitochondria, or disproportionate again in nitrite and NO.

In the O-linked nitrito mode, NO is released through an ON–O bond homolysis after
protonation of the O-bound nitrito ligand, resulting in a Fe(III) hydroxo species [91].

Fe(II)−nitrito + H+ −−→ Fe(III)−OH− + NO (1.10)
Fe(III)−OH− ←−→ Fe(III) + OH−. (1.11)

This latter can be converted to the Fe(III) met state or a ferric-NO intermediate.
Overall, by highlighting a few relevant interactions between Hb and nitric oxide and

nitrite, we showed that the chemical mechanisms involved are complex but crucial for
maintaining proper cellular function and facilitating a wide range of physiological pro-
cesses in various life forms. These RNS-globin interactions are also highly dependent on
the globin structure, and consequently have many implications on the cells and organisms
in which the globins are expressed and reside. Part of these interactions are investigated
in this thesis for a specific set of globins. Especially, we focussed on the interaction of
nitrite with ferric globins and investigate the above-mentioned binding modes, but also
the nitrosylated forms and ferric-NO bound states will be addressed and discussed.
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Chapter 2

Research objectives and
motivation

In recent years, the knowledge on the structure and function of gbs increased tremend-
ously due to advancements in genome sequencing and biochemical characterization meth-
ods. The creation of various databases containing genomic and structural information
on proteins (such as Uniprot and the Protein Data Bank) made this information readily
available to the scientific community and general public. Decades of research lead to a
detailed insight in the molecular function of vertebrate Hb and Mb, however, the aug-
mentation of numerous gbs to the family with a wide structural and functional diversity,
expression pattern and appearance resulted in a non-adequate description of the current
functionality. Until today, new gbs are being discovered and novel functions are associ-
ated with them. With this information explosion, the need increased for enhanced char-
acterization methods, ranging from computational methods to whole three-dimensional
structure determination methods and advanced spectroscopy.

2.1 Advanced methods to study the globin-nitrite in-
teraction

The research group of Prof. Van Doorslaer, Theory and Spectroscopy of Molecules and
Materials (TSM2), addresses the growing need for new and better methods and de-
velopments to characterize gbs and metalloproteins in general by the application and
exploration of existing electron paramagnetic resonance (EPR)-based strategies on heme
proteins. Moreover, it has a long-standing collaboration with the research group of
Prof. Dewilde et. al., Proteinchemistry Proteomics and Epigenetic Signalling (PPES),
and expertise in the study of gbs with advanced pulsed EPR methods which has led to a
better understanding of the electronic structure of ligand binding in gbs [92, 93, 94, 95].
In addition to conventional methods, including ultraviolet (UV)-vis and resonance Ra-
man spectroscopy, which give us a general idea about the coordination and spin-state of
the heme protein complex under investigation, the choice of EPR as the main characteriz-
ation tool is valid because the paramagnetic nature of many globin states. Standard CW
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EPR can be combined with more advanced pulsed hyperfine methods to provide struc-
tural information on the heme pocket and on the electronic structure of the coordination
bonds that the heme iron forms with interacting ligands [96]. A detailed introduction
and description of the various EPR methods used in this work can be found in Chapter
3.

2.1.1 Towards a better understanding of the globin-nitrite inter-
action

In this thesis, I investigate a selected set of gbs from Ce and the protoglobin of Ma,
with a special focus on the globin-nitrite interaction. Advanced EPR methods, comple-
mented by a multi-spectroscopic approach including electronic circular dichroism (ECD)
and resonance Raman (rRaman) spectroscopy, are used. A detailed overview of the
characteristics of these gbs follows below.

From a biological point of view, the study of the globin-nitrite interaction is highly
relevant because next to O2 binding and transport functions, gbs fulfill a crucial role
in the nitrogen metabolism in many organisms in which they may carry out a nitrite
reductase function. In Chapter 1, the reaction mechanism of the NiR reaction in globins
is introduced in general; however, the detailed mechanism of this reaction in vertebrate
Hb is not well understood and is highly dependent on the heme pocket structure and sub-
sequent stabilization of nitrite at the heme. Furthermore, the globin-nitrite interaction
is very complex with intermediate states, that in some cases lead reactions creating heme
modifications or inducing partial heme loss [97, 98, 99, 100, 101]. Overall, open ques-
tions remain about the globin reaction with nitrite, derivatives and other small ligands,
in particular concerning the following:

The nitrite isomer state at the heme From a more methodological point of view,
the study of the globin-nitrite interaction is highly relevant. The nitrite binding mode to
heme proteins, including Mb, Ngb, cytochrome c peroxidase (CCP)s, nitrophorin (NP)s,
and many more, has recently received a lot of attention because this binding mode
(N-nitro vs O-nitrito) has implications for the subsequent NiR mechanism [102, 103].
Currently there is some discussion about the isomer state in nitrite-bound complexes.
Ambiguity exists between experimentally observed linkage isomers and quantum mech-
anics and or molecular mechanics calculations [104, 105, 106, 86]. The experimentally
observed linkage isomer is frequently determined with X-ray crystallography in which
the protein needs to be in a crystalline state [107, 108, 109], which is often a bottle neck.
Moreover, the crystal packing may force the protein to take a certain conformation, which
might not be biologically relevant. Therefore, EPR methods were explored as a tool for
the determination of the isomer state, as EPR does not require a crystalline state and
therefore lies closer to the actual conformation in vivo.

In particular hyperfine spectroscopy, CW-EPR and ECD spectroscopy was used in
this work, because they are proven to be very powerful tools. However, the interpretation
of the data obtained by these methods on heme proteins is not always well understood.
Overall, this work aims at demonstrating the strength of EPR and other spectroscopic
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techniques, and identifies the current pitfalls and limitations of these techniques, stimu-
lating future methodological developments.

2.2 Globins in C. elegans
Besides the more general goal of getting more insight in the Fe(III) globin-nitrite interac-
tion, we also aim to better understand the role and explore novel functions of gbs found
in the nematode Ce. The PPES group was closely involved in the discovery of the nu-
merous gbs found in Ce and their research efforts over the past 15 years, has resulted in
many renewed insights in globin function [110, 111, 112, 113, 114, 115, 116, 117, 118, 119].
This was mainly accomplished by over-expression, purification and the subsequent bio-
chemical characterization and analysis. PPES has a large in-house library of Ce globin
constructs, readily expressible, allowing to study gbs on a protein level.

2.2.1 The model system C. elegans: why do we study worms?
The nematode Ce is a popular model organism and was first proposed by the Nobelprize
laureates in Physiology or Medicine of 2002, Brenner, Sulston and Horvitz [120, 121].
Another two Nobel prizes were awarded to Ce researchers: Fire and Mello in 2006 for
their discovery of RNA interference and Chalfie in 2008 for the discovery and development
of green fluorescent protein (GFP) [122, 123], which is demonstrative of the major impact
studies of the nematode have had on biomedical research of today.

A model organism can be defined as a well studied, easy to maintain, life-form that
has specific features to describe certain biological phenomenons such as cellular pro-
cesses, organ development, aging, pathology, etc. Popular model organisms in order of
complexity from low to high are the bacterium Escherichia coli, baker’s yeast Saccharo-
myces cerevisiae, the nematode Ce which will be the model of interest in this thesis, the
fruitfly Drosophila melanogaster and to give an example of a vertebrate: the mouse Mus
musculus.

Ce is a free living nematode that is widespread worldwide. It has a rapid life-cycle
of three days, feeds on bacteria and lives on rotting organic matter, such as vegetable
waste [124]. It is relatively small in size (adult 1 mm), has a smooth exterior and is
transparent to visible light. The nematode population mainly consists of self-fertilizing
hermaphrodites with a small percentage (0.2 %) of males. After hatching from the egg,
the development goes through 4 larval stages (L1-L4). Under stressful conditions such
as depletion of nutrition, stage L2 larvae are able to form Dauer larvae which are able
to survive for months and continue their life cycle as slightly altered L4 larvae when
conditions are restored (See Fig. 2.1).

Its fixed number of somatic cells (959 in the adult hermaphrodite, 1031 in the adult
male), makes it a popular organism for genetic studies, but also its fixed number of
neurons (302) has allowed to completely map the wiring network over 25 years ago
[125, 126]. Ce is an ideal model organism, since it is relatively large and the rapid life
cycle makes it easy to cultivate and grow the organism under laboratory conditions.
Because it is self-fertilizing, it is easy to propagate genetic strains and design genetic
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crosses. The easy genetic manipulability, maintenance and the fact that Ce is viable
even after being frozen makes it possible to study the phenotype of genetically modified
strains [120]. Its transparent nature allows studying the nematode under a microscope
in vivo, e.g. in behavioural assays or in studies to track protein expression by labelling
it with a fluorescent marker [122]. The Ce genome was the first eukaryotic genome
ever sequenced, and with this, a whole new era in modern biological science was entered
[127]. This means that all building blocks that make up the nematode are known, but
far from completely understood. By now, many genomes including the human genome
are completely sequenced and by comparative genetic studies, we can start to unravel
the code, study newly discovered proteins and link them to various diseases [128].

(a)

Figure 2.1: Life Cycle of C. elegans. After hatching from the egg, the development goes
through 4 larval stages (L1-L4). Figure obtained from WormAtlas [129]

2.2.2 State of the art of the 34 C. elegans globins
Discovery Already in the 19th century it was recognized that nematodes have gbs, or at
least oxygen carriers, according to a review paper of Blaxter [130, 131] and were given the
name “nemoglobins”. Later on, it was indeed biochemically and spectroscopically clear
that these carriers were globins as we know them today. For example, a red pigment in
the nematode Mermis nigrescens has been shown spectro-photometrically to be a globin
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(a) (b)

Figure 2.2: Crystal structures of GLB-1 (pdb:2WTG, color ice), a GLB-6 construct
(pdb:3MVC, color gold) and GLB-12 (pdb:4BJA, color coral). The structures are shown

as monomers.

[132]. Only a few dozen gbs across different Nematoda were known in the mid-nineties,
most of them in parasitic worms. The globin of Ascaris suum received particular attention
because of its 25× 104 times higher O2 binding affinity than human Hb [133, 134]. Its
function remains debated, but a potential O2 detoxification role driven by nitric oxide
is proposed [135, 136]. The first globin detected in Ce, was discovered in an early stage
in the genome sequencing of Ce [137] by chance on chromosome III (gene ZK637.13).
Today, this globin goes by the name “globin number 1” (GLB-1), and the fact that it
was given a number already reveals that many more would be identified in the following
years. Indeed, almost two decades ago, Hoogewijs et al. showed that 33 and more recently
[138], 34 gbs are transcribed and expressed in distinct cell types [110]. The availability
of the full genome of Ce and other nematodes allowed in-silico searches for matching
globin motifs based on the alignment with more than 700 gbs [139]. The large number of
globin genes is surprising, but the finding is not unique since Ce accounts for 37 potential
insulins [140] and 40 genes of metalloproteases [141]. Also some other metaozoans contain
large number of globin genes [16] such as the 40 globin genes of the insect Chironomus
[142], the multiple globins of the acorn worm [143] and echinoderm [144].

Structural and functional characterization Three years later in a follow-up study
[112], it was confirmed that 33 widely diverse putative globin genes were expressed. Some
of them in chemosensory neurons supporting behavior and motor functions. Indeed,
among the 33 discovered gbs, some gbs showed specific up-regulation as a consequence of
O2 deprivation [112]. More specifically the URX and BAG neurons in Ce are responsible
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for O2 and CO2 sensing, resulting in social and feeding behavior [145, 146, 147]. The
low expression and huge sequence diversity may point out that the gbs evolved into very
specialized cell-specific proteins [111, 112]. Additionally, the lack of evidence for recent
gene duplication events points out a long evolutionary history.

At the start of my PhD, seven globins were partially characterized biochemically:
GLB-1, GLB-5, GLB-6, GLB-12, GLB-13, GLB-26, and GLB-33 (the latter only con-
taining the globin domain). These globins were also localized in vivo, and putative
functions were ascribed to them [114, 74, 145, 148, 149, 119]. The research groups of my
supervisors (PPES and TSM2) were involved in many of those studies. To date, only
the crystal structure of GLB-1, GLB-6 and GLB-12 have been determined, see Fig. 2.2.
A concise overview is given in the Table. 2.1, but for the detailed specifications I refer
to the original papers and for more specifications on the (globin) genes of Ce, I suggest
to access https://wormbase.org/ [150]. Since GLB-33 and GLB-3 were investigated in
this work, a more detailed description follows below in which the current knowledge gaps
we aim to address in this work are formulated.

2.2.3 C. elegans globins studied in this work
GLB-33 Globin number 33 (GLB-33, gene: Y75B7AL.1, Chromosome V) is expressed
in the motor neurons or interneurons in the head, tail and the nerve cord [112], but it
was not until 2015, that a first biochemical characterization and the in vivo localization
was published by Tilleman et al. [118]. The authors confirmed the membrane local-
ization via transfection of GFP-tagged GLB-33GD in human neuroblastoma SH-SY5Y
cells. With its 542 AAs, GLB-33 is the largest of its kind and has a 372 AAs long N-
terminal extension that consists of a G protein-coupled receptor (GPCR) domain with 7
transmembrane (TM) helices and a C-terminal GLB-33 globin domain (GD) (see Fig. 2.3
for model)1. Furthermore, the GD has by definition the conserved F8His but CD1Phe
and E7His/Gln are replaced by CD1Val and E7Ile. The spectral characterization was
limited to the GD and showed that the over-expressed Fe(III) form coordinates to OH–

in two distinguishable low-spin hexacoordinated (LS/6c) Fe(III) forms. When reduced
with sodium dithionite, it becomes fully pentacoordinated (5c). GLB-33GD shows a
high affinity for O2, a high auto-oxidation rate and is capable of reducing nitrite to nitric
oxide faster than any other reported globin [118, 114]. From homology modelling, it
is plausible that ligand binding can induce a conformational change allowing allosteric
regulations between the 7TM and the GD.

1Other CH heme proteins besides GLB-33 are known in Ce namely the CH O2 sensor guanylate
cyclase [146, 151]

https://wor\ac {Mb}ase. org/
https://wormbase. org/
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(a)

(b) (c)

Figure 2.3: I-TASSER [152] (A) model of GLB-33 as published in [118]. The heme pocket
structure of Ce GLB-33GD, with key residues highlighted in a sticks representation. (B)
Docking of the globin domain (orange) with the N-terminal 7TM domain (beige). (C) full-

length GLB-33 model generated by Alphafold [153, 154].

The limited functional information we know was found by Hoogewijs et al. in which
the authors found that GLB-33 was mildly induced by anoxia, and required hif-1 activity2
which is unprecedented. Based on the CH nature and similarities with an Ascaris suum
FMRF-amide receptor (24% identity and 44% similarity) a similar role as a neuropeptide

2hif-1 activates transcription of genes whose protein products function to regulate O2 availability.
[155].
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receptor for GLB-33 is currently proposed, in which its activity might be influenced by
O2 or NO levels, but the exact mechanism remains until now elusive. The closest related
human receptor with known structure is the β2 adrenergic G-protein-coupled receptor
(41% sequence similarity to 7TM domain), which may indicate that a G-protein-coupled
receptor function is plausible.

Within the Ce globin scope, one of the aims of this thesis is to better understand
the origin and purpose of the OH– -ligation in the as-expressed form of the GD. The
origin of the two low-spins is unclear and a better understanding of the heme pocket
structure is needed. Next, the extremely fast nitrite reductase activity, combined with a
very hydrophobic heme-pocket raises many questions about the underlying mechanism
of this NiR reaction. For that purpose, the Fe(III) nitrite (NO2 – ) bound state and the
Fe(II) NO-bound nitrosyl state of the globin domain of GLB-33 was investigated in more
detail, in line with the first objective (Chapters 4 and 5).

GLB-3 GLB-3 (gene: C06H2.5, Chromosome V) is another Ce globin which is far
less known compared to the globins listed in Table. 2.1. Again, from Hoogewijs et
al. [110, 111, 112] we know that it is mainly expressed in 20 to 30 neurons in the head,
tail and the nerve cord and in the somatic gonad. It is predicted that GLB-3 is spliced
into two isoforms of 210 and 282 AAs long, respectively. Remarkably, the glb-isoforms
are coding for a large number of cystein residues: 9 Cys in GLB-3a and 12 in GLB-3b.
Cysteines are sulfer-containing AAs that, when located in the proximity of each other, are
able to form disulfide bonds either inter- or intramolecularly. Cys is the least abundant
AA in proteins and often plays a role in functionally active sites, especially in redox
processes [156].

The gene structures of these isoforms are given in Fig. 2.4, which shows that glb-
3a differs from glb-3b as it lacks a myristoylation site precedenting a (masked, glb-3b
only) mitochondrial targeting sequence at the N-terminal (Fig. 2.4). Both isoforms are
likely targeted to mitochondria and anchored via palmitolylation in combination with
myristoylation (glb-3b only). Preliminary data of our group, furthermore, points out that
GLB-3 is a mitochondrial protein3. This might be the first evidence to our knowledge
of a mitochondrial globin in invertebrates. Knock-out of the gene coding for Ce GLB-3,
gives a clear phenotype, namely sterility. Its role in reproduction and how this relates to
the large number of Cys AAs, is yet to be understood.

Clearly, further research is needed to unravel the structure-function relationship.
Therefore, the second aim in this thesis is focused on the discovery of potential func-
tions of GLB-3, which is part of the FWO project GDC3518N, I was jointly working on
with dr. Zainab Hafideddine.

3Upregulation of GLB-3 was observed upon RNA1 knockdown of the mitochondrial complex III
subunit cyc-120 and the treatment with resveratrol.
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(a)

Figure 2.4: Gene structure of Ce glb-3. Figure taken with permission from FWO project
GDC3518N application of the supervisors

2.3 The protoglobin of Methanosercina acetivorans
Methanosarcina acetivorans is a metabolically diverse, methane-producing species of
methanogenic archaea that lives in oil wells, sewage lagoons, trash dumps, decaying
leaves, stream sediments, and the stomach of cows, among other places. (Fig. 2.5).
It is a strictly anaerobic methane-producing, and is used as a model organism for the
understanding of methanogenesis [157, 158].

Figure 2.5: Scanning electron microscope image of MaPgb. image taken from [159]

Besides the versatile gbs in Ce, part of this thesis is focused on MaPgb. The unique
structural properties of MaPgb has been puzzling researchers for almost two decades
and still many questions remain unresolved about its special nature and function. Until
now, limited attention was paid to the NO2 – -binding of MaPgb. Nevertheless, a role in
detoxification as an RNS/ROS scavenger (and its associated enzymatic activity) is still
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the most commonly suggested function, since this might facilitate the conversion of CO
to methane, a vital process within Ma.

2.3.1 The archaeal globin
Heme proteins in the form of CH heme sensors were already present in early prokaryotic
life forms [160]. They are predominantly globin based and we refer to them as the globin-
coupled sensors (GSC)s, see chapter 1§1. It was postulated by Freitas et al. [160] that,
based on phylogenetic analysis, an ancestral hemoglobin is to be found in archae and that
this ancestor should be a globin-only progenitor. However, it could have disappeared
throughout evolution. A year later, two so-called Pgbs were discovered: one in the
strictly anaerobic methanogen Ma and one in the obligately aerobic hyperthermophile
Aeropyrum pernix (Ap) [161, 162]. These were initially thought to be the closest related
to a bacterial common globin ancestor, but based on phylogenetic analysis, it is nowadays
accepted that these single-domain Pgbs, are part of the GCSs lineage comprising the two-
domain globin- coupled sensors and single-domain sensor gbs [18]. Since their discovery,
more than two dozen papers were published mentioning protoglobin and discussing its
properties and role in evolution. In the following, we briefly review the current knowledge
on this extraordinary globin. A more extended review can be found elsewhere [163], and
the latest findings are reported here [164, 165, 166, 167].

2.3.2 The unusual structure of Protoglobin
We now know that both protogbs contain 195 AAs, and after overexpression in E. coli its
ligand-binding characteristics were defined [161]. Protoglobin oxidises rapidly, possibly
suggesting an O2 detoxification role by promoting electron transfer to O2. From homo-
logy modeling and site-directed mutagenesis, F8His was found to be crucial for heme
binding and Cys-45 at the A-B helical junction and Cys-102 are in the proximity to form
disulphide bridges, potentially increasing the thermostability of the protein.

Later on, the crystal structure of MaPgb [168, 169] revealed an extraordinary struc-
ture compared with other known gbs. The protein fold is consisting of nine main helices
Z, A, B, C, E, F, G, H, and H’ (instead of A-H for Mb) and contains the heme group
which is very deeply embedded in the protein matrix by the CE and FG loops and covered
by the 20 AA long N-terminal extension. Removal of this extension, which lies closely
to the heme propionate groups, has shown to affect the heme pocket but does not alter
the overall fold [170, 171]. Depletion of the Z-helix together with the 20 AA N-terminal
extension is associated with loss of α-helical content [171]. The heme itself, shows a high
distortion from planarity, with out-of-plane deviations of (±[0.5− 0.6]Å) of the four heme
pyrrole rings (Fig. 2.6 (D)). Two apolar, orthogonal ligand tunnels located at the B/G
and B/E helix interfaces, allow small ligands to access the heme (Fig. 2.6 (A-C)).
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Figure 2.6: Monomer view of the 1.3 Å MaPgb crystal structure (PDB:2VEE): (A) A surface
representation (1.3Å cutoff) is shown in grey, with a semitransparent color in order to reveal
the underlying ribbon structure of the α-helices. The orthogonal ligand tunnels are annotated
with an arrow. This figure was recreated after [169]. Zoom of the heme-pocket structure
looking into tunnel 1 (B) and tunnel 2 (C) with key AAs highlighted in a stick representation.

The deviation of planarity of the ruffled heme is shown in (D).

Heme ruffling Whereas it is long clear that the ligand-binding properties of gbs are
largely affected by the surrounding heme-pocket AAs, it is still quite unclear how a distor-
tion from planarity of the heme impacts the structure-function relationship. To unravel
this effect, and the overall effect of distortions from planarity on the electronic struc-
ture of the heme, MaPgb was investigated. Calculations such as quantum mechanical
(QM) and hybrid QM-molecular mechanics (MM)) were employed, especially to study
the effect of in- and out-of-plane distortions [172]. It was generally concluded that heme
distortions decrease O2 affinity, except for some positive in-plane distortions. Overall,
it was shown that heme ruffling is a non-negligible factor and a potential modulating
mechanism in fine-tuning ligand binding. Electron paramagnetic resonance spectroscopy
is particularly suited to study heme ruffling because it reveals the electronic structure
of the heme moiety (see also Ch. 3) [173, 170]. The EPR data of Fe(III) cyanide-ligated
MaPgb could be correlated to an altered admixing of the different d orbitals in the mo-
lecular orbital that contains the unpaired electron when compared to cyanide-ligated Mb
[170]. This effect was best pronounced in the MaPgbF(G8)145W mutant, confirming
previous findings that the G8 site fulfills a crucial role (Ref. 2.6) [174].
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Ligand tunnels and binding kinetics The question arose how the observed ortho-
gonal tunnels relate to the structure-function relationship. For Mb it was shown that
ligands access the heme via the E7 gate [175], but for Pgb the access to the heme is
completely different. A study of the protein structure and dynamics found that one of
the two ligand tunnels ((Fig. 2.6)) can be closed and the interplay between an open and
closed state is dependent on either the formation of a protoglobin dimer or the presence of
a heme-bound ligand itself [174]. Moreover, Phe(93)E11 and Phe(145)G8 play a crucial
role in this interplay (see Fig. 2.6 (B, C)) [174, 170].

Due to these two tunnels and the ruffled heme, the ligand binding in MaPgb is shown
to be complex. Multiple CO-bound forms are observed in the CO-rebinding kinetics
and resonance Raman spectra of CO-ligated MaPgb. The heterogeneous carbonylation
kinetics results from a ligation-dependent equilibrium between a fast and a slow-rebinding
conformation with ligation favouring the former [176]. MaPgb is known to have many
ligand binding partners: besides O2 other ligands such as CO, NO, cyanide, azide, and
bulkier ligands (i.e. imidazole and nicotineamide) are all able to bind the heme [177, 164].
The crystal structure of these MaPgb complexes lead to the insight that a PheE11 side
chain rotation occurs and that it plays a role in ligand sensing. TrpB9 and TyrB10 are
H-bond donors in ligand stabilization. Upon ligand binding, TrpB9 relocated towards
the heme, sealing tunnel 1 [177]. This, together with the fact that there are two H-
bonded AAs, might be the reason for the earlier found carbonylation heterogeneity. A
different H-bond stabilization might be the underlying reason for the observed two low-
spin imidazole-ligated MaPgb complexes. Whereas the crystal structure only revealed
one conformation, EPR results clearly show the presence of two low-spin species that can
be linked to two distinct distal imidazole plane conformations [165].

2.3.3 Protoglobin and reactive nitrogen species
One spectroscopic study showed the interaction of MaPgb with NO and revealed that
MaPgb is able to bind NO in the Fe(III) state and the Fe(II) state. Interestingly, over
time, Fe(III) MaPgb-NO may reduce to MaPgb(II)-NO [178]. This reductive nitrosyla-
tion is reported to be irreversible and is biphasic. This shows again that MaPgb, has not
only an O2 scavenging, but a reactive nitrogen scavenging/enzymatic function. Later,
a follow-up study investigated in more detail the NiR activity by mixing Fe(II) MaPgb
with NO2 – [164]. Ferrous MaPgb is able to convert NO2 – to NO, only when it is in an
unligated state prior to NO2 – binding. When CO is ligated, the reductase activity is
not reported. Also here, NiR activity is a biphasic process and requires one H+ for the
NO and OH– formation. The rebinding of NO with MaPgb-Fe(II) is on its turn a fast
monophasic process. Finally, peroxynitrite isomerisation is catalyzed by MaPgb and is
monophasic a process as well [164].

In this thesis, we focus on extending the state-of-the-art by investigating nitrite-
binding in ferric MaPgb, an area that has not received much attention in current liter-
ature. This objective is in line with my other goal of investigating the nitrite binding
mode in globins using spectroscopy. Interestingly, the nitrite binding in ferric MaPgb is
atypical, as is evident from the ferric as-purified spectra, which already reveal atypical
features as well. Therefore, a more detailed spectroscopic investigation is needed.
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Chapter 3

Relevant biochemical and
biophysical techniques for
globin research

Spectroscopy is the study of the interaction of electromagnetic (EM) radiation with mat-
ter, as a function of the energy of the EM radiation. The energy of the EM radiation can
range from radiowaves in the order of 1× 10−7 eV or smaller to gamma radiation which
is of the order of MeV. By careful analyses of the interaction of the matter under invest-
igation with EM radiation, information about its molecular and electronic structure can
be obtained. The prosthetic group (heme) in gbs make them interesting as a subject to
many different kinds of spectroscopic techniques. Next to the conventional techniques1
such as UV-vis absorption, ECD, more specialized techniques such as rRaman, Raman
optical activity (ROA), and EPR were employed in this thesis to obtain structural and
functional properties. These techniques are complementary and allow obtaining a com-
plete picture of the protein structure and heme product region. Although strictly not a
spectroscopic technique, mass spectrometry (MS) is a popular technique used for the de-
tection of post-translational modifications, multimerization and interactive studies, and
was used in this work mainly to do protein stability controls. With this plethora of
available techniques, the challenge arises to choose the right methods to answer specific
research questions. In this chapter, the different biochemical and biophysical techniques
are briefly explained.

1Other conventional and less conventional techniques to obtain structural info on proteins include:
whole three-dimensional protein structures are typically obtained with nuclear magnetic resonance
(NMR) methods or X-ray crystallographic studies. The latter requires the protein to be in a crys-
talline state, which is often a bottleneck. Small-angle X-ray scattering is therefore used in solution,
however has limited resolution and gives an idea of the overall shape of the protein. Cryo-electron mi-
croscopy is nowadays more and more used for high-resolution structure determination and performs well
for large molecular weight proteins, but struggles with low-molecular weight proteins, however recent
developments are promising [179]. Lastly, and very recently, neural networks and artificial intelligence-
driven computational studies of protein folding are promising to do ab-initio structure prediction [180].
Fluorescence spectroscopy, fluorescence resonance energy transfer (FRET), Fourier transform (FT) (and
transient) infrared (IR) spectroscopy, X-ray absorption and magnetic circular dichroism (MCD) are other
examples of techniques that are often used in metalloprotein research.
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3.1 Cloning, expressing and purification
3.1.1 Choosing the correct overexpression system
High-purity and in some cases, large quantities of protein is needed for spectroscopic
investigations. Unfortunately, many proteins are expressed in low quantity by the organ-
ism. Other obstacles preventing to obtain high amounts of protein from the organism are:
the organisms are too tiny (< 1 mm, bacteria, ...), are unavailable to the researcher, are
a protected species or there exist general ethical reasons that prohibit the direct extrac-
tion out of the cells and tissue (human proteins for example). Therefore, overexpression
systems were developed that exploit bacteria, yeast, or higher eukaryotic cells to produce
the protein of interest. In this thesis we used E. coli (BL21PlySs(DE3) Competent Cells)
for the overexpression of recombinant gbs, for its easy accessibility and high protein yield.
An overview of the expression protocol is given in Fig. 3.1

3.1.2 His-tagged globin expression protocol
Construction of the recombinant expression vectors The cDNA coding for a se-
lected set of Caenorhabditis elegans gbs and for the protoglobin of Methanosarcina acet-
ivorans were cloned into the recombinant expression vector pET23a with a C-terminal
His-tag (Novagen). The gbs of interest were already available in pET3a vectors and
were Polymerase Chain Reaction (PCR) amplified for further cloning. In-house design
of primers containing restriction sites (NdeI and XhoI (Biolabs)) was done. Standard
restriction enzyme cloning methods were used to obtain the final construct in the pET23a
vector. Specific point-mutations were made using the QuickchangeTM site-directed muta-
genesis method (Stratagene).

Expression in Escherichia coli After growing BL21(DE3)PlysS with coding cDNA
in Terrific Broth (TB) medium containing the antibiotics ampicilin and chloramphenicol,
and the heme precursor 5-aminolevulinic acid, cells were resuspended (50 mM Tris pH 7.5,
300 mM NaCl) followed by repeated freeze-thaw cycles and sonication to lyse the cells.
After centrifugation (10 min, 10000 g, 4 ◦C), the supernatant was loaded onto a Ni Seph-
arose High Performance column (GE Healthcare), pre-equilibrated with an equilibration
buffer (50 mM Tris-HCl pH 7.5, 300 mM NaCl, 20 mM imidazole) and eluted (50 mM
Tris pH 7.5, 250 mM imidazole). The eluate was dialyzed (50 mM Tris pH 7.5, 0.5 mM
ethylenediaminetetraacetic acid (EDTA), 150 mM NaCl), concentrated and loaded onto
a Superdex G75 self-packed gelfiltration column as a final purification step. In some
cases, additional ion-exchange chromatography steps were used to get rid of unwanted
proteins that have a similar column retention time.
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Figure 3.1: Protein overexpression scheme: containing the essential steps during globin ex-
pression and purification. A globin encoded shuttle molecule (pET-23a vector) containing a
6× His-tag is transformed into the E. coli bacterial strain, that after addition of an inducer
molecule IPTG, will be transcribed and translated yielding a - hopefully - correctly folded
protein. After cell lysis, the protein of interest is thereafter extracted. Subsequent (ultra)
centrifugation, NiAC, dialysis and a final preparative liquid chromatography step are per-
formed to isolate the protein of interest from other biomolecules, undesired cell debris and

small molecules.

3.2 UV-visible spectroscopy
3.2.1 Absorption spectroscopy
Basic principles Absorption spectroscopy measures the absorption of EM radiation
by atoms and molecules. The absorbed energy by the system results from the excitation
of an electronic ground state to an excited state. The Bouguer-Lambert-Beer law

log
(
I0
I

)
= A(λ) = ε(λ)bc (3.1)

is a fundamental law describing the logarithm of the ratio of the incident to the trans-
mitted light at a specific wavelength which is proportional to the path length b in cm and
concentration c in mol L−1 of the sample. The proportionality constant ε (L mol−1 cm−1)
is the molar extinction coefficient which is wavelength dependent, unique for each mo-
lecule system and can be used to determine the concentration of an unknown analyte
solution.
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Experimental setup Two setups are commonly used, being a single- and a double-
beam setup. In the single-beam setup a reference sample is measured a priori whereas in
the double-beam setup, both the sample and the reference sample are measured simul-
taneously. On one side a lamp (Halogen/Deuterium) emits photons, with a characteristic
wavelength distribution depending on the operating voltage. These photons pass through
a monochromator (wavelength selection) and the monochromatic light passes via a slit
directly (or via a beamsplitter) the protein sample (and reference) contained in UV-vis
transparent cuvettes. The non-absorbed light will be detected using a photomultiplier or
charge-coupled device (CCD) detector and A(λ) is measured. Some UV-visible spectra
in this work were recorded on a single-beam Varian Cary 5E UV-vis near IR spectro-
meter. Others on a ChirascanTM-Plus spectrophotometer equipped with an LAAPD
solid-state detector (Applied Photophysics, Leatherhead, Surrey, UK). The instrument
was continuously flushed with N2 (4 L/ min flow rate). The final spectra were subtracted
by the buffer used for the respective measurement for solvent correction. All spectra were
collected at room temperature with a protein concentration between 1-5 µM contained in
SUPRASILR© (Hellma BeNeLux, Kruibeke, BE) quartz sample cells with a pathlength
of 1 cm.

Optical spectroscopy of porphyrin-containing systems Proteins absorb EM ra-
diation in the near UV (200-380 nm) and are therefore colorless. Especially the aromatic
side chains of tryptophan (288 nm), tyrosine (273 nm) and phenylalanine (255 nm) are
the main chromophores contributing to the absorption spectrum. Heme, on the other
hand, when embedded in the protein matrix has absorption bands in the visible region
with a so-called Soret (or B) band around 408-435 nm – violet to blue – and Q-bands in
the range of 500-580 nm – green to yellow – which gives heme proteins their typical brown
to brilliant red color. The highly conjugated π-electron system of the heme group gives
rise to its characteristic spectrum. The theoretical basis of this phenomenon was first
described in the four-orbital model of Martin Gouterman and others [181, 182, 183, 184].
This model describes the absorption spectrum of a porphyrin, starting from the trans-
itions between two π highest occupied molecular orbital (HOMO)s to two π∗ lowest
unoccupied molecular orbital (LUMO)s (see Fig. 3.2 (B) adapted from [185]). Initially,
the two LUMOs are degenerate, but due to orbital mixing, two energy levels are created.
The excitation from the HOMOs (S0 → S2) to the highest energy LUMO gives rise to
the Soret band and the one to the lower LUMO (S0 → S1), to the Q-bands. The Q-band
region reflects the (symmetry breaking of) C4v symmetry2. Other regions where the
(plane polarized) transitions S0 → S1 and S0 → S2 occur are the bands N : [300-350]
nm; L: [250-320] nm).

Porphyrin has four Q-bands labeled (IV-I), but when Fe is bound to the porphyrin
to form heme, the Q-bands reduce to two bands labeled α and β. The relative ratio
between the α and β bands reflects spatial organization and stability of the metal iron
in the heme plane. If A(β) < A(α), the heme Fe is well-aligned in the heme plane which
is the case for (Fe(II)) hexacoordinated gbs. Vice versa, when the heme iron is slightly
out of the heme plane, the Q-band intensities rearrange (A(β) > A(α)) which is the

2Note that S0, S1 and S2 are not indicated in Fig. 3.2.
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Figure 3.2: Porphyrin HOMOs and LUMOs: (A) Representation of the four Gouterman
orbitals in porphyrins. (B) Drawing of the energy levels of the four Gouterman orbitals upon
symmetry lowering from D4h to C2v. The excitation to the eg orbitals gives rise to Q and B

bands. Figure taken from [186].

case for pentacoordinated gbs. As already indicated in brackets, this Q-band structure
is influenced by the spin and oxidation state of the iron. Therefore, by comparison with
well-known cases, this information can thus be extracted from the UV-vis spectrum.

3.2.2 Electronic circular dichroism spectroscopy
Basic principles ECD is related to absorption spectroscopy with the main difference
that ECD measures the differential absorption between left-handed and right-handed
polarized light. Chiral molecules absorb left-handed and right-handed light differently.
When linearly polarized light propagates through a solution (or crystal) containing a
chiral molecule, it will become elliptically polarized, with the main axes tilted versus the
original polarization plane. The ECD spectrum is simply φ(λ) with the ellipticity φ in
radians the magnitude of this effect defined as

φ =
π

λ(ηl − ηr)
, (3.2)

with λ the wavelength, ηl and ηr the absorption indices of left and right-handed polarized
light.

Proteins are chiral molecules and typically, the far-UV region is collected which will
contain information on aromatic AAs, disulfide bonds and the secondary structure of
the protein. Therefore, ECD is routinely applied to check the secondary and tertiary
structure of proteins. Electronic transitions in the backbone of a peptide bond occur
at 190 nm and 220 nm. Furthermore, exciton splitting causes an electronic transition at
208 nm and this together with the 220 nm transition is polarized [187]. Depending on the
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structural motif of the protein, characteristic ECD spectra are observed with a positive
and negative feature at 190 nm and 220 nm for α-helices, 195 nm and 215 nm for β-sheets,
respectively and a minimum at 200 nm for random coils (Fig. 3.3 (A)).

Experimental setup UV-visible Abs/ECD spectra were recorded at the Chira-scanTM -
Plus spectrophotometer (by Applied Photophysics, Leatherhead, Surrey, UK). The in-
strument was continuously flushed with nitrogen (4 L min−1 flow rate), and the meas-
urements were carried out at 20 ◦C. For all the recorded spectra, 0.2 cm path length
SUPRASIL quartz sample cells (Hellma BeNeLux, Kruibeke, BE) were used. The final
spectra were subtracted by the solvent baseline for the respective measurement. The
ECD experiments shown in this thesis were recorded and interpreted by dr. Roberta
Sgammato (TSM2, Dept. of Chemistry).

ECD on heme proteins The heme group itself is only chirally active when embedded
in a protein matrix and additional information, besides the secondary structure, can be
obtained in the four main regions where the plane polarized transitions S0 → S1 and
S0 → S2 occur (Q: [470-600] nm; B or Soret: [380-450] nm; N : [300-350] nm; L:
[250-320] nm). The Q-band region reflects the (symmetry breaking of D2h or D4h to)
C4v-C1) symmetry. The Soret region on the other hand is typically positive for Fe(III)
hemeproteins and negative for deoxygenated and O2-bound hemes or a combination of
both positive and negative ellipticity. The heme orientation in the heme pocket will be
reflected in that region as well [192]. Ligand binding at the heme can induce changes in
ellipticity in contrast to sometimes limited changes in the absorption spectrum (Fig. 3.3
(B)). The N and L- bands ([300-350] nm and [250-320] nm, respectively), which are
of limited interest in the absorption spectra, reflect a resonant interaction between the
electronic transition dipole moment vectors of aromatic residues [193]. In addition, in the
near-UV region [250-350 nm], an ECD signal appears from mainly the aromatic AAs and
disulfide bonds (Fig. 3.3 (C)). Overall, ECD is a valuable complementary spectroscopic
technique, which reveals a lot of additional information to the absorption spectrum, with
the advantage that the latter is obtained simultaneously.

3.3 Resonance Raman spectroscopy
3.3.1 Basic principles
Raman spectroscopy classifies as vibrational spectroscopy since it is able to detect atomic
vibrations with well-defined frequencies in the EM spectrum3. In Raman spectroscopy,
the energy difference between two vibrational states is not obtained by simply the ab-
sorption of a vibrational quantum4. In contrast, it makes use of a coherent EM radiation
(laser light) and detects the light scattered from the molecule. When this event occurs,
there is a small (1 in a millionth) probability that the incident light excites the ground

3Section based on Chapter 3 from [194].
4Such as in IR absorption spectroscopy. In Raman spectroscopy, the wavelength of the incident beam

does not have to match the difference between the vibrational ground and excited states.



3.3. Resonance Raman spectroscopy 35

Figure 3.3: Typical regions for which ECD spectra are collected: (A) The far-UV ECD
spectra of proteins is used to gain information on the secondary structure. It shows typical
ECD spectral features of α-helical structural elements (red), β-sheets (blue) and random coils
(green). Figure taken from: [188]. (B) The UV-vis ECD spectrum for Mb with increasing
concentrations of imidazole illustrates the sensitivity of ECD for changes in heme ligation
(Figure taken from [189]).(C) The near-UV ECD spectrum for type II dehydroquinase from

Streptomyces coelicolor (Figure taken from [190], containing adapted data from [191]).
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Figure 3.4: Absorption and scattering processes.

state to a virtual state (e.g. not an eigenstate), which can be understood as a short-lived
distortion of the electron cloud, which quickly relaxes to an excited vibrational state
(Stokes scattering) and thereby losing a vibrational quantum instead of scattering elast-
ically (Rayleigh scattering) in which no energy transfer occurs. A second inelastic scat-
tering event can take place in which the opposite happens and we differentiate between
so-called Stokes and anti-stokes Raman scattering (Fig. 3.4).

Most of the molecules in an ensemble are in the ground state and therefore the
intensity of Stokes scattering will be larger than the anti-Stokes scattered photons. The
intensity difference will be governed by a Boltzmann equation

Nn
Nm

=
γn
γm

exp
(
Em −En
kBT

)
(3.3)

with N the number of molecules in the excited vibrational energy level n or ground state
m, with energy En > Em) . The factor γ denotes the degeneracy of the energy levels n
and m and kB is Boltzmann’s constant (1.3807 × 10−23 J K−1).

Each electronic state in a molecule consists of several vibrational states which energies
are quantized according to a Morse curve. Several overtone absorptions can occur, but in
most cases, only the first excited state is of importance (selection rule). For a diatomic
molecule, the frequency is approximately

ν =
1

2πc

√
K

µ
, (3.4)

where c is the velocity of light, K is the force constant of the bond between A and B and
is a measure of bond strength and µ is the reduced mass of atoms A and B. This simple
approximation illustrates that the lighter the atoms, the higher the frequencies of the
vibrations are. On the other hand, the intensity I of scattered light can be described in
terms of the laser power l, the laser frequency ωL and the polarizability α of the electrons
in the molecule:

I = Klα2ω4
L. (3.5)
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The polarizability α in turn can be described by the Kramer Heisenberg Dirac (KHD)
expression

(αρσ)GF = k
∑
I

(
〈F | rρ |I〉 〈I| rσ |G〉
ωGI − ωL − iΓI

+
〈I| rρ |G〉 〈F | rσ |I〉
ωIF + ωL − iΓI

)
, (3.6)

with ρ and σ the incident and scattered polarization directions, k a constant, G the
ground vibronic state, I a vibronic state of an excited electronic state and F the final
vibronic state of the ground state. G and F are simply the initial and final states of the
Raman scattering process. The operators rσ and rρ are the dipole operators with the
incident and scattered polarization directions σ and ρ, respectively. The denominator
contains the transition frequencies, the laser frequency and ΓI the intrinsic linewidth of
the intermediate vibronic state I and relates to the lifetime of the excited state. The
sum is taken over all the vibronic states of the molecule [194].

It can be proven that this equation can be divided in purely vibrational and electronic
components using a Born-Oppenheimer approximation [195]. From that, it follows that
the Raman scattering will only be non-zero when there is only one quantum energy
difference between the initial state and the final state and that overtones are not present
in Raman scattering, unless resonance conditions are fulfilled.

Resonance Raman scattering Under the resonance condition, i.e. the energy of the
laser light equals the energy difference between the vibrational I and G states (ωGI =
ωL), resonance Raman scattering occurs. Note that the transitions are not purely virtual
anymore (see Fig. 3.4). Under these conditions, the first term in the KHD equation will
dominate, increasing the polarizability:

(αρσ)GF = k
〈F | rρ |I〉 〈I| rσ |G〉
ωGI − ωL − iΓI

. (3.7)

An immediate consequence is that vibrational states that are selected by the resonance
condition will have enhanced Raman scattering than others. Whereas in normal Raman
scattering, the intensity of the scattering is a fourth power of the frequency, in resonance
scattering, the intensity can vary with respect to the electronic nature. In general,
resonant processes are more complex than this, and result in very selective enhancements
in the Raman spectrum.

Experimental setup Experimentally, laserlight is directed to the sample and focused
onto the sample using a lens. The backscattered light will be directed via the lens towards
a filter that blocks the incident laser frequency and allows the scattered, wavelength-
shifted light to pass through. After that, the light is passed through a grating, splitting
the different wavelengths which are detected using a CCD device.

The rRaman spectroscopy in this work was carried out at room temperature using
a ChiralRaman-2X spectrometer (BioTools, Inc., Jupiter, Florida, USA). Unpolarised
rRaman spectra were recorded in backscattering geometry, using a green laser beam
from a frequency-doubled Nd:YVO4 laser (532 nm). The instrument was running at a
spectral resolution of 7 cm−1. The Raman experiments shown in this thesis were recorded
and interpreted by dr. Roberta Sgammato (TSM2, Dept. of Chemistry).
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3.3.2 Resonance Raman of heme proteins
In general, Raman spectroscopy can be used to detect the stretching and bending modes
of most common groups that make part of a molecule. The nitro –NOO stretching mode
for example, has specific bands in the 1800–200 cm−1 region which is commonly referred
to as the fingerprint region.

The heme gives rise to a specific absorption spectrum and is therefore a suited chro-
mophore to study with resonance Raman spectroscopy [196, 197, 198]. Typically, heme
containing systems are excited at Soret intensity or at Q-band. When in resonance, large
selective enhancement of the vibrational modes of the chromophore are observed. We
can obtain information in form of “marker bands” defined by previous research on heme
proteins [196, 199]. Besides vibrational stretching and breathing modes of the heme
group itself, we obtain the oxidation state, spin state and oxygenation/ligation state of
the heme iron. Structural changes as a consequence of a reaction mechanism at the heme
can be picked up via the Raman shifts, making it a versatile, complementary tool to
UV-vis, ECD and EPR spectroscopy.

3.4 Electron paramagnetic resonance
3.4.1 Introduction to EPR
EPR spectroscopy belongs to the field of magnetic resonance which includes also the bet-
ter known NMR and magnetic resonance imaging (MRI). The EPR counterpart of MRI
is EPR imaging (EPRI), which is able to determine tissue microenvironment parameters
non-invasively via paramagnetic probes, but its biomedical application is still limited to
small animals. In 1944, EPR was discovered and later on developed by the Russian phys-
icist Zavoisky [200] and is used to study the electronic structure of organic and inorganic
paramagnetic molecules and more generally paramagnetic spin systems. The technique
makes use of strong magnetic fields and microwave EM radiation in order to perturb the
magnetic moment of a paramagnetic center.

The underlying fundamental principle of EPR is the electron-Zeeman effect, which
states that the degeneracy of the mS eigenstates is lifted in a magnetic field. When
the energy difference between the states is exactly equal to the energy of the incident
microwave radiation, a transition between states is possible. The exact energy at which
these transitions occur, contains a lot of information about the system as it depends on
the local field described by the spin Hamiltonian.

3.4.2 EPR in one equation: the spin Hamiltonian
For a system with electron spin S surrounded by n nuclei placed in an external mag-
netic field B0, the spin Hamiltonian is expressed as the sum of the contribution from
the electron Zeeman effect (EZE) (always), the hyperfine interaction (HI) and nuclear
Zeeman effect (NZE) if there is a nucleus, the zero-field interaction (ZFI) if S > 1

2 and
the nuclear quadrupole interaction (NQI) if I > 1

2 :
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H = +µBBT
0 gŜ︸ ︷︷ ︸

EZE

+ ŜTDŜ︸ ︷︷ ︸
ZFI

−
∑
i

µngn,iBT
0 Îi︸ ︷︷ ︸

NZE

+
∑
i

ŜTAiÎi︸ ︷︷ ︸
HFI

+
∑
i

ÎT
i QiÎi︸ ︷︷ ︸

NQI

, (3.8)

with µB the Bohr magneton (9.271× 10−24 J T−1), g the g-tensor, Ŝ the electron spin
operator, Îi the nuclear spin operators, Ai the hyperfine tensors, Qi the quadrupole
tensors, µn and gn, the nuclear magneton and nuclear g-value, respectively (i indicates
the nucleus).

The free electron - understanding the Zeeman effect A free electron is the most
simple paramagnetic system with spin S = 1

2 . The magnetic moment µ is defined as

µ = γe h̄S = −geµBS (3.9)

with γe, the gyromagnetic ratio and ge the g-value of the free electron and hbar = h
2/pi

the reduced Planck’s constant. Two mS = ±1
2 states exist with the plus sign referred to

as spin up and the minus sign as spin down. The degeneracy between the energy of two
states in a magnetic field (along the z-axis) is lifted by the Zeeman effect and is expressed
as:

E =< ψ|HEZE |ψ >= geµBB0 < ψ|Ŝz|ψ >= geµBB0mS , (3.10)

showing that the energy depends on B0 and mS . This principle is demonstrated in
Fig. 3.5 and can be easily extended for an electron confined in a molecule. The g-value
will not be a scalar but a tensorial quantity. More generally we write in matrix notation:

HEZE = µBBT
0 gŜ. (3.11)

The g-tensor is fully defined by its 3 principal g-values and corresponding principal axes.

The zero-field interaction For systems with an electron spin larger than 1
2 (e.g. the

high-spin, S = 5
2 heme state), the ground state is 2S + 1 times degenerate, a degeneracy

that is lifted already in absence of a magnetic field by the zero-field interaction originating
from dipole-dipole coupling between the individual electrons and spin-orbit coupling.

The zero-field interaction is described by the traceless D-tensor. In its diagonalized
form, two parameters E and D describe D:

(Dx,Dy,Dz) = (−1
3D+E,−1

3D−E, 2
3D), (3.12)

such that |Dx| > |Dy| > |Dz|.
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Figure 3.5: Electron Zeeman effect for a free electron (S = 1/2) in an external magnetic
field B0. In the presence of a magnetic field (B0 6= 0), the degeneracy is lifted corresponding
to the two spin states mS = 1/2 and mS = −1/2. The energy split is proportional to the

applied magnetic field intensity B0 with the g-value.

Coupling with neighbouring nuclei - the hyperfine interaction The magnetic
moment µ of the electron spin (S > 0) interacts with the local magnetic field originat-
ing from neighbouring magnetic nuclei (I > 0). This contribution is expressed in the
hyperfine interaction term:

HHFI = ŜTAÎ, (3.13)

in which A consists of an isotropic part (Fermi-contact) and an anisotropic part from
the dipolar interaction between the spin magnetic moment and the nuclear magnetic
moment.

The hyperfine interaction causes a further splitting of each state in 2I+ 1 levels, agree-
ing with mI = −I,−I + 1, ...,+I. For a simple S = 1

2 , I = 1 system, this means that
instead of one EPR transition, three EPR transitions are allowed (|∆mS | = 1, ∆mI = 0)
between the (mS ,mI ) states:

(−1
2 ,−1)↔ ( 1

2 ,−1)
(−1

2 , 0)↔ ( 1
2 , 0)

(−1
2 , 1)↔ ( 1

2 , 1)
(3.14)

Nuclear Zeeman effects and nuclear quadrupole interaction The presence of
nuclei in the spin system has another consequence expressed as the nuclear Zeeman
interaction (see eq. 3.8), which is of the same type as the electron Zeeman interaction.

When I ≥ 1, the nuclear quadrupole interaction needs to be taken into account

HNQI = ÎTQÎ. (3.15)
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The principal values of this traceless Q-tensor, are described by the asymmetry parameter

η =
Q1 −Q2
Q3

, (3.16)

with |Q1| ≤ |Q2| < |Q3| and Q3 = e2qQ/[2I(2I − 1)h] with Q the quadrupole moment
and q is the electrostatic field gradient.

3.4.3 Continuous wave EPR
The basics The energy difference between the spin states in an external magnetic field
is measured by continuously sending in microwave radiation to a sample contained in
a resonator. In a continuous-wave (CW) experiment, the microwave frequency is kept
constant and the magnetic field is varied. Microwave frequencies used in EPR vary
from 9.5 GHz (X-band), 35 GHz (Q-band), 95 GHz (W-band), 360 GHz and nowadays,
specialized broadband THz spectrometers are under development [201, 202].

When the resonance condition (see eq. 3.10) is met for an S = 1
2 system

∆E = hν = gβB0, (3.17)

with ∆E the energy difference between two mS spin states at a magnetic field B0, a
microwave quantum will be absorbed and a transition is induced. The selection rule
is |∆mS | = 1, |∆mI | = 0 in CW EPR. The CW-EPR spectrum shows the absorbed
microwave as a function of the magnetic field intensity B0. The main physical quantity
extracted from a CW-EPR experiment is the g tensor which is characteristic for the
molecule. In case of a molecule in a non-viscous solution, only the average of the principal
g-values, the so-called isotropic g-value, can be determined.

In a single crystal, all molecules are organized in a lattice and the sample needs to
be rotated in the magnetic field to obtain the principal components of the g-tensor. For
powders and frozen solutions, the molecules take on all orientations versus the magnetic
field and the CW-EPR spectrum reflects the sum of all corresponding g-values. Powder
CW-EPR spectra, depending on the symmetry of the g-tensor are illustrated in Fig. 3.6.
If the hyperfine coupling is strong, the hyperfine interaction with different nuclei can be
seen as a

∏
i(2I + 1) splitting of the EPR lines. For some high-spin (S > 1/2) electron

systems, the zero-field interaction can be significantly stronger than the electron Zeeman
effect, leading to so-called Kramers’ doublets for half integer spins and non-Kramers’
doublets (for integer spins). In the ‘weak-field’ case (D � hν), which is usually valid
for the high-spin Fe(III) heme state (S = 5

2 ) at X-band frequency, a two-fold degeneracy
between the Kramers’ doublets remains. When the external magnetic field is turned on,
the degeneracy between the doublets is lifted and EPR transitions can occur. However,
the X-band microwave quantum is too small to induce EPR transitions (|∆mS | = 1)
other than the ones in the 1

2 ↔ −
1
2 transitions. The effective geff -tensor contains both

information on the actual g-value of the system and on the zero-field interaction. For a
high-spin S = 5/2 system with a g-value close to the free electron, the geff,|| = 2 and
geff,⊥ = 6. Depending on the rhombicity of the D-tensor, the effective g-values vary and
can be determined by matching the experimental spectrum with simulations.
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Figure 3.6: Powder CW-EPR spectra of an S = 1/2 system with no resolved hyperfine
coupling depending on the g-tensor symmetry. From left to right: isotropic, axial, axial,
rhombic. Top row shows the g-tensor in an ellipsoid representation. Second and third row
show the corresponding EPR spectra in absorption or first derivative mode, respectively. The
latter is the common form of a CW EPR spectrum due to the use of a modulation of the

magnetic field.
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Experimental setup A conventional CW-EPR spectrometer consists of a cavity res-
onator placed in an electromagnet. The sample is placed in the resonator, with a size
such that the microwaves generated by a klystron source or Gunn diode result in stand-
ing waves. The reflection of mw can be minimised via a coupling antenna (iris). The
efficiency of a resonator is given by the Q-factor:

Q =
ν

∆ν
, (3.18)

with ∆ν the FWHM of the reflection resonance ‘dip’. An EPR signal arises when a
microwave quantum is absorbed which alters the coupling profile of the cavity, resulting
in a reflection of microwaves, that reach the detector via waveguides and a circulator.
Under non-saturating conditions, the microwave power P is related to the signal-to-noise
ratio

(S/N) ∝
√
P . (3.19)

For a phase-sensitive detection and noise reduction, the magnetic field is modulated
defined by a modulation amplitude and frequency, which is adjusted to the linewidth
of the EPR signal to increase the signal-to-noise ratio, without distorting the lineshape.
This results in a derivative of the absorption signal, explaining the somewhat unusual
form of the CW-EPR signal (see Fig. 3.6, bottom curves).

In this thesis, the X-band CW-EPR measurements were performed on an ESP300E
(Bruker) spectrometer with a microwave frequency of 9.45 GHz equipped with a gas-flow
cryogenic system (Oxford Instr. Inc.), allowing for operation from room temperature
down to 2.5 K. The magnetic field was measured with a Bruker ER035M NMR Gauss
meter.

3.4.4 Pulsed EPR
A more informative, yet more complicated method than the CW-EPR experiment is a
pulsed EPR experiment. Pulsed EPR makes use of short microwave pulses instead of
continuous microwave irradiation, and sometimes in combination with radio-frequency
pulses. Such a detection method has a lot of advantages compared to the conventional
CW experiment. Pulsed EPR is capable of detecting hyperfine and quadrupole effects
that are often not resolved in a CW experiment. It also allows detection of the NZ
interaction and thus identifying the type of magnetic nuclei surrounding the electron spin.
To understand how ‘on resonance’ microwave pulses affect the spins in an EPR sample,
we need to consider polarization, coherence and relaxation. Next to a classical picture, a
quantum-mechanical description making use of the density operator formalism is briefly
introduced to describe the spin dynamics during, and after an array of microwave pulses.
Finally, commonly used pulsed EPR experiments executed in this work are discussed.

Powder patterns: orientation selectivity The g-anisotropy as illustrated in Fig. 3.6
is a result of the fact that for each orientation, the resonance condition will be fulfilled at
a different B0-value, due to the tensory characteristics of g. In pulse EPR, the excitation
bandwidth of the microwave pulse is often smaller than the width of the spectra, which
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Figure 3.7: Orientation selectivity: simulated absorption X-band (9.5 GHz) CW-EPR
powder spectrum of a rhombic S = 1

2 system with g = [2.2, 2.0, 1.8]. The selected spins
excited by a mw-pulse with an excitation width of 100 MHz at field positions indicated by

a-c, is mapped and shown on the unit sphere in yellow.

means that we only excite spins with a specific orientation and cannot excite all spin
packets with a single mw-pulse at a fixed B0-field. For rhombic systems with non equal
principal g-values, gz 6= gy 6= gx, pulse EPR experiments performed at the outer positions
corresponding with gx and gz only select a small amount of orientations. At gy or other
field positions, more spins are excited, since multiple orientations have their resonance
condition fulfilled (Fig. 3.7). By collecting spectra at different magnetic field positions,
we can obtain the hyperfine tensor and quadrupole tensor of coupled nuclei, which is
often the aim of pulsed EPR experiments.

Population, coherence and relaxation In a classical picture, each spin can be de-
scribed as a magnetic moment µ that ‘precesses’ with the larmor frequency ωs = gβeB0

h̄
about the B0 axis (gyromagnetic effect) and results in a time-averaged < µ > along the
magnetic field axis. Taking into account all the spins in the magnetic field B0, we define
a netto magnetization vector Mz = 1

V

∑
i < µi > along the z-axis as a consequence of

the Boltzmann distribution between the energy eigenstates.

P =
Nβ
Nα

= e
− ∆E
kBT . (3.20)

For a simple S = 1
2 system, more spins are in the mS = −1

2 state than in the mS = 1
2

state. Application of an ‘on resonance’ microwave pulse B1(t) along the x-axis, ‘rotates’
the total magnetization Mz out of equilibrium (θ ∼ tp×B1) and creates phase coherence
between the different spin packets in the (x, y)-plane. At the end of the mw pulse, this
magnetization will start to precess around B0.
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Different relaxation processes will cause a return to equilibrium. The spin-lattice or
longitudinal relaxation (T1) describes the return of Mz magnetization and the spin-spin
relaxation (T2) describes the loss of transverse magnetization Mxy (dephasing). It is the
latter that happens usually much faster and is the limiting factor to obtain pulsed EPR
signals, because only transverse magnetization is detected in an EPR experiment. The
dephasing after a π

2 pulse (θ = 90◦) is given by

Mxy = Mxy,0e
− t
T2 (3.21) Mz = M0(1− e

− t
T1 ) (3.22)

The density operator formalism The density operator formalism is introduced to
describe pulsed EPR in a quantum-statistical framework, because the classical picture
is not sufficient to correctly describe all the aspects of spin dynamics. Using this prin-
ciple, it is easier to understand how the microwave pulses affect the spin packets and
what information can be extracted from such an experiment in terms of coherences and
transition frequencies. Only some basic aspects of this formalism will be discussed, for a
detailed description, see [203, 204].

Large spin systems can be described statistically as an ‘ensemble’. Within the en-
semble, we have sub-ensembles that have an arbitrary wave function Ψ, which can be
written in its eigenbasis as:

|Ψ〉 =
N∑
n=1

cn |n〉 . (3.23)

A measurement is the expectation value of a mixed state A. This means that, next to
the quantum-mechanical uncertainty, a statistical uncertainty is present. Therefore, a
second averaging using a general probability function P (Ψ) is needed as follows:

〈A〉 =
∫
P (Ψ) 〈Ψ|A |Ψ〉 dτ = tr (σ̂Â), (3.24)

in which the matrix elements of density matrix σ̂ =
∫
P (Ψ) |Ψ〉 〈Ψ| dτ are5

cnc∗m = σnm = 〈n| σ̂ |n〉 . (3.25)

The time evolution of the density operator is given by the Liouville and von Neumann
equation:

dσ̂(t)

dt
= i
[
σ̂(t), Ĥ

]
(3.26)

Solving this equation for a time-independent Hamiltonian Ĥe, results in an expression
for the time evolution of the density operator in the rotating frame (see further).

σ̂r(t) = e−iĤetσ̂(0)eiĤet (3.27)
5note that cnc∗n = 〈n|Ψ〉 〈Ψ|m〉 with |Ψ〉 〈Ψ| the projection operator.
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Quantum picture of an S = 1
2 and I = 1

2 system (Paragraph based on [205].)
Since pulsed EPR experiments are described by a time-dependent Hamiltonian, a unitary
transfer to a frame in which this Hamiltonian becomes time-independent is necessary.
In EPR experiments, this is a frame that rotates about the z-axis with the microwave
frequency (so-called rotating frame).

Let us consider the Hamiltonian of a S = 1
2 and I = 1

2 system in frequency units:

Ĥ0 = ωS Ŝz + ωI Îz +AŜz Îz +BŜz Îx (3.28)

with ωS the resonance offset and ωI the nuclear Zeeman frequency in a frame with
the electron spin at the origin and the nucleus in the (x, z) plane with A = Azz and
B =

√
A2
zx +A2

zy the secular and pseudo-secular hyperfine coupling constants. The
diagonalized form of the Hamiltonian is obtained after a unitary transformation to its
eigenbasis using the unitary transformation operator

Û = exp
(
−i(ζÎy + η2Ŝz Îy)

)
(3.29)

with

η =
1
2

tan−1
(
−B

A+ 2ωI

)
︸ ︷︷ ︸

ηα

− tan−1
(
−B

A− 2ωI

)
︸ ︷︷ ︸

ηβ

 (3.30)

and
ζ =

ηα + ηβ
2 , (3.31)

and results in
Ĥd

0 = ωS Ŝz + ω12ŜαÎz + ω34Ŝ
β Îz. (3.32)

This diagonalized Hamiltonian contains operators in z with the polarization operator
matrices defined as:

Ŝα =

(
1 0
0 0

)
, Ŝβ =

(
0 0
0 1

)
(3.33)

and nuclear frequencies

ω12 = (ωI +
A

2 ) cos ηα −
B

2 sin ηβ (3.34)

ω34 = (ωI −
A

2 ) cos ηα +
B

2 sin ηβ (3.35)
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The energy level diagram corresponding to this Hamiltonian is that of a four-level
system with energies in frequency units6:

|αα〉 = |1〉 = ωS
2 −

ω12
2

|αβ〉 = |2〉 = ωS
2 +

ω12
2

|βα〉 = |3〉 = −ωS2 −
ω34
2

|ββ〉 = |4〉 = −ωS2 +
ω34
2

(3.36)

A visual representation of these energy levels can be found in Fig. 3.8.

Figure 3.8: Illustration of the Energy level diagram of an S = 1
2 , I = 1

2 system for positive
A and gn in the case of weak-coupling. From left to right, the EZE, NZE and HFI. The
EPR allowed transitions (|∆mS | = 1, |∆mI | = 0) are indicated with a solid line, the EPR
forbidden transitions (|∆mS | = 1, |∆mI | = 1) with a dashed line, and the nuclear transitions

(|∆mS | = 0, |∆mI | = 1) are indicated with blue arrows.

Electron Spin Echo Envelope Modulation Electron spin echo envelope modulation
(ESEEM) [206] refers to a group of pulsed hyperfine EPR experiments that are – next
to electron nuclear double resonance (ENDOR) experiments (see further on) – very well
suited to detect nuclear couplings in the spin system. The ESEEM experiments consist
of a combination of microwave pulses that generate a spin echo and whereby the time
between those pulses is varied (see Fig. 3.9). The echo intensity will decay exponentially
with the inter-pulse time and is modulated in function of the evolution time when nuclei
are coupled to the electron spin. A Fourier transformation of the time-domain ESEEM
signal will lead to a frequency domain spectrum from which the nuclear Zeeman and
hyperfine and quadrupole tensors can be (partially) reconstructed.

6Note that this is referred to the energy of the S = 1/2 system prior to the application of the magnetic
field and introduction of the nuclear spin.
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Figure 3.9: ESEEM pulse schemes of (A) a two-pulse, (B) a three-pulse and (C) a four-pulse
or HYSCORE [207] experiment. The detected signal is the echo intensity I(τ ) (A), I(T ) (B)

and I(t1, t2) (C).

The detailed physics on the origin of the modulation can be found elsewhere [204].
Here we briefly touch some important concepts to gain more insight in ESEEM exper-
iments based on [205]. From the pulse schemes in Fig. 3.9 we can understand that the
density operator will evolve differently depending on which pulse is on or off. When
a pulse is off, the time evolution of the density operator will be subjected to the spin
Hamiltonian, and when a pulse is on, the evolution occurs under influence of the pulse
Hamiltonian and spin Hamiltonian. For sufficiently short pulses, the effect of the latter
can be neglected.

In the rotating frame, the Hamiltonian during the pulse is given by
Ĥe = ω1Îx. (3.37)

The density operator during that pulse will evolve according to Eq. (3.27), on the condi-
tion that we will make the Hamiltonian time independent by moving to a new frame: the
rotating frame. In that case, the density operator has the form of a rotation operation,
with θ the flip angle of the pulse

R̂x(θ)σ̂(0)R̂−1
x (θ). (3.38)

Choosing θ = π
2 , we turn the electron magnetization away from equilibrium from the

z-axis to the y-axis in the classical picture. This results in

σ̂ ∝ −Ŝz︸ ︷︷ ︸
Equilibrium

(π/2)Ŝx−−−−−→ Ŝy. (3.39)

Transforming Ŝy by using Eq. 3.29 to the eigenbasis results in

Ŝy
Û−→ cos(η)Ŝy − sin(η)2ŜxÎy. (3.40)
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with η related to the secular and pseudo-secular hyperfine coupling constants as defined
above. The matrix representation for S = 1

2 , I = 1
2 , shows that a π/2-pulse converts a

diagonal density matrix to a density matrix with off-diagonal elements, creating electron
coherence (EC).

After the first π
2 -pulse, the density matrix evolves under the spin Hamiltonian. The

evolution of the density matrix elements for which σij 6= 0 can be interpreted as a
precession of a corresponding vector in the (x, y) plane gaining a phase Ω(i,j)

S τ = ωij −
ωmw.

Two-pulse ESEEM The second pulse in a 2-pulse ESEEM scheme (Fig. 3.9 A) is
a π-pulse. This pulse rotates the magnetization vectors 180◦ around the x axis but
also redistributes the EC among all the electron spin transitions (so-called branching).
During the second evolution time τ , these redistributed components k, l will gain a non-
equal phase (Ω(k,l)

S )τ = (ωkl−ωmw)τ such that after a time τ , the refocusing echo is not
completely restored. The echo intensity is dependent on the difference between the phase
gain after and before the π-pulse: (ωkl−ωij)τ . This agrees with nuclear frequencies (i.e.
(ω31 − ω41) = ω34) that can be determined by detecting the echo as a function of the
time τ .

Two-pulse ESEEM is a simple and fast technique, but is generally limited by its
dependence on the short T2 values.

Three-pulse ESEEM In a three-pulse ESEEM sequence (Fig. 3.9B), nuclear coher-
ence (NC) is generate by the π

2 − τ −
π
2 sequence. This NC evolves during time T and

is transferred back to EC by the last π
2 pulse. Time T is varied in the experiment. The

overall line width of the peaks is narrower, since the experiment is limited by the phase
memory time of the nuclei which is approximately equal to the electron spin-lattice re-
laxation (Tm,n ≈ T1,e). However, three-pulse ESEEM needs to be collected at different
τ values, in order to remove τ -dependent blind spots.

Four-pulse ESEEM The last and most informative way to collect an ESEEM spec-
trum is the four-pulse ESEEM or HYSCORE experiment (Fig. 3.9 C) [207, 208]. In this
experiment interpulse times t1 and t2 are varied creating a two-dimensional dataset.The
HYSCORE spectrum after Fourier transformation will contain four quadrants which are
symmetrical deducting it to two informative quadrants (+,+) and (−,+). Cross-peaks
in the HYSCORE spectrum relate the nuclear frequencies of 2 mS manifolds. An ad-
vantage in HYSCORE is that we can separate weak couplings |A2 | � |ωI | in the (+,+)

quadrant from the strong couplings |A2 | � |ωI | in the (−,+) quadrant. Overall, the
main advantage of this technique is obtaining 2D-information and correlations that were
previously unresolved.

Electron Nuclear Double Resonance Another hyperfine method to detect nuclear
frequencies is the so-called ENDOR experiment which can be obtained in a CW- or
pulsed mode. I will only focus on the pulsed ENDOR experiments here and refer the
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reader to references on the technique [209, 204, 210, 203]. The two most popular pulsed
detection schemes are Davies ENDOR [211] and Mims ENDOR [206] (see Fig. 3.10 A
and B, respectively). Essential to Davies ENDOR is the selective7 microwave pulse and a
radio frequency (RF) π-pulse. The first mw π-pulse inverts the electron spin polarization
("hole burning"). The effect of the rf-pulse is shown in Fig. 3.11: When the rf-pulse is on
resonance with an NMR transition, that is connected with an inverted EPR transition,
then a change in polarization will occur that is detected via the detection scheme in
Fig. 3.10, being a Hahn echo, but also an FID detection can be used. By changing the rf-
frequency, we will observe an effect in the echo intensity when a nuclear transition occurs.
ENDOR can therefore be considered to be an NMR experiment, using the electron spin
as an observer. The length of the RF π-pulse is optimized in order to obtain a perfect
π-pulse.

The Mims ENDOR is less straight-forward to comprehend. It relies on the three-pulse
ESEEM scheme, with an RF pulse during the mixing period T . When this RF-pulse hits
nuclear frequencies, the effect will be detected in the stimulated echo. Mims ENDOR
experiments are collected at multiple τ -values as well to overcome blind spots (see also
3-pulse ESEEM). Whereas Davies ENDOR is better suited to detect large (> 3 MHz)
hyperfine couplings, Mims ENDOR is sensitive to small couplings.

Figure 3.10: ENDOR pulse schemes of (A) Davies ENDOR [211] (B) Mims ENDOR [206]
experiment. The detected signal is the echo intensity I(τ )

7length depends on nuclear spin you want to excite
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Figure 3.11: Population changes in Davies ENDOR: the effect of the different state in an
S = 1

2 , I = 1
2 spin system. Magnitude of the populations is indicated by the thickness of the

level line. πmw is the microwave pulse inverting the 1-3 population and πrf the RF pulse. If
πrf hits the NMR transition 1-2 it will result in a change in the polarization compared to the

case where no transition is hit and this difference is detected.

Experimental setup X-band pulsed EPR experiments were performed on a Bruker
E580 or W/X E680 ELEXSYS spectrometer with a microwave frequency of ∼9.74 GHz,
equipped with a gas-flow cryogenic system (Oxford Instr Inc.), allowing for operation
from room temperature to 4 K. Experiments were performed at 6.5 K unless stated
otherwise. A shot repetition time of 1 ms was taken, unless stated otherwise. The detailed
pulse lengths and inter-pulse times are explicitly reported in the result chapters of this
thesis. The three-pulse ESEEM and HYSCORE spectra were baseline-corrected using a
third-order polynomial, apodized with a Hamming window and zero-filled. After Fourier
transformation, the absolute-value spectra were calculated. W-band ESE-detected EPR
experiments were performed on a Bruker E680 ELEXSYS spectrometer with a microwave
frequency of ∼94.0 GHz. All EPR spectra were computer simulated using EasySpin [212],
a toolbox for MATLAB (MathWorks, USA).

3.4.5 EPR of heme proteins
Spin states of systems with d-electrons Heme proteins are frequently studied with
EPR and hyperfine spectroscopy because of the paramagnetic nature of many heme states
[96]. The electronic configuration of the Fe(III) heme iron cation is

1s22s22p63s23p63d5 = [Ar]3d5, (3.41)

or [Ar]3d6 when Fe(II). The heme iron is commonly hexa-coordinated (6c) or penta-
coordinated (5c) and is arranged in an octahedral (6c) or square pyramidal (5c) con-
formation (see Fig. 3.12 (A,B)). The geometry of the first coordination sphere affects the
energy and lifts the five-fold degeneracy of the 3d-orbitals, which can be easily understood
via a simplified crystal-field theory. An octahedral geometry leads to a splitting of the
three-fold degenerate t2g-orbitals (dxy, dyz and dxz), on the one hand, and the two-fold
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(a) (b)

Figure 3.12: Low- and high-spin heme Fe(III): (A) Square pyramidal coordination as found
in ‘pentacoordinated gbs’ leaving a vacant position for ligands to bind and octahedral co-

ordination (B) as found in ‘hexacoordinated gbs’.

degenerate eg orbitals (dz2 and dx2−y2) on the other hand. Depending on the energy gap
∆O between those sets, which is affected by the distal heme ligand, the electrons pair up
in the t2g to form a low-spin (S=1/2) configuration, or spread out over the t2g and eg
orbitals resulting in a high-spin (S = 5/2) configuration. Intermediate spin (S = 3/2)
and admixed states are also possible (see later, chapter 6 on MaPgb). Lowering the sym-
metry of the system leads to another lift in degeneracy in the t2g orbitals, as illustrated
in Fig. 3.13.

For low-spin Fe(III) complexes, the ligand-field parameters V and ∆ are closely related
to the principal g-values we obtain by an EPR experiment via

V

λ
=

gx
gz + gy

+
gy

gz − gx
(3.42)

and
∆
λ

=
gx

gz + gy
+

gz
gy − gx

− V

2λ , (3.43)

with gz > gy > gx, the tetragonal splitting parameter ∆, the rhombic splitting parameter
V (Fig. 3.13) and with λ, the spin-orbit coupling [213]. Using these in the combination
with the so-called ‘truth tables’ of Peisach and Blumberg [214] gives us an indication of
the type of ligand that is coordinated with the heme Fe(III) ion. However, these tables
are only of a qualitative use and more advanced EPR methods and DFT calculations are
recommended to gain more insight on the metal complex.

In the S = 5/2 high-spin state (left panel, Fig. 3.13 A), a common configuration in
heme proteins, the zero-field interaction in the spin Hamiltonian becomes of importance
resulting in a lift in degeneracy between the mS manifolds (see also §3.4.2). In that case,
the system can also be described as an ‘effective’ S = 1

2 system.

CW EPR The difference between high- and low-spin heme centers is strongly reflected
in the CW-EPR spectrum. As an example, the X-band CW spectrum of ferric Mb at
pH 7.5 is given in Fig. 3.13 (B), as it shows high-and low-spin spectral features simul-
taneously, and matches well the theory (see also Fig. 3.6). The (CW)-EPR spectrum of
ferric Mb was already known in the mid-fifties and many other heme proteins coordinated
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Figure 3.13: The diagram in (A) shows how the energy level scheme is influenced by ∆O and
the ligand-field parameters V and ∆ for a rhombic distortion of an octahedral configuration
are indicated. (B) Illustration of a typical high- and low-spin signal as commonly observed in
heme proteins. A frozen solution of Mb (black) and simulation (red) in a Tris pH 7.5 buffer
collected at T=12 K, P=1 mW and a modulation amplitude of 0.5 mT. The low-spin region
is shown 10 × amplified. At pH 7.5, both signals due to a high-spin (S = 5/2) and low-spin
(S = 1

2 ) system are observed. The former arises from a water-coordinated Fe(III)metMb,
whereas the low-spin form is due to a OH– -ligated Fe(III)Mb state (alkaline transition).
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to various ligand resulting in different spin states were analysed using EPR spectroscopy
thereafter [215, 216, 217].

Pulsed EPR Next to CW EPR, the previously introduced pulsed hyperfine meth-
ods have a lot of potential to gain more structural and electronic properties of heme-
containing proteins [96, 218] and reveal the many nuclei surrounding the heme iron
environment, especially on the hyperfine interaction with the (I = 1) pyrrole N’s and
proximal/distal histidine N’s and protons (I = 1

2 ).
The 4-level energy diagram of an S = 1

2 , I = 1
2 system was already introduced in

Fig. 3.8, revealing the two EPR-allowed and forbidden transition frequencies. In case of
an S = 1

2 and I = 1 system, we can describe the energy-splitting diagram in the presence
of an external magnetic field as shown in Fig. 3.14, which shows the energy levels under
the strong-coupling regime (|a|/2 � ωI). Six nuclear transitions are indicated in which
one distinguishes between single quantum (sq) |∆mI | = 1 and double quantum (dq)
|∆mI | = 2 transitions. When the hyperfine interaction is dominating, the dq-peaks
positions can be found in ESEEM spectra at

νDQ± = 2
√
(νI ±

A

2 )2 + κ2(3 + η2), (3.44)

with κ = e2qQ
4h . The single-quantum transitions are typically more broadened than cross

peaks linking dq frequencies, because of their first-order dependence of the nuclear quad-
rupole coupling. The 14N HYSCORE experiment is very useful for the analysis of heme
proteins. For example, an important study by García-Rubio et al. [219] disentangled the
14N hyperfine crosspeaks in the ESEEM spectra of a cytochrome b559 distinguishing the
contributions from the pyrrole nitrogens and the ligated His N, and led to more insight
in many heme proteins [220, 221].

3.5 Native mass spectrometry
Native mass spectrometry has become a reliable technique in structural biology allowing
the characterization of the proteins’ oligomerization, architecture, and/or ligand binding
[222, 223, 224]. Unlike in conventional proteomics approaches [225], where the protein
is denatured and/or digested in solution, native MS enables the protein to be still in
its native, folded state before entering the gas phase [226] upon the application of soft
ionization techniques such as nano-electrospray ionization. Thus, the technique provides
information on the quaternary biomolecular structure and ligand association [227]. In
this work, native MS is the only analytical technique that does not make use of EM
radiation. Instead, the protein sample solubilized in a volatile solution experiences a
high voltage capable of generating gas-phase ions which, based on the charge-state dis-
tribution, provide information on the mass as well as the folded character of the protein
complex. The average charge state directly correlates with the proteins’ solvent accessible
surface area allowing to discriminate (un)folded protein structures [228]. Here, we apply
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Figure 3.14: Energy level diagram of an S = 1
2 , I = 1 systems: in the “strong coupling

regime” (νI � |A|/2). From left to right, the effect of the EZE, NZE, HFI and NQI. The sq
or 2 dq nuclear transitions (|∆mS | = 0, |∆mI | = 1) are indicated.

native MS on heme proteins [229, 230] in combination with collision-induced dissoci-
ation (CID). CID is a gas-phase fragmentation technique that exploits collisions between
the analyte ions and an inert gas, e.g. Ar or N2, to build up internal energy which
consequently leads to covalent bond breakage. Native MS along with CID is therefore
a useful application to enforce protein unfolding, subunit dissociation, and most im-
portantly in our case, the release of the heme group [231, 232]. The oxidation and/or
coordination state of the heme iron affects the stabilization of the protein-heme complex
and thus has a direct impact on the required collision energy [233].

Experimental setup Protein samples (10 µM) were buffer exchanged into a volat-
ile ammonium acetate (100 mM NH4OAc, pH 6.8) solution using P-6 micro Bio-Spin
columns (Bio-Rad). A few microliters of the buffer-exchanged sample were loaded into
in-house produced gold-coated borosilicate glass capillaries for infusion into a Synapt G2
HDMS (Waters, Wilmslow, UK) mass spectrometer. Native MS experiments were con-
ducted by using nano-electrospray ionization (nanoESI) to generate ions of the protein
complex which were drawn into the vacuum of the mass spectrometer. Crucial instru-
ment settings to retain the native, quaternary structure were as follows: 1.2 kV capillary
voltage, 60 V sampling cone, 3 V extractor cone, 10 V and 2 V collision energy in the trap
and transfer collision cell, respectively. Pressures throughout the instrument were adjus-
ted to 3.8 mbar for backing, 4.8× 10−3 mbar source, and 2.7× 10−2 mbar in the trap and
transfer collision cell. Spectra were also acquired under elevated trap collision energies
(50 V) which led to protein unfolding and the release of the heme group. The MS experi-
ments shown in this thesis were recorded and interpreted by dr. Dietmar Hammerschmid
(PPES/BAMS, Dept. of Biomedical Sciences/Chemistry).
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4.1 Abstract
Out of the 34 globins in Caenorhabditis elegans, GLB-33 is a putative globin-coupled
transmembrane receptor with a yet unknown function. The GD contains a particularly
hydrophobic heme pocket, that rapidly oxidizes to a low-spin hydroxide ligated heme
state at physiological pH. Moreover, the GD has one of the fastest NiR activity ever
reported for globins. Here, a combination of ECD, rRaman and EPR spectroscopy
with MS was used to study the pH dependence of the as-purified ferric form of the
recombinantly over-expressed GD domain in the presence and absence of nitrite. The
competitive binding of nitrite and hydroxide is examined as well as nitrite-induced heme-
modifications at acidic pH. From comparison of the spectroscopic results with data from
other heme proteins, the important effect of Arg at position E10 in the ligand stabilization
is deduced. Furthermore, CW and pulsed EPR indicate that ligation of nitrite occurs in
a nitrito mode at pH 5 and above. At pH 4, an additional formation of a nitro-bound
heme form is observed along with fast formation of a nitri-globin.

4.2 Introduction
Gbs are small heme-containing α-helical globular proteins widespread throughout the
kingdoms of life [1, 42]. Besides the well-known role of gbs in the O2 transport and
storage in vertebrates, gbs are shown or hypothesized to be involved in a large variety
of biochemical processes, including scavenging of ROS and RNS, redox reactions and
ligand (e.g. O2) sensing [42]. Based on their lineage, gbs are classified into three families:
myoglobin-like (M), sensor (S) and truncated globin (T) family [1, 42, 235, 19, 236]. Next
to SD proteins, consisting of a globin protein only, chimeric proteins consisting of a GD
coupled to other domains, such as a transmitter domain, have been identified [1, 42].
The classical globin fold, with Mb as archetypical example, consists of eight α-helices,
labeled A to H from N- to C-terminus, that are organized in a 3-over-3 (3/3) sandwich,
with the heme group situated in the hydrophobic center and the heme iron coordinated
at the proximal side to the conserved His at position 8 of the F helix (F8His). This fold
is found in the M and S families, with variation in this structure mainly occurring by
N- and C-terminal extension and variation in length of the inter-helical segments [235].
Furthermore, gbs from the T family are shorter, exhibiting the 2-over-2 globin fold (2/2),
i.e. an α-helical sandwich of the B-E and G-H helices. They are normally shorter than
the 3/3 gbs and therefore indicated as truncated Hbs [7].

Ce is found to be exceptionally rich in gbs and thus offers an ideal system to unravel
the diversity of globin functions and globin structures. In distinct cell types of this
species, 34 globin-like proteins are transcribed and expressed [110, 111]. Some of these
gbs have been partially characterized and putative functions have been ascribed to them
[114, 115, 74, 119, 117, 149, 237, 118]. GLB-33 is the largest of the Ce gbs and consists of
a GD and a 7 α-helical 7 TM domain, typical for GPCRs. Homology modelling predicts
that the GD has the classical globin fold with eight α-helices in a canonical 3/3 sandwich
[118]. Similar to Mb, the heme iron of GLB-33GD has no distal ligand in its reduced
ferrous form (so-called pentacoordination of the heme iron). However, this form oxidizes
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fast, resulting in a ferric heme iron that is ligated to hydroxide in a broad range of
slightly acidic to basic conditions [118]. This is in contrast with the majority of other
gbs in which distal OH– ligation only sets in at alkaline pH. To our knowledge, only the
Thermobifida fusca (Tf )-TrHbs show a similar pH-dependent behaviour [238]. Hydrogen
bonding networks with distal heme-pocket amino-acid residues are thought to stabilize
the ligation of hydroxide at physiological pH [238, 239]. Whereas the in vivo function
of GLB-33 is unclear, in vitro experiments show that the GD reduces nitrite to NO
10× faster than Mb [118]. NO2 – is a precursor of RNS and has been linked to cellular
signalling, intestinal relaxation, vasodilation, neurotransmission, and neuromodulation
in a broad range of species [240, 50]. Many gbs have been indicated to play a role
as NO scavengers or NiRs [240, 241, 242, 243, 244, 245]. Moreover, many other heme
proteins are involved in nitric-oxide pathways in different organisms and function as NO
generators or deliverers, or convert nitrite to other reactive nitrogen species [241, 246],
suggesting the involvement of the full-length GLB-33 protein in the NO metabolism of
Ce.

The globin-nitrite interaction is complex with many intermediates identified in vitro
depending on the initial heme iron state (Fe(III), Fe(II), Fe(II)-O2, ...). Under specific
conditions, heme modifications and partial heme loss have been observed [82, 100, 99,
247]. After entering the heme pocket, NO2 – can coordinate the iron ion in either the
favoured N-linked nitro (–NOO) and the less favoured O-linked nitrito (–ONO) ligation
mode (see Figs. A.1 (A, B)) for representation), which has implications for the subsequent
NiR mechanism [247, 91, 248, 86, 249]. In the nitro mode, a formal double protonation
of one of the nitrite O-atoms precedes the release of a water molecule and generation
of an Fe(III)-NO species, which then dissociates. In the O-linked nitrito mode, NO is
released through an ON-O bond homolysis after protonation of the iron-bonded nitrite
oxygen atom, resulting in NO and an Fe(III)-hydroxo complex [91].

Optical and magnetic-resonance methods are here combined with native MS to study
the pH-dependent distal heme ligation, heme modifications and overall stability of the
ferric form of the GLB-33GDΔCys variant in the absence and presence of nitrite. More
specifically, CW and pulsed EPR techniques, rRaman, UV/Vis absorbance (Abs) and
ECD spectroscopy are used, since they are excellent complementary tools to probe the
interaction of heme proteins with various ligands [96, 250, 189]. EPR is also used to
study the nitrosylated ferrous form of the protein that appears during NiR activity in the
presence of a reducing agent. The GLB-33GDΔCys variant was taken such as to prevent
unspecific in vitro multimerization of the protein at the higher protein concentrations
needed for EPR.

4.3 Materials and methods
4.3.1 Expression and purification
The cDNA coding for GLB-33GD and double mutant C40S/C55S (GLB-33GD ΔCys)
(glb-33 gd, bp 1120 to 1629) was cloned into a pET23a vector with a C-terminal His-
tag (Novagen) using NdeI and XhoI restriction enzymes (Biolabs) as described elsewhere
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[118]. After growing BL21(DE3)PlysS with coding cDNA, cells were resuspended (50 mM
Tris at pH 7.5, 300 mM NaCl) followed by repeated freeze-thaw cycles and sonication to
lyse the cells. After centrifugation (10 min, 10000 g, 4 ◦C), the supernatant was loaded
onto a Ni Sepharose High Performance column (GE Healthcare), pre-equilibrated with
equilibration buffer (50 mM Tris-HCl at pH 7.5, 300 mM NaCl, 20 mM imidazole) and
eluted (50 mM Tris at pH 7.5, 250 mM imidazole). The eluate was dialyzed with a
solution of 50 mM Tris at pH 7.5, 0.5 mM EDTA, 150 mM NaCl, and then concentrated
and loaded onto a G75 gelfiltration self-packed column as a final purification step. The
validity of using the variant was tested by comparing the UV-Vis and some EPR spectra
of GLB-33GD and GLB-33GDΔCys at neutral pH. Horse skeletal muscle (hs)Mb was
purchased from Merck KGaA (Darmstadt, Germany) and dissolved in the same buffers
as GLB-33GDΔCys unless stated otherwise.

4.3.2 UV-Vis absorption and electronic circular dichroism spec-
troscopy

UV-visible Abs/ECD spectra of GLB-33GDΔCys were recorded on a ChirascanR©-Plus
spectrophotometer (Applied Photophysics, Leatherhead, Surrey, UK). The instrument
was continuously flushed with nitrogen gas (4 L/ min flow rate), and the measurements
were carried out at 20 ◦C. For all the recorded spectra, 0.2 cm path length SUPRASIL
quartz sample cells (Hellma BeNeLux, Kruibeke, BE) were used. The final spectra
were subtracted by the corresponding spectrum of the solvent used for the respective
measurement (Tris-HCl for pH 7.5 and 6, or sodium acetate buffer for pH 5 and 4, in
presence of 100 mM NaCl). The globin concentration was calculated using the absorption
at the Soret peak (412 nm), and the extinction coefficient value of human neuroglobin
ε412 nm = 130 000 M−1 cm−1 [251]. 2.5 µM GLB-33GDΔCys was measured in the spectral
range between 260 nm and 800 nm and between 195 nm and 260 nm (3 s nm−1, 1 nm
bandwidth). All buffer exchanges were obtained via Micro Bio-Spin chromatography
columns (BioRad, Hercules, California USA). Nitrite solutions were freshly prepared
prior to each measurement.

4.3.3 Resonance Raman spectroscopy
rRaman spectroscopy was carried out at room temperature using a ChiralRaman-2X
spectrometer (BioTools, Inc., Jupiter, Florida, USA). Unpolarised rRaman spectra were
recorded in backscattering geometry, using a green laser beam from a frequency-doubled
Nd:YVO4 laser (532 nm). The instrument was running at a spectral resolution of 7 cm−1.
60 µL sample was centrifuged at 14000 rpm for 5 min, at 4 ◦C prior to each measurement,
and then loaded into 3×4×10 mm quartz cuvette (Starna Scientific Ltd, Ilford, London,
UK). The laser power was set at 0.3 W at the source, and the samples were illuminated
in stretches of 2 s to prevent them from heating up. The total acquisition time varied
depending on the sample stability. The protein sample, prepared in sodium acetate
or TrizmaR© hydrochloride buffer in presence of 100 mM NaCl and having final molar
concentration of 25 µM, was measured in the as-purified form and upon incubation with
nitrite in one to fifty molar ratio, at pH 5 or 7.5, respectively. rRaman spectra of the
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samples were subtracted by the corresponding spectrum of the solvent and subsequently
baseline corrected according to the Eilers-Boelens procedure [252]. For experiments with
the isotopically labelled ligand, Na15NO2 (95 atom %) as well as Na14NO2 were purchased
from Merck KGaA (Darmstadt, Germany).

4.3.4 Electron paramagnetic resonance
Globin solutions were diluted in glycerol until a final concentration of 10-25 % (v/v) gly-
cerol. The X-band CW acEPR measurements were performed on an ESP300E (Bruker)
spectrometer with a microwave frequency of 9.45 GHz equipped with a gas-flow cryo-
genic system (Oxford Instr. Inc.), allowing for operation from room temperature down
to 2.5 K. The magnetic field was measured with a Bruker ER035M NMR Gauss meter.
Paramagnetic O2 was removed from the sample via several freeze-pump-thaw cycles.
The spectra were measured with a modulation frequency of 100 kHz and a modulation
amplitude of 0.5 mT unless stated otherwise. The microwave power is mentioned in the
corresponding figure captions. X-band pulsed EPR measurements were conducted on
a Bruker E580 Elexsys spectrometer (microwave frequency ≈ 9.74 GHz) equipped with
an Oxford Instr. Inc. gas-flow cryogenic system to obtain an operating temperature of
6.5 K. A shot repetition time of 1 ms was used in all experiments. X-band electron-spin-
echo (ESE)-detected EPR experiments [204] were recorded using the 2-pulse sequence
π
2 − τ − π− τ − echo, with pulse lengths tπ/2 = 16 ns and tπ = 32 ns and the inter-pulse
distance τ varied from 96 ns to 4184 ns in steps of 8 ns. The X-band three-pulse ESEEM
experiments [204] were done using a π

2 − τ −
π
2 − T −

π
2 − τ − echo microwave pulse se-

quence with pulse lengths of tπ/2 = 16 ns and are the sum of spectra recorded at 10
τ -values in the range of [96-240] ns in steps of 16 ns with T varied from 96 ns to 4880 ns
in steps of 16 ns. HYSCORE spectra [207] were recorded using the microwave pulse se-
quence π

2 − τ −
π
2 − t1 − π − t2 −

π
2 − τ − echo with tπ/2 = 16 ns and tπ = 32 ns and t1

and t2 were varied from 96 ns to 4480 ns in steps of 16 ns. HYSCORE measurements were
recorded with different τ -values and added together as indicated in the figure captions.
All spectral treatment and analysis were done using MATLAB (R2020a, MathWorks,
USA). The three-pulse ESEEM and HYSCORE spectra were baseline-corrected using a
third-order polynomial, apodized with a Hamming window and zero-filled. After Four-
ier transformation, the absolute-value spectra were calculated. All EPR spectra were
computer simulated using EasySpin package (v.5.2.28) [212], a toolbox for MATLAB.

4.3.5 Mass spectrometry
GLB-33GD∆Cys ( 20 µMM) was incubated with 50-fold molar excess of NaNO2 (1 mM)
at pH 4.0 (50 mM sodium acetate) and pH 7.5 (50 mM Tris-HCl) for 24 hours at room
temperature. After NaNO2 treatment, the samples were buffer exchanged to a volatile
ammonium acetate solution (100 mM, pH 6.8) using P-6 Micro Bio-Spin columns (Bio-
Rad). Each sample was loaded into homemade gold-coated borosilicate glass capillaries
and mounted onto a Synapt G2 HDMS mass spectrometer (Waters, Wilmslow, UK),
where native nano-electrospray ionisation (ESI) mass spectrometry experiments were
performed. The following instrument parameters were carefully optimized to avoid ion
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activation and protein unfolding (Ion mobility mode): capillary voltage: 1.2 kV, sampling
cone: 25 V, extractor cone: 3 V, trap collision energy: 10 V, trap DC bias: 45 V,
and transfer collision energy: 2 V. Pressures were set to 3.8 mbar in the source region
(backing), 2.7 × 10−2 mbar in both trap and transfer collision cells (collision gas: Ar),
and 3.0 mbar in the IMS cell. Spectra were also acquired under elevated trap collision
energies (50V) to cause protein unfolding and the release of the prosthetic heme group.

4.4 Results
Some of the key AA residues in the heme pocket of gbs are, besides the conserved His
at position 8 of the F-helix, the residues at positions B10, E7, and E11 (Fig. A.1). In
a large amount of the gbs, a His residue is found at position E7 (Fig. A.1), but this is
an Ile residue in GLB-33GD [118]. Moreover, homology modelling of GLB-33GD places
two Ile residues (E7, E11), Leu (CD3) and Ala(B10) near the heme on the distal side,
leading to an unusually hydrophobic distal heme pocket [118]. Furthermore, on position
E10 an Arg residue is found, while this is Val in horse heart (hh)Mb. Research on the
double mutant H64V/V67R hhMb (mutating the residues at positions E7 and E10) has
shown that Arg plays an important role in directing the ligation of nitrite in the heme
pocket [253]. In view of the high NiR activity of GLB-33GD and the alkaline transition
at unusual low pH, we here investigate spectroscopically the pH dependence of ferric
GLB-33GD and its nitrite ligation in relation to its heme-pocket structure. Also the
EPR spectrum of the NO-ligated Fe(II) form (the final product from the NiR reaction)
is considered. In the discussion section, all data will be compared to that of other heme
proteins in order to understand the important role of Arg(E10).

4.4.1 pH dependence of ferric GLB33-GD
Fig. 4.1 (A, top) depicts the UV/Vis Abs spectra of ferric GLB-33GDΔCys at pH values
4, 5, 6 and 7.5. These spectra show that ferric GLB-33GDΔCys changes from a high-spin
(S = 5

2 ) ferric heme form (potentially with distal water ligation to the heme iron) at
low pH to a hydroxo-ligated ferric heme form at neutral pH, in agreement with earlier
findings on GLB-33GD as reported by my promotor and others [118]. This transition can
be deduced from the red shift of the Soret band from 406 nm to 413 nm upon pH increase
and the concomitant drastic change of the spectrum in the green-to-red range (Q bands).
At low pH, a Q band appears at 502 nm with a charge-transfer band at 636 nm, which
is characteristic of a 6-coordinated high-spin (HS) heme iron (6c/HS), while at neutral
pH, the Qβ and Qα bands are situated at 544 nm and 577 nm, respectively, with a small
shoulder at 595 nm. The latter spectrum agrees with a hexacoordination of heme iron in
a low-spin (LS) state (6c/LS), such as found for the distal hydroxo-ligation of the ferric
heme.

The simultaneously collected ECD spectra (Fig. 4.1 (A, bottom)) exhibit positive
and negative Soret ellipticity with the maxima corresponding to the respective Soret
absorption bands and with minima at 362 nm and 439 nm. Under the acidic buffer
conditions, the ECD spectra are reduced in Soret ellipticity, with only positive features
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remaining in the 300-700 nm range. The two broad CD bands, observed at 584 nm
and 611 nm in the spectrum of ferric GLB-33GDΔCys at pH 7.5, are absent at low
pH in agreement with the changes observed in the Q-bands of the UV-vis Abs spectra.
The heme optical activity has been ascribed to the interaction of the heme with aromatic
amino-acid residues of the globin [254]. However, the sign of the Soret ECD band of heme
proteins has also been shown to be influenced by the heme insertion [254, 255, 192], and
the interaction of the heme side chains, particularly the propionate side chains, with the
protein matrix [254] and by the in-plane and out-of-plane deformations of the heme group
[256]. 1H NMR studies have revealed heme rotational disorder in both reconstituted gbs
and gbs produced in E. coli [257] with a related strong change of the Soret ECD band
[192]. The positive sign of the Soret ECD peak of ferric GLB33-GD at low pH agrees
with what has been reported for aquomet Mb with a correctly inserted heme [254]. The
appearance of the minima at 362 nm and 439 nm in the ECD spectra at higher pH are
therefore not linked to a reversed heme insertion since only a buffer exchange was done,
but can be related to the change in the spin state (HS→LS) and/or small conformational
changes in the heme pocket and/or heme ruffling and saddling [256]. Finally, the ECD
spectra in the far UV (Fig. A.2) show that the appearance of the aquomet form at the
lowest pH is not accompanied with drastic changes in the secondary structure of the
protein. In agreement with the UV/Vis Abs data, the spin-state rRaman marker bands
indicate the presence of a 6c/LS Fe(III) species at pH 7.5 (ν3 = 1506 cm−1), while a
significant contribution of a 6c/HS state appears at pH 5 (ν3 = 1470 cm−1) with only
a small residual contribution of a 6c/LS state (Fig. 4.1 (B)) [118, 95]. The oxidation
marker (ν4 = 1376 cm−1) does not change and is in agreement with the ferric state.

In the absence of any hydrogen bond, the ν(Fe-OH) stretching mode is typically found
around 550 cm−1 for 6c/LS hydroxo-heme species, while the wavenumber of this mode
decreases with increasing H-bond strength [238, 258, 259, 260]. This is illustrated by a
combined rRaman and molecular dynamics study on Tf -TrHb, which revealed that the
unusually low ν(Fe-OH) value found in this protein (489 cm−1) is due to presence of strong
hydrogen-bonding Trp and Tyr residues in the heme pocket [238, 260]. No clear signal
is observed around 550 cm−1in the low-wavenumber region of the rRaman spectrum of
ferric GLB-33GDΔCys at pH 7.5 (Fig. 4.1 (C)). Instead, a dominant composite signal is
found around 487 cm−1, indicating a ν(Fe-OH) mode << 550 cm−1 and hence significant
hydrogen bonding of the hydroxide ligand. The exact value of ν(Fe-OH) can, however,
not be determined without isotope labelling experiments due to the expected overlap
with other modes in this region [238].

At pH 5, the rRaman spectral signature changes completely in this wavenumber region
with two signals now observed around 485 cm−1 and 520 cm−1 (Fig. 4.1, C). While ν(Fe-
OH) ≈ 490 cm−1 is typically reported for 6c/HS species in an aquomet form [259], the
observation of a peak at 520 cm−1 may point to the presence of residual 6c/LS form
with weaker hydrogen-bonding stabilization [258]. This interpretation should, however,
be considered with caution, because no isotope labelling was performed.

CW-EPR spectra of ferric hydroxo-ligated gbs are known to be strongly influenced
by the degree of hydrogen bonding to the hydroxide ligand. Fig. 4.2 (A) shows the
experimental and simulated X-band CW-EPR spectra of GLB-33GDΔCys at different
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Figure 4.1: (A) UV/Vis Abs (top) and ECD (bottom) spectra of 25 µM ferric GLB-
33GDΔCys in sodium acetate (pH 4, 5) or Tris-HCl buffer (pH 6.2, 7.5). Inset: The Q-band
area of the spectrum is shown magnified for facile comparison. B and C: high and mid fre-
quency rRaman spectral regions, respectively, of 25 µM ferric GLB-33GDΔCys at pH 5 and

7.5.

pH. At neutral pH, the spectrum is dominated by the contribution of two 6c/LS forms,
with a negligible fraction of a HS heme (Table 4.1). The two 6c/LS forms, indicated
by LS1 and LS2, agree with what was observed earlier at pH 8.5 for GLB-33GD [118].
The assignment of the different spectral components to LS1 and LS2 is confirmed by
temperature-dependent EPR (Fig. A.3).
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LS2 has principal g values that agree with what has been reported before for the
hydroxo-form of Mb and related gbs and are indicative of minor to no hydrogen bonding
of the hydroxide [262]. In contrast, the dominant LS1 species is more similar to the
hydroxo-ligated species found in the TrHbs and their variants in which strong hydrogen
bonding networks keep the hydroxide in place (Table 4.1, [238, 264]). This corroborates
the above tentative conclusions drawn on the basis of the rRaman spectra (Fig. 4.1 (C)).
The CW-EPR spectrum of GLB-33GDΔCys at pH 5 shows a minor LS fraction next
to a large signal due to HS heme species, whereas at pH 4, only the contribution of the
HS centres remains. The E/D values of the HS forms (Table 4.1) are characteristic for
6c/HS [261] and thus confirm the room-temperature rRaman and UV/Vis Abs data. The
slight variations in the EPR data of the HS forms may result from pH-dependent small
changes in the dielectric constant and/or small variations in the orientation of the axial
water ligand in the heme pocket. The relatively small E/D-values of some of the HS/6c
forms are in line with what has been observed for aquomet gbs.

Figure 4.2: A. Experimental (black) and simulated (red) X-band CW-EPR spectra of frozen
solutions of ≈ 1 mM ferric GLB-33GDΔCys in the absence (A) or presence (B) of 50× molar
excess nitrite at pH 4, 5 and 7.5. Nitrite-treated samples (B) were immediately frozen after
mixing to minimize the formation of green pigment (nitri-globin formation). The spectra were
recorded at 10 K with a microwave power of 100 mW. Organic radical (∼), background signal

due to Cu(II) traces in the sample (#) and non-heme iron (∗).

4.4.2 Effect of addition of nitrite to ferric GLB-33GDΔCys at
different pH values

In a second step, the effect of addition of a 50-fold excess of sodium nitrite to ferric
GLB-33GDΔCys is studied at different pH values. Only a small reduction in the high
wavelength flank of the Qα band of the UV/Vis Abs spectrum of ferric GLB-33GDΔCys
is observed with increasing nitrite concentration at pH 7.5 (Appendix, Fig. A.5). The
respective ECD spectrum shows no significant changes compared to the untreated sample
at pH 7.5 (Fig. 4.3 (C)). In contrast, the nitrite treatment at pH 4 and 5 leads to
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substantial changes in the UV-Vis Abs/ECD spectra of GLB-33GDΔCys (Figs. 4.3 (A)
and 4.3 (B)). An initial redshift of the Soret band from 406 nm to 416 nm and Qβ,α bands
at 564 nm and 544 nm was observed in agreement with the reported spectra of nitrite-
ligated cytochrome c’ [265]. They indicate a shift from a 6c/HS to a 6c/LS state. These
Abs spectra are considerably different from those observed for ferric Mb after addition
of NO2 – near neutral pH [266]. The ECD spectra of GLB-33GDΔCys with nitrite at
acidic pH exhibit reduced, red-shifted Soret ellipticity, with a sharp, negative dichroic
band and a broader, negative, and less pronounced ECD band appearing at 426 nm and
570 nm, respectively (Figs. 4.3 (A), 4.3 (B)).

Fig. 4.3 also shows the effect of incubation time with nitrite on the UV/Vis Abs and
ECD spectra of ferric GLB-33GDΔCys at pH 7.5, 5 and 4. At pH 4 and 5 the formation of
a green pigment could be observed visually, in line with the strong spectral modifications
in the Abs/ECD spectra (Figs. 4.3 (A), 4.3 (B)). Long (24h) incubation times at pH
4 and 5 with nitrite lead to a reduction in the Soret Abs band, a broadening of the B
band, and the appearance of a maximum at 356 nm. Green pigment formation with these
associated Abs spectra point to the formation of a vinyl-nitrated globin derivative (nitri-
globin) [101]. In the corresponding ECD spectra of nitrite-incubated GLB-33GDΔCys
, the Soret ellipticity broadens over time with a concomitant broadening of the band
at 426 nm, which shifts up to 448 nm. Finally, the negative ellipticity centred around
351- 356 nm becomes dominant, with a corresponding disappearance of the negative
ellipticity at 570 nm. ECD spectroscopy in the far UV-region demonstrates that the
secondary structure composition is largely retained at the experimental conditions used
for our purpose (Fig. A.2).

The rRaman spectra of the nitrite-treated ferric GLB-33GDΔCys at various pH-
values follow the observations with Abs spectroscopy (Fig. 4.4, Fig. A.6). At pH 7.5,
the spectrum did not reveal changes in the spin and/or ligation state of the heme iron
with respect to ferric GLB-33GDΔCys (Fig. A.5). At pH 4 and 5 in contrast, a strong
reduction in the ν10 Raman intensity and changes in the relative ratio between the Raman
bands ν37 and ν10, and between ν5 and ν30 are observed (Figs. 4.4 and A.6).

In the presence of nitrite, the vinyl stretching mode ν21 is found to be pH depend-
ent (Fig. A.6). Fig. 4.4 highlights the nitrite-concentration dependence and isotopic
dependence of this mode at pH 5.0. This dependence agrees with nitrovinyl formation
in line with the visually observed formation of a green pigment (nitri-globin formation,
see Fig. A.1 (C, F) for schematic representation and example of nitrivinyl formation).
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Figure 4.3: UV/Vis Abs (top) and ECD (bottom) spectra of 0.025 mM GLB-33GDΔCys
before (a, e, i) and after addition of 1.2 mM NaNO2 at t = 0 min (b, f, j), at t = 240 min (c,
g, k), and at t = 24 hrs. (d, h, l). The spectra were collected at pH 4, 5 and 7.5 (Panel A, B

and C, resp.).

Figure 4.4: Panel A: rRaman spectrum of GLB-33GDΔCys (red) treated with (a) 50, (b)
280 and (c) 500 molar excess of 14NO2 – (black) and 15NO2 – (grey) in acetate buffer at pH
5. In green the rRaman shift of the mode ν21 is marked. Panel B: high frequency difference

rRaman spectra of GLB33GDΔCys-14NO2 – minus GLB33GDΔCys-15NO2 – .
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While the optical methods used above (Figs. 4.3 and 4.4) clearly indicate nitration
of the heme vinyl groups, they are less informative on the heme-iron ligation. At pH 7.5,
little to no changes are observed in the UV/Vis Abs, ECD and rRaman spectra of ferric
GLB-33GDΔCys upon addition of nitrite. Nevertheless, an additional component due to
a 6c/LS species is observed in the corresponding EPR spectrum (Figs. 4.2 (B), Fig. A.7
for assignment of peaks). This component (LS3) has EPR parameters that are similar
to the ones observed for nitrite-ligated Mb (Table 4.2). The lower gx value is hard to
determine, but it can be estimated using ESE-detected EPR at X-band (Fig. A.8). Note
that at pH 7.5, only partial replacement of the hydroxide ligand by nitrite is observed
for ferric GLB-33GDΔCys. A previous study of nitrite binding to human Hb revealed a
replacement of the nitrite ligand by hydroxide at high pH [89], indicative of a stronger
affinity of the heme center to hydroxide than to nitrite. The contribution of a HS ferric
heme form remains negligible (<1%). As evidenced by the rRaman spectra, nitrite-
binding at this pH does not trigger a further nitration of the heme vinyl groups.
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System Label gx gy gz % Coordination Ref.

GLB-33GDΔCys pH 7.5
LS1 1.70 2.12 2.84 41 His/OH-

This workLS2 1.82 2.20 2.61 8 His/OH-
LS3 ∼1.53 2.29 3.03 51 His/NO2 –

GLB-33GDΔCys pH 5 LS3* ∼1.53 2.26 3.00 93 His/NO2 – This workLS1* 1.70 2.07 2.84 7 His/NO2 –

GLB-33GDΔCys pH 4 LS3 ∼1.53 2.13 3.01 46 His/NO2 – This workLS4 ∼1.38 2.35 2.84 54 His/NO2 –

(sw)Mb pH 7 n.a. 1.57 2.20 2.95 100 His/NO2 – [248]

H64V (sw)Mb pH 7 n.a. n.d ∼2.1-2.3 3.16 89 His/NO2 – [267]n.a. n.d. ∼2.1-2.3 2.93 10 His/NO2 –

Hb pH 5-10 LS (A) 1.45 2.30 2.87 (a) His/NO2 – [89]LS (B) 1.45 2.12 3.02 (a) His/NO2 –

NP7 pH 7.2 n.a. 1.46 2.34 2.86 n.d. His/NO2 – [107]n.a. 1.46 2.40 2.78 n.d. His/NO2 –

NP4 pH 7.2 n.a. 1.51 2.42 2.74 n.d. His/NO2 – [107]n.a. n.d. n.d. 3.38 n.d. His/NO2 –

Cyt c’ pH 7 n.a. 1.56 2.36 2.84 n.d. His/NO2 – [265]n.a. n.d 2.2 3.25 n.d. His/NO2 –

Cld pH 7 n.a. 1.55 2.18 2.93 n.d. His/NO2 – [268]

Table 4.2: Principal g values of the 6c/LS species observed in the EPR spectra of ferric
GLB-33GDΔCys after addition of sodium nitrite at different pH values. Small contributions
(∼1%) of residual 6c/HS species were observed. Numbers as obtained through simulation
of the spectra in Fig. 4.2 (B). The parameters are shown in comparison with literature data
for other NO2 – -bound gbs. n.a.= not applicable; n.d. = not determined; (sw)Mb = (sperm
whale) myoglobin; Hb = vertebrate hemoglobin; NP = nitrophorin; Cyt c’= cytochrome c’,

Cld = chlorite dismutase.

At pH 4.0 and 5.0, a strong change in the EPR spectra of nitrite-ligated GLB-
33GDΔCys is observed. The HS contributions almost completely disappear (<1%) and
new signals due to two 6c/LS species appear (LS3 and LS4, Table 4.2, Figs. 4.2 (B),
Fig. A.7 for assignment of peaks). The shift in the spin state indicates that next to
nitration of the vinyl, also nitrite-ligation to the ferric heme iron occurs. Again, the gx
value for the low-pH 6c/LS species of GLB-33GDΔCys is not detectable in the CW-EPR
spectra due to the large g-strain, but from ESE-detected EPR experiments an upper limit
for the gx value can be estimated (Fig. A.9). At pH 5, LS3 is dominating the spectrum,
while at pH 4, the dominant contribution shifts to LS4. Small pH dependent shifts of
the gz value are observed for the EPR parameters of LS3. Similar small shifts have been
observed for the EPR parameters of LS (B) in nitrite-ligated human Hb (Table 4.2) [89].
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Figure 4.5: Native MS spectra of GLB-33GD∆Cys after incubation with 50-fold excess of
sodium nitrite at pH 7.5 (A) and 4.0 (B). The narrow charge state distribution (+7 to +9)
corresponds to monomeric holo GLB-33GD∆Cys. Satellite peaks indicate a minor fraction
of the apo-form. The inset shows the m/z area between 600 and 750, which highlights that

nitrite binding only occurs at pH 4.0.

To corroborate the spectroscopic findings on the pH-dependent effect of nitrite addi-
tion to ferric GLB-33GDΔCys, we performed native MS measurements after incubation
with 50-fold molar excess of sodium nitrite at pH 4.0 and 7.5 for 24 hours. Native MS
describes a method in which analytes are transferred from solution to the gas phase
while aiming to maintain the solution-phase structure through careful control of crucial
parameters [226, 269, 270, 271, 227, 272, 273]. Hence, in case of GLB-33GD∆Cys, we
can retrieve information of whether the treatment with sodium nitrite leads to covalent
nitrite-ligation of the heme group.

The spectra show for both samples, i.e. sodium nitrite treatment at pH 4.0 and 7.5,
a narrow charge state distribution of monomeric GLB-33GD∆Cys, indicating the native,
folded character of the holo protein (Fig. 4.5). Only a minor population of the protein is
unfolded – evidenced by the presence of higher charged complexes at around 1000-2000
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m/z - and/or lacks the heme group (apo form). Such minimal protein unfolding was also
observed in the negative control (no nitrite addition) of GLB-33GD∆Cys (Fig. A.10),
indicating that unfolding occurred due to non-optimal solution conditions, or the protein
being kept at room temperature for 24 hours rather than by the sodium nitrite treatment.
The inset highlights the range between 600 and 750 m/z, the area where (nitrovinyl) heme
would be expected. Nitrovinyl heme – covalent modification of the vinyl groups with one
and even two nitrite molecules (Fig. A.1 (C, F)) – is only present after sodium nitrite
treatment at pH 4.0, confirming previous spectroscopic findings that the pH is crucial for
the binding of nitrite. The formation of nitrovinyl heme is indicated by an increase of
44.98 m/z (heme: 616.13 m/z; nitrovinyl heme: 661.11 m/z; charge state: +1), implying
the replacement of an H-atom for each nitrite molecule bound heme.

Nitro or nitrito binding to the heme iron?

Both species LS3 and LS4 seem to be due to a nitrite-ligated heme species, albeit with a
different pH dependence (Table 4.2). The observation of multiple LS species in the EPR
spectra of ferric heme proteins after addition of nitrite is not uncommon [248, 265, 267,
89, 107]. The variation in the EPR spectra has been ascribed to multiple effects, such as
hydrogen-bonding effects, heme ruffling or nitro- versus nitrito-ligation [248, 274]. The
principal g values can be linked to crystal-field parameters by a simple calculation [213].
In the supplementary material (Table A.1, Fig. A.11), the crystal-field parameters of LS3
and LS4 and other nitrite complexes of heme proteins are calculated and plotted in a
“Blumberg-Peisach” diagram. LS3 and LS4 fall in different regions of the diagram. In a
recent work on the nitrite complexes of chlorite dismutases by one of my supervisors and
others [248], a link was made between the area in which the crystal-field parameters fall
and the nitrite binding mode (N-nitro versus O-nitrito), corroborated by X-ray diffraction
(XRD) and molecular modelling. Following this reasoning, the nitrite complex observed
at pH 7.5 (LS3) is tentatively ascribed to the nitrito-complex, while lowering the pH
induces the nitro binding mode (LS4).

In order to substantiate this assumption, pulsed EPR experiments were performed.
At pH 7.5, the presence of the EPR contribution of the hydroxide complexes of GLB-
33GD∆Cys (LS1 and LS2) complicate the analysis of the nitrite-ligated species. Only the
magnetic field position agreeing with g = gz of species LS3 can be attributed solely to
the nitrite-ligated GLB-33GD∆Cys. Fig. 4.6 (A) shows the two-pulse ESEEM time trace
taken at this position for a frozen solution of GLB33D∆Cys in the presence of Na14NO2
(red) and Na15NO2 (blue). Small changes due to the isotope change are observed in
the modulation pattern. By dividing the two traces (Fig. 4.6 (A), inset) and subsequent
Fourier transformation (4.6 (B)), a clear peak at 7.4 MHz is observed, with smaller signals
at lower frequency. The three-pulse ESEEM experiment performed at the same observer
position also showed small changes in the low frequency range (Fig. A.12). In the cor-
responding HYSCORE spectra, the differences were less clear (Fig. A.13). However, for
this experiment, the observer position had to be set slightly more up field in order to
still have a significant echo signal. At this observer position, contributions of LS1 will
start to contribute, potentially masking the small isotope-labelling-induced differences
in the LS3 contribution. The clearest isotope-induced changes are seen in the two-pulse
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ESEEM experiment. The assignment of the peaks remain unclear, but indicate 14N
hyperfine couplings < 7 MHz (in absolute value).

Figure 4.6: (A) Comparison between the two-pulse ESEEM time traces of frozen solutions of
≈ 1 mM ferric GLB-33GDΔCys at pH 7.5 after addition of a 50-fold excess of Na14NO2 (red)
and Na15NO2 (blue). 25 % (v/v) glycerol was added to the solution as a cryoprotectant. The
spectra were recorded at 235 mT, an observer position agreeing with g = gz of LS3. The inset
shows the division of the two time traces. Only the first half of the trace is shown, since for
signals near zero intensity, the noise increasingly contributes. (B) Fourier transform of the

time-domain signal in the inset.
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4.4.3 Nitrosylated GLB-33GD
Ferrous GLB-33GD can act as a nitrite reductase, leading to an NO-bound GLB-33GD
(Fe2+ –NO) form with Q-band absorption bands at 545 and 570 nm [118]. This ligation
state is here confirmed by low-temperature X-band EPR spectrum of ferric GLB-33GD
reduced using dithionite and subsequently treated with nitrite (Fig. 4.7), revealing the
typical EPR characteristics of a His–Fe2+ –NO coordination also found in other gbs
[275, 276, 277, 278]. The EPR spectrum consists of two components, characterized by
an axial and a rhombic g tensor, respectively (Fig. 4.7), in line with the presence of at
least two conformational states of the distal NO ligand in line with findings for other
nitrosylated gbs [275, 276, 277, 278]. The rhombic form also shows additional splitting
due to the hyperfine interactions with the 14N nucleus of the distal NO ligand and of the
Fe-bound nitrogen of the proximal His, with the hyperfine values being [A1 A2 A3] = [32
62 39] ± 3 MHz for 14N(NO) and [A1 A2 A3] = [25 20 30] ± 2 MHz for 14N(His).

Figure 4.7: The experimental (black) and simulated (red) EPR spectrum of a frozen nitro-
sylated GLB-33GD solution recorded at T = 6 K. The simulated spectrum is build up by
a component with an axial g tensor (blue, g⊥= 2.0361 and g‖ = 1.9946) and one with a
rhombic g tensor (green, g1 = 2.0776, g2 = 2.0047 and g3 = 1.9682). Magnetic field positions
corresponding to the g values are indicated by the arrows. The 14N hyperfine couplings are

mentioned in the text §4.4.3.

4.5 Discussion
Caenhorhabditis elegans is a promising model for globin studies as it encodes 34 gbs
out of which only a handful have been characterized biochemically in vitro. GLB-33 is
the largest of its kind, chimeric, consisting of an FMRF-amide binding and membrane
binding domain, and a globin domain. An initial biochemical characterization by my
supervisor and others [118] revealed both an unusual hydroxo ligation of the ferric state
at slight acidic pH and a fast NiR activity. Here we show that the NiR reaction leads to
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formation of a nitrosylated ferrous form in which the heme is still bound to the proximal
histidine. NO ligation is known to weaken the Fe–N(His) bond and leads in some gbs and
other heme proteins to the breaking of this bond [94, 279]. Earlier work using combined
high-field EPR and quantum-chemical computations, ascribed the observation of the two
forms in the EPR spectrum of nitrosylated Mb to changes in the stabilization of the NO
ligand via H-bonding with the E7His residue, with strong H-bonding inducing the species
with rhombic g tensor, and a weaker interaction leading to the species with axial g tensor
[280]. GLB-33GD has, however, no His on the E7 position and has a highly hydrophobic
heme pocket [118]. Furthermore, earlier work on a variant of neuroglobin in which the
E7 residue was mutated to Leu also showed the presence of the two nitrosylated ferrous
forms [277], indicating that the formation of the two forms is governed by more than the
capacity of the E7 ligand to form H-bonds.

The EPR spectrum of ferric GLB-33GDΔCys at pH 4-5 is typical for a HS ferric
form with a weak distal ligand in line with the presence of an aquomet form. However,
at pH 7.5 an alkaline transition to two hydroxo-ligated forms has happened, of which
one form (LS1) has EPR parameters similar to those observed in gbs [238] in which the
hydroxide is stabilized in a strong hydrogen bonding network. In heme proteins, the pKa

of the alkaline transition (distal water to hydroxo ligand) is known to be determined by
many factors, including the presence of distal hydrogen-bonding networks [238], distal
salt bridges [281] and the proximal ligand [267]. In contrast to ferric sperm whale Mb
(swMb) that exhibits an alkaline transition at pKa 8.9 [267], the pKa of the alkaline
transition in Mb from Aplysia limacina (Al) (AlMb) is found to occur at lower pH (pKa

7.5) [282]. The latter Mb resembles GLB-33GD(ΔCys) with hydrophobic residues on
postions E7 (Val) and E11 (Ile). Both AlMb and GLB-33GD(ΔCys) have an Arg on
position E10. In AlMb, the Arg at position E10 is found to be able to swing into the
distal heme region and stabilize anionic ligands bound to the heme iron (Fig. A.15), an
effect that can be also induced in sperm whale (sw)Mb variants carrying the His(E7) to
Val mutation [283, 284]. A similar process seems to occur here, where LS1 then points to
a form in which the hydroxo ligand is stabilized by Arg(E11) and LS2 is a less stabilized
form, potentially related to a movement of the Arg residue. Interestingly, the heme iron
in ferric AlMb is five-coordinated below the alkaline transition (Fig. A.15 (A), [285]).
This seems to be in contrast with GLB-33GD(ΔCys), for which the EPR spectrum at
low pH is typical for axial ligation of a weak ligand, most likely water.

A comparable pH effect has also been observed for chlorite dismutase from Cyanothece
sp. PCC7425 (CCld) [281]. In this heme-b containing peroxidase that can decompose
chlorite, a distal arginine (Arg127) is known to play a crucial role in enzyme activity.
Arg127 can switch between two conformations in and out of the distal region, whereby
the outward conformation is hydrogen-bonded to Gln74. The alkaline transition occurs
in wild-type ferric CCld at pKa 8.11 and EPR reveals the presence of 3 LS forms at high
pH, with the principal g values agreeing with varying degrees of H-bonding, comparable
to what is observed for GLB-33GDΔCys. When Arg127 is halted in the outward position
through a salt bridge to glutamic acid in the Q74E CCld variant, the pKa shifts upwards
(9.33), while a mutation of Gln74 to Val, thus allowing more flexibility of Arg127, leads
to a considerable down-shift of the pKa (7.41). This also has a large impact on the
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relative ratio of the three LS forms in the EPR spectra with the form that points to
the strongest H-bonding with Arg127 becoming more prevalent in the Q74V variant and
almost disappearing in the Q74E variant, where the Arg127 is locked in the outward
position.

The pH-dependent ECD spectra of GLB-33GDΔCys in the near UV to visible range
differ from those of hhMb (Fig. A.14). The ECD spectra of hhMb are showing a much
higher magnitude of the Soret ellipticity and less negative contribution in the N region
(300-350 nm) compared to GLB-33GD at neutral to alkaline pH. This shows that the
substitution of hydroxide ligand is not a major contributor to the observed negative
ellipticity for GLB-33GD, but rather the differences in heme pocket structure are de-
termining the spectral fingerprint. This is corroborated by the comparison with the
pH-dependent ECD spectra of CCld and its Q74 variants [281], where the alkaline trans-
ition reduces the negative ellipticity in contrast to what is observed here. Although the
ECD spectra are highly dependent on amino acids surrounding the heme, the planarity
of the heme itself, and the heme insertion [254, 255, 192, 256], there is still a lack of the-
oretical understanding that hampers a facile linking of these data to specific features of
the heme pocket. This can potentially be circumvented by using MCD in future studies
[286], as demonstrated for nitrite ligation to Mb [267].

Addition of nitrite to ferric GLB-33GDΔCys leads at neutral pH to a competition
of nitrite with the hydroxo ligands, with a co-existence of both hydroxo (LS1, 2) and
nitrite-ligated (LS3) species observed with EPR (Table 4.2). Comparison of Table 4.1
and Table 4.2 reveals that the hydroxo ligand of LS2 gets more easily replaced by nitrite
than is the case for LS1. This is in line with the stronger hydrogen bonding to the Arg
ligand in the latter complex. The principal g values of LS3 are typical for nitrite-ligated
heme proteins exhibiting a nitrito bonding mode (Fe–O bond) (Table 4.2, Fig. A.11)
and this assignment is corroborated by the ESEEM analysis showing signals that agree
with 14N hyperfine values (in absolute value) well below 7 MHz. A DFT study on the
linkage isomers of nitrite-ligated Mb predicts small 14N hyperfine coupling parameters
for the nitrito form, while a nitro form would lead to hyperfine values around 20 MHz
(in absolute value) [287]. At pH 5, LS3 has become the dominant species, while at pH 4,
the EPR spectrum broadens and a second LS complex is found (LS4) to co-exist with an
LS3-like species. Moreover, the UV/Vis Abs and ECD spectra show that acidic pH leads
to formation of a vinyl-nitrated heme (nitri-globin), an effect that is more pronounced at
the lowest pH and is also observed for other heme proteins [99]. The principal g-values
of LS4 seem to be more consistent with a nitro-form (Fe–N bond) (Table 4.2, Fig. A.11).

X-ray crystallography of nitrite complexes of ferric hhMb and variants revealed an
interesting interplay between the E7 and E10 ligand in directing the nitrite binding mode
[287]. While ferric nitrite-ligated hhMb shows a nitrito form with the nitrite ligand H-
bonded to E7His (Fig. A.1 (E)), mutation of the E7His to Val (H64V) in Mb leads to a
weakly bound nitro form (Fig. A.1 (D)). Interestingly, the nitrito form is recovered in the
double mutant carrying also the E10Val-to-Arg mutation (H64V/V67R) in which Arg
now acts as the H-bonding residue (Fig. 4.8 (B)). This is accompanied by a swinging of
the Arg into the heme pocket (Fig. 4.8, [109]). A similar effect is proposed to happen in
GLB-33GD(∆Cys). Also in nitrite-ligated ferric CCld the distal Arg residue stabilizes
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the nitrito form [248]. ArgE10 is therefore crucial in stabizing the LS3 nitrito form of
ferric GLB-33GDΔCys. Formation of the nitro form (LS4) at pH 4 may potentially be
due to the nitriglobin formation and, potentially even some onset of protein denaturation
upon freezing of the solution. Although the latter can never be excluded at any pH, it
is more likely to occur at pH 4.0, because freezing can lower the pH even further [288].
This will alter the heme pocket and can influence the conformation and orientation of
the E11Arg residue. If no H-bonding residue is nearby, the nitro form will be formed, in
line with the observation for H64V hhMb (Fig. A.1 (D) [253]).

Figure 4.8: Structural change observed in the heme pocket of H64V/V67R variant of hhMb
upon binding of nitrite. Val64 is at position E7, Arg67 is at position E10. (A) Structure with
no distal ligand present (PDB ID: 3HEN). (B) Structure with nitrite in nitrito form (PDB
ID: 3HEO). The figure illustrates the swinging of the Arg residue in (B) and out (A) of the

heme pocket. A similar effect is proposed here for GLB-33GD(∆Cys).

The ECD spectra of ferric GLB-33GDΔCys with nitrite at pH 4 and 5 (Figs. 4.3 A,
B) showed a considerable evolution over time in at least three of the four main regions
where the plane polarized transitions were detected (Q: 470 - 600 nm; B: 380 - 450 nm ; N:
300-350 nm; L: 250-320 nm). While absorption and ECD spectra in the aromatic region
remained unchanged upon the treatment of the globin with NO2 – , a gradual increment of
the overall ellipticity with a minimum at 351 and 356 nm for pH 4 and 5, respectively, was
observed. A large enhancement of the N dichroic band (300-400 nm) has been described
in literature for the model system of Lucina pectinata (Lp) Hb (LpHb) as the result of a
resonant interaction between the electronic transition of the aromatic residues and those
of the N and L bands, because of their simultaneous excitation [193]. However, this effect
is less likely to happen in GLB-33GDΔCys, since the amount of aromatic residues near
the heme is much lower than in LpHb. Noteworthy, at pH 4 and 5, the B dichroic band at
416 nm is in first instance slightly reduced in magnitude (during the first 8 hours), and at
the same time the two negative dichroic bands appear. In particular, the sharp negative
ECD band at 426 nm and the broader negative ellipticity at 570 nm are prominent after
addition of nitrite. Potentially, these signals are markers for the nitrite ligation. Finally,
acidified solutions of NO2 – contain NO (disproportionation reaction). Therefore, besides
an Fe(III)– NO2- complex, a fraction of Fe(III)–NO could in principle be formed [289].
EPR spectroscopy is not suited to detect such species as it is EPR silent (S = 0), and
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UV-vis Abs spectroscopy is not showing any evidence either. Therefore, the formation
of a nitrosylated ferric form is excluded.

The NiR activity of GLB-33GD is modelled with a fast second order rate constant
kNIR of 36.3 M−1 s−1 [118]. This is high in comparison with other gbs (e.g. for hhMb
kNIR values of 5.5 M−1 s−1 [253] to 6.1 M−1 s−1 [290] are reported). Interestingly, the
H64V hhMb mutant has a strongly reduced NiR activity (kNIR = 0.35 M−1 s−1), while
this is partially restored in the H64V/V67R double mutant (kNIR = 1.8 M−1 s−1) [253].
This illustrates again the important effect of E10Arg when no H-donating residue is
present on position E7, in line with our findings for binding of hydroxide or nitrite.
However, the presence of the E10Arg is clearly not enough to explain the enhanced NiR
activity of GLB-33GD. While the H64A hhMb variant shows a strong reduction of the
NiR activity (kNIR = 0.1 M−1 s−1), a remarkable increase of this activity is reported for
the F43H/H64A variant (kNIR = 49.8 M−1 s−1); Phe43 is located at the CD1 position
[290]. The F43H mutant in contrast has much lower activity (kNIR = 1.4 M−1 s−1) [290].

This shows that the NiR results from an intricate interplay of different effects, of
which the stabilization of the nitrite ligand by ArgE10 in the absence of an H-bonding
residue on position E7 is an important factor, but not the only factor. The EPR spectrum
of NO-bound ferrous GLB-33GD shows similar conformational states as found for other
nitrosylated gbs (Fig. 4.7).

Based on its localization and its sequence, GLB33 has been suggested to be a putative
neuropeptide receptor in Ce [118]. Since binding of nitrite requires a movement of the
Arg residue into the distal heme pocket, the concomitant change of the globin structure
may act as sensor, but future work on the full-length globin is needed to support this.
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5.1 Abstract
GLB-33 is a (recently) discovered and partially characterized putative globin-coupled
neuropeptide receptor in the nematode Caenorhabditis elegans predicted by homology
modelling and AlphaFold to consist of a 7α-helical TM domain and a GD with an un-
usually hydrophobic heme pocket. The latter possesses an extraordinary fast NiR activity
when ferrous in vitro. In the previous chapter, the ferric form of the GD was character-
ized by two overlapping LS complexes in the CW-EPR spectrum, associated with two
hydroxo-conformers at the distal side of the heme pocket that persist at slightly acidic
buffer conditions at which many gbs favour a water molecule, exhibiting an axial EPR
spectrum. The nitrosylated form was characterized by an axial and a rhombic g tensor, as
commonly observed for His–Fe2+ –NO coordinated hemes. Here, I extend our previous
work on the hydroxo complexes of the GD with additional experiments such as crystal-
lization trials, site-directed mutagensis, and more advanced EPR spectroscopy such as
ESEEM- and in particular HYSCORE spectroscopy and Davies ENDOR in comparison
with studies on MbOH and other hydroxo-gbs as a reference. The nitrosyl complex of the
GLB-33GD is investigated with a variety of EPR techniques, revealing clear differences
with hhMb, and the crucial role of ArgE10 is again monitored.

5.2 Introduction
Globins are small α-helical heme-containing proteins widespread throughout the king-
doms of life, see the introduction in Chapter 1. Triggered by the in silico discovery of up
to 34 different Ce gbs [112], different studies subsequently revealed novel globin function-
ality and structural diversity within this set of proteins [113, 114, 148, 118, 117, 74, 119,
149, 115, 237, 234]. GLB-33 is an exceptional member within this set of Ce gbs due to its
chimeric nature, see also state-of-the-art on GLB-33 in Chapter 2, and the introduction
in Chapter 4. In summary, the main characteristics of the GD are its very hydrophobic
heme pocket with Ile instead of the conserved His/Gln on helix position E7, its capacity
to bind CO and O2 and NO2 – . Furthermore, it has a fast auto-oxidation rate and a
10-fold faster NiR activity in vitro than Mb, making it one of the most efficient nitrite
reductases within the globin family [118, 234].

The globin domain of GLB-33GD consists of 166 AAs and has a theoretical molecular
weight of 19.54 kDa (20.36 kDa with His6-tag) + 0.62 kDa (heme). A comparison
between the protein sequence of GLB-33GD and the globin domains of Ce gbs GLB-1,
6, and 12, together with well-known human gbs Ngb, Cgb, and hhMb is shown as a
sequence alignment in Fig. 5.1. Additionally, GLB-3a (see Chapter 7) is aligned with
these proteins. From this, we observe the typical conservation of amino acid residues
in globins, such as F8His, but also deviations from the highly conserved CD1Phe [291],
in this case Val, as well as deviations from the conserved E7His (E7Ile) and an Arg at
position E10.
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Figure 5.1: Sequence alignment of the partially characterized gbs from C. elegans; GLB-
1, -3a, -6, and -12, together with hhMb, hNGB, hCGB. Cys residues of GLB-33GD are

highlighted together with the E7 residues in red.

The E7 residue is strongly conserved in mammalian gbs (E7His) whereas in nematodes
and other non-vertebrate, plant and bacterial globins, other amino-acid residues are more
frequently found at this position, which is translated in a wide functional diversity of the
related gbs [114, 292, 134]. The E7 residue usually functions as a distal ligand stabilizer
via hydrogen-bond formation or, in the case of E7His, the residue can coordinate directly
to the heme and thus compete with the binding of an exogenous ligand, such as O2.

Since the E7 AA residue in GLB-33GD cannot form hydrogen bonds, ligand stabil-
ization is either not present or taken over by other residues. In the previous chapter, it
was shown that ferric GLB-33GD exhibits an alkaline transition at unusually low pH,
and the crucial involvement of E10Arg was hypothesized. Two low-spin (LS) ferric heme
forms were detected with EPR (Fig. 4.2 (A), Table 4.1). The current hypothesis is that
the two distinct LS forms are associated with two geometric conformations of the distal
side of the heme pocket. The Arg at position E10 is hypothesized to swing in and out
of the heme pocket and stabilize the anionic ligand, likely stabilizing the hydroxo ligand
resulting in LS1 and a less stabilized ‘out’ form LS2 ([234], Chapter 4).

In an attempt to further understand and substantiate the role of E10Arg in the
alkaline transition, different experiments were set up, as discussed in this chapter. First,
attempts were made to grow crystals of both GLB-33GD and GLB-33GD∆Cys for protein
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crystallography, but unfortunately, these failed as described in §5.4.1. In the next set
of experiments, attempts were made to construct and purify different mutants, namely
I69H GLB-33GD (replacing E7Ile with His), R72V GLB-33GD (replacing E10Arg with
Val), and the double mutant I69H/R72V GLB-33GD, as described in section §5.4.2. The
choice of the point mutations was made to mimic the residues at these positions in horse
heart Mb (Fig. 5.2). Unfortunately, it was discovered that an unintended extra point
mutation had occurred in the glycerol stocks of the bacteria used. This point mutation
was at F111S. Since F111 is predicted by modelling to be in the heme pocket, it was
decided to study these mutants as well, since Mb does not have a bulky Phe at this
position.

Figure 5.2: Swiss Model of GLB-33GD (beige) in overlay with hhMb (PDB:1WLA, color
blue) and AlMb (PDB:3MBA, color purple). The amino-acid residues of interest are shown in
a stick representation for GLB-33GD, hhMb and AlMb, respectively: at position E7 (Ile, His
and Val), E10 (Arg, Val, Arg) and F8 (His, His, His), and finally F111, Pro100 and 102Ser.

In §5.4.3, I discuss the analysis of the ferric form of GLB-33GD(∆)Cys with different
pulsed EPR techniques. The obtained 1H and 14N hyperfine and nuclear quadrupole
data are compared to the findings for the alkaline form of mammalian Mb. Finally, the
interplay between the AA residue at position E7 and other AA residues in the heme
pocket is also found to be essential for the enzymatic activity of globins, such as NiR
activity.

This activity is indeed strongly influenced by the amino-acid residue at position E7,
as shown by site-directed mutagenesis studies of the distal E7His in mammalian neuro-
globin and Mb, revealing increased nitrite reduction rates by several orders of magnitude
compared to the wild-type forms [293, 266]. During the NiR cycle of globins, nitrite
gets reduced to NO, which can bind both the ferric and ferrous form of the globin. NO
complexes of ferrous heme proteins have been extensively studied by many spectroscopic
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techniques, including EPR as it provides immediate information on the heme pocket,
which led to renewed insights on the electronic structure of NO-ligated complexes in
gbs [294] [92]. In Chapter 4 (Fig. 4.7), I showed that a nitrosylated ferrous heme form
is indeed the result of the NiR activity of GLB-33GD, but did not analyse this form
further at that stage. In §5.4.4, detailed temperature dependent CW-EPR experiments
and HYSCORE experiments are presented, revealing clear differences with how Mb of
Aplysia stabilizes NO.

5.3 Materials and methods
5.3.1 Protein expression, purification and mutagenesis
Recombinant GLB-33GD, ∆Cys and heme-pocket mutants Recombinant GLB-
33GD and a double Cys→Ser mutant (GLB-33GD∆Cys) were expressed and purified
as described earlier [118]. Concentrated eluate after NiAC was loaded on a HiLoad
16/600 superdex 200 pg (GE Healthcare Life sciences) or a self-packed superdex 200
and pure fractions were collected and concentrated to a final sample. The proteins
were concentrated until a final concentration of roughly 1 mM in 50 mM Tris pH 7.5,
150 mM NaCl. The globin concentration was calculated using the extinction coefficient
of neuroglobin ε412nm= 130 000 M−1 cm−1 [251]. The ferrous nitrosyl-form (20 µM) was
obtained by adding a freshly prepared nitrite solution to a dithionite-reduced GD until a
100-fold molar excess nitrite/globin ratio was reached. HsMb and hhMb was purchased
from Merck KGaA (Darmstadt, Germany). The gbs were dissolved in the 50 mM tris,
150 mM NaCl, pH 7.5. For the EPR experiments, glycerol was added to all samples
(25% v/v) prior to flash-freezing in liquid nitrogen.

Mutations were introduced by using the Quick-changeTM site-directed mutagenesis
kit (Stratagene). To construct GLB-33GD from the ∆Cys construct for the GD, two
serines were mutated to cysteines on position 41 and 56. The mutation primers used to
create these mutations, together with specific heme pocket mutations are listed in Table
B.1. The cDNAs were subsequently cloned, expressed and purified as described above
and below.

Small-scale overexpression of heme-pocket mutants The three mutants of GLB-
33GD (I69H, R72V and double mutnat I69H/R72V) were overexpressed and purified
as follows. For the E. coli overexpression: 4 × 3 LB cultures were innoculated with
glycerol stocks of the 3 different mutants and the GLB-33GD∆Cys as a reference in a
pET23a vector. The cultures were grown with antibiotics chloramphenicol and ampicilin
overnight. When an optical density OD600 of 0.8 was reached, inoculated TB cultures
were induced with Isopropyl β-d-1-thiogalactopyranoside (IPTG). Growth medium was
centrifuged (4000 RPM, 20 min, 4 ◦C). Supernatant was discarded and pellets were
resuspended (50 mM Tris pH 7.5, 300 mM NaCl). After repeated freeze-thaw cycles
and sonication, lysed cells were centrifuged (10 min at 10 000 RPM at 4 ◦C). After a
second centrifugation step, the supernatant was loaded onto a self-packed Ni-NTA resin
(Qiagen). Subsequently, to remove non-specific binding, the bound protein-Nickel matrix
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was washed with 10 ml (50 mM Tris pH =7.5, 300 mM NaCl and 20 mM imidazole). The
protein was eluated (10 ml of 50 mMTris pH 7.5, 300 mM NaCl, 300 mM imidazole) and
1 ml fractions were collected. Absorption spectra were collected on a Thermo Scientifc
GENESYS 6 UV-Vis Spectrophotometer, 10 mm pathlength in quartz cuvettes, 1 ml
sample volume. After obtaining unexpectd results (see §5.4.2), a sequencing test revealed
that an unexpected additional point mutation had occurred (Phe111 → Ser).

5.3.2 Crystallization experiments
Protein crystallization experiments were kindly set up by Prof. Alessandra Pesce from
the Università di Genova. GLB-33GD(∆Cys) crystals were grown in a vapour diffusion
hanging drop setup. The drops contain 1 µL protein (∼ 20 mg ml−1) and 1 µL of precip-
itant solution that was screened in order to optimize precipitation and crystal growth.
The protein containing solutions were incubated at 4 ◦C.

5.3.3 Electron paramagnetic resonance
X-band pulsed EPR experiments were performed on a Bruker E580 ELEXSYS spec-
trometer with a microwave frequency of 9.74 GHz, equipped with a gas-flow cryogenic
system (Oxford Instr.) allowing for operation from room temperature to T = 4 K. For all
experiments a shot repetition time of 1 ms was taken, unless stated otherwise. The three-
pulse ESEEM [295] experiments were done using a π/2− τ − π/2− T − π/2− τ − echo
microwave pulse sequence with pulse lengths of tπ/2= 16 ns and are the sum of 10 τ -
values in the range 96-240 ns in steps of 16 ns with T varied from 96 ns to 4880 ns in
steps of 16 ns. HYSCORE spectra were recorded using the microwave pulse sequence
π/2− τ − π/2− t1 − π − t2 − π/2− τ − echo with tπ/2 = 16 ns and tπ = 32 ns and t1
and t2 were varied from 96 ns to 4480 ns in steps of 16 ns. HYSCORE measurements
were recorded with different τ -values and added together as indicated in the figure cap-
tions. The three-pulse ESEEM and HYSCORE spectra were baseline-corrected using a
third-order polynomial, apodized with a Hamming window and zero-filled. After Fourier
transformation, the absolute-value spectra were calculated. The Davies ENDOR [211]
were carried out with the pulse sequence π − T − π/2 − τ − π − τ − echo with pulse
lengths tmw,π = 100 ns and tmw,π/2 = 50 ns and an inter-pulse time τ = 260 ns and T=
14.5 µs. A radiofrequency π-pulse of 12 µs was applied during T and a shot repetition
time of 4 ms was used. W-band ESE-detected EPR experiments were performed on a
Bruker E680 ELEXSYS spectrometer with a microwave frequency of 94.0 GHz. The spec-
tra were recorded using the pulse sequence π/2− τ − π − τ − echo, with pulse lengths
tπ/2 = 120 ns and tπ = 240 ns and an inter-pulse distance τ = 300 ns. EPR spectra were
computer simulated using EasySpin [212] package (v.5.2.28), a toolbox for MATLAB
(R2020a, MathWorks, USA).

The CW-EPR spectra were measured on a Bruker ESP300E spectrometer (microwave
frequency 9.43 GHz) equipped with a liquid helium cryostat (Oxford Instr. Inc.) that
allows operation from room temperature to 2.5 K. The spectra were measured with a
microwave power of 0.1 mW (1 mW for T ≤ 115 K), a modulation frequency of 100 kHz,
and a modulation amplitude of 0.5 mT. The magnetic field was measured with a Bruker
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ER035M NMR Gaussmeter. The EPR sample was first cooled to 2.5 K, and then the
temperature was gradually increased. Sufficient time was allowed at each temperature
change for the temperature to stabilize before proceeding with the measurement. Meas-
urements were performed over a temperature range of 2.6-190.0 K.

5.4 Results and discussion
5.4.1 Protein crystallization trials
High-purity protein samples were prepared for crystallization trials. Both GLB-33GD
and GLB-33GD∆Cys were purified and the purity was assessed with high-performance
liquid chromatography (HPLC) (16/600 Superdex 200 preperative grade) and sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) (Figs. 5.3 and 5.4). The
preparative chromatograms in both samples show a main elution peak at 88 min, cor-
responding to monomeric globin. Interestingly, the deletion of the Cys residues in GLB-
33GD∆Cys results in the disappearance of a shoulder peak observed at 75 min that
was observed for the GLB-33GD. This indicates that GLB-33GD tends to form di-
mers/multimers since the 370 nm absorption (heme) peak nicely follows the 280 nm
(protein) peak at 78 min. Note that the main peak at 88 min (Fig. 5.3 (A)) looks distor-
ted because we reached the maximum sensitivity of the UV-vis detector. Therefore, it
is not possible to estimate the ratio between the multimeric fraction and the monomeric
fraction from this experiment. 5 µL extracts from the collections at the indicated elution
times were loaded on polyacrylamide gels (Fig. 5.4). A contaminant between 31 and 45
kD was observed. To exclude this contaminant as much as possible, without comprom-
ising too much the protein yield, the fractions in the tail of the main chromatogram peak
were pooled and concentrated (see coloured fraction numbers in red in Fig. 5.3) to result
in the final batches. Overall, the ∆Cys mutant has a higher purification yield than the
wild-type GD and both proteins samples remained stable in solution.
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Figure 5.3: (A): Chromatograms of GLB-33GD (dashed) and GLB-33GD∆Cys (full). (B):
Zoom of the chromatogram of GLB-33GD. (C): Zoom of the chromatogram of GLB-33GD
∆Cys. The collected elution fractions are indicated with an integer. In red: the fractions that

were concentrated to become the final batch, based on the SDS-page results (Fig. 5.4).
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A

(A) (B)

(C) (D)

Figure 5.4: SDS-pages of different collected fractions after chromatography, numbered as
indicated on the chromatograms in Fig. 5.3. The respective molecular weights of the protein
standard ("L", Biorad) are indicated. (A): GLB-33GD gel 1, (B): GLB-33GD gel 2, (C):

GLB-33GD∆Cys gel 1 and (D): GLB-33GD∆Cys gel 2

SDS-pages.png
For control purposes, the UV-vis spectra of purified GLB-33GD were compared with

GLB-33GD∆Cys, and surprisingly, some differences were observed in the Soret absorp-
tion band and Q-bands. GLB-33GD exhibited additional small peaks at 504 nm and
625 nm, and the Soret band was blue-shifted compared to GLB-33GD∆Cys. This obser-
vation was unexpected, as it was not reported in [118], nor observed in previous smaller
scale expression batches. This potentially suggests the co-existence of an OH– -ligated
LS- and HS-form in GLB-33GD. However, caution should be exercised, as the spectrum
also contains a broad peak around ∼ 660 nm, which may indicate the presence of biliv-
erdin (see also §5.4.2), and hence the onset of protein degradation. Nevertheless, due
to the high yield and purity of the sample, and the planned buffer exchanges during
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crystallization experiments, it was decided to proceed with crystallization trials using
this batch.

Figure 5.5: UV-vis absorption spectra of GLB-33GD (blue) and GLB-33GD∆cys (brown) at
pH 8.5, 100 × diluted.

Crystal growth Numerous optimization trials resulted in an improvement in the qual-
ity of the protein precipitate. Initially, a promising stick-like precipitate was observed,
but it was later identified as glassy aggregates. The best results were obtained for GLB-
33GD∆Cys using a precipitant solution containing 1.0 M sodium acetate trihydrate and
0.1 M imidazole at pH 6.5, resulting in small red aggregates (Fig. 5.6). However, the
quality of the precipitate remains insufficient for X-ray diffraction experiments, and the
optimization trials are ongoing. Due to the limited time frame of the PhD, no further
structural results could be obtained. This highlights that X-ray crystallization is often a
bottleneck in structural studies, and therefore, we have continued the investigation using
advanced EPR as a complementary alternative to gain structural insights (§5.4.3).
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(a) (b)

Figure 5.6: Slightly out-of-focus images for illustrative purpose of the red crytals (circle) in
the vapour diffusion drops.

5.4.2 Engineering the heme-pocket region of GLB-33GD
As outlined in the introduction, the following GLB-33GD mutants were constructed and
purified: I69H/F111S, R72V/F111S, and I69H/R72V/F111S. While the point mutations
of the E7 and E10 amino acid residues were intended, the point mutation of Phe111 →
Ser was not. However, since Phe111 is modelled to be near the heme, and the additional
point mutation was discovered only later in the subsequent trials to purify the mutants,
I will discuss the results here. Furthermore, Phe111 is 7 amino acid residues away from
F8His. In hhMb and swMb, a Pro is located at this position, but in AlMb, there is a
Ser residue (Fig. 5.2). Similar as GLB-33GD, AlMb has an Arg residue at position E10.
Different LB cultures were inoculated with glycerol stocks of the 3 above mutants and of
GLB-33GD (see §5.3.1).

Figure 5.7: Photograph of the samples collected after NiAC. From left to right: GLB-
33GDI69H/F111S, R72V/F111S, I69H/R72V/F111S and GLB-33GD.

The cell pellets from the harvested TB cultures showed equally large size and color.
After lysis, GLB-33GD supernatant looked slightly more pink than the others, which
becomes better pronounced after NiAC (Fig. 5.7).



92 Chapter 5. A closer look into the heme pocket from GLB-33GD

Figure 5.8: UV-vis Abs spectra of the GLB-33GD (orange) in comparison with the GLB-
33GD mutants I69H/F111S (blue), R72V/F111S (red) and I69H/R72V/F111S (green). Panel
A shows the UV-vis spectra of the crude eluate after cell lysis, panel B shows the spectra of

the fractions obtained after NiAC.

In order to understand the more yellow/greenish colour of the mutants observed by
the naked eye, UV-vis Abs spectra were collected of the crude eluate after cell lysis and
of the fractions after NiAC (Fig. 5.8 ).

For the crude soluble fraction after cell lysis, the Soret peak appears around 419 nm
for GLB-33GD and 421 nm for the mutants (Fig. 5.8 (A)). Because of the relatively low
concentration and large fraction of contaminants, the Q-bands are less distinguishable.
However, a notable shoulder is present around 559 nm in all samples. This may point
to the presence of a LS deoxy Fe(II) heme form potentially in equilibrium with a HS
Fe(II) [296]. The reduced form occurs because of the presence of reductants in the cell
lysis. After NiAC, all the mutants show a large peak around 668 nm and a Q-band at
533 nm. This is clearly different from the GLB-33GD, which shows similar spectra as
observed earlier. Next to this, the width of the Soret-peak of the mutants is larger than
the Soret-peak of GlB-33GD. Samples varied in concentration because the amount of Ni
beads for each column was not standardized.

The peak at 668 nm may indicate the presence of biliverdin (BV), a degradation
product of heme. BV has been reported to absorb light at 380 nm and 670 nm [297].
Attempts were made to remove BV from the sample, but failed, indicating that in some
of the proteins BV is nested in the cavity normally taken by heme. It is unclear how and
whether the presence of BV is linked to the point mutations.

Although the AA residue 7 positions further from F8His is Pro in Mb, a structural
overlay of the homology model with Mb shows that F111 is located at the FG loop,
at a similar location as I99 (FG5) found in Mb, which is known to strongly influence
heme affinity. A study by Hargrove et al. [298] showed that an apolar side chain at
position 99 is important for keeping the heme pocket anhydrous and observed that the
I99S mutation, which is exactly the AA mutant in our case, results in a 90-fold increase
in hemin loss at pH 5. Therefore, it is likely that this unforeseen mutation is related to
the observation of BV in the protein.
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Fig. 5.9 (red) shows the UV-Vis Abs spectrum of GLB-33GD I69H/F111S after the
NiAC in detail. Besides the broad peak at 668 nm, a Soret peak at 408 nm, a Qβ-band at
532 nm, with a small Qα shoulder at 565 nm, is observed. This is substantially different
from the absorption bands of GLB-33GD, which is in a Fe(III)–OH– state as outlined
in Chapter 4 and shown in figure 5.8 B. Instead, the Q-bands are more in line with a
LS/6-coordinate Fe(III) heme form, such as found for bis-histidine coordinated gbs [299].
The Soret seems somewhat blue-shifted compared to other bis-His globins, but this may
be an effect of the underlying contribution of BV or a sign of an equilibrium with a ferric
high-spin form. When dithionite is added, the spectral features of a bis-His ferrous state
are formed (Soret at 421 nm and Q-bands at 523 nm, 556 nm, with the Qα band of
larger intensity than the Qβ band) (Fig. 5.9 (blue)). To substantiate the assignment to
a bis-histidine coordination of the heme iron, CW-EPR experiments were performed on
the ferric form.

Figure 5.9: UV-vis spectra of GLB-33GD mutant I69H/F111S as purfied after NiAC (red),
reduced with dithionite (Fe(II)-deoxy) (blue), reduced with dithionite in presence of 100 ×

excess of NaNO2 (green) and as purfied form with 100 × excess of NaNO2 (black).

The baseline corrected CW-EPR spectrum as well as the corresponding simulation of
the individual components are shown in Fig. 5.10. Different components can be identified.
Several are not related to the heme center of the globin: a contribution at ∼ 160 mT
(gy = 4.28), originating from non-heme-bound iron (gz = gy = 4.28, gx = 4.1), and an
unknown radical, likely a background signal from the cavity at 337 mT (g ∼ 2.0015).

Relevant to the heme system is the signal due to a ferric HS form with effective g-
values [gz, gy, gx] ∼ [6, 5.8, 2] ± 0.01, and at least one signal due to a LS ferric form. Of
this LS heme form, the signals at principal g-values gz = 2.99, gy = 2.24 and gx = 1.42
± 0.02 are visible. These values are in line with what has been observed before for
other ferric gbs with bis-His coordination [93, 300] (see also Chapter 7 for examples).
This confirms that in I69H/F111S GLB-33GD the distal E7 His coordinates to the heme
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iron, with a tiny fraction being in the HS form. This differs from hhMb that is in an
aquomet form (HS) at neutral pH. Potentially, the presence of E10Arg forces the E7
ligand to coordinate with the heme iron. In hhMb, a smaller Val residue is at position
E10. Furthermore, the spectrum shows a Cu(II) cavity background signal (gz = 2.27,
gy = gx = 2.042 ± 0.02; |Ax| = |Ay| = 40 ± 5 MHz, |Az| = 492 ± 5 MHz).

Important to notice is that also the R72V/F111S mutant no longer gives the absorp-
tion bands of the hydroxo-ligated ferric heme (Fig. 5.8 (B)), corroborating our findings
in Chapter 4 that the E10Arg is crucial to stabilize this ligation. In Chapter 4, we
showed that nitrite can bind to the ferric form of GLB-33GD(∆Cys). Addition of a 100
× excess of NaNO2 to the ferric form of I69H/F111S GLB-33GD does not lead to nitrite
ligation at the heme, as the optical spectrum remains identical to the ferric as-purified
form (Fig. 5.9, black). The E7His ligand is protecting the heme iron from nitrite binding
in this mutant.

In line with this, addition of dithionite, followed by addition of NaNO2, does not
lead to a full conversion to the nitrosylated ferrous heme form. The resulting UV-Vis
spectrum is a sum of two components (Fig. 5.9, green). This is clearly seen in the Q-band
region, where three signals appear at 532 nm, 579 nm, and a broad peak from 545-560
nm. NO-ligated ferrous gbs have the Qβ-band at 542-546 nm and the Qα band at 570-
571 nm [301], and the Soret around 413 nm. Here, the Soret band is found at 417 nm.
The optical spectrum of I69H/F111S GLB-33GD after addition of dithionite and NaNO2
in air is a mixture of the contribution of a nitrosylated ferrous form and the ferric form,
indicating that the NiR activity is significantly reduced in comparison to GLB-33GD.

Figure 5.10: Experimental X-band CW-EPR spectrum (black) and corresponding simulation
(red) of the concentrated batch of GLB-33GD I69H/F111S in Tris buffer pH 7.5, with 25%
glycerol, collected at T = 10 K with a modulation amplitude of 0.5 mT. The individual
components making up the simulation are shown below: HS (purple), LS (yellow), non-heme

iron (blue), Cu(II) (green), and radical (dark red).
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5.4.3 The hydroxy-ligated GLB-33GD(∆Cys)
Proton hyperfine spectroscopy

As shown in Chapter 4 and [290, 234, 118], the ferric form of GLB-33GD(∆Cys) is
hydroxo-ligated at neutral pH, with two forms LS1 and LS2 being observed (Table 4.1).
The presence of these two forms is confirmed by high-field EPR (W-band, Fig. 5.11).
While LS2 has principal g values very similar to what was reported for the alkaline forms
of Mb and other gbs with minor hydrogen-bonding to the hydroxide ligand [234], the
EPR data of LS2 suggest a stronger hydrogen bonding [238, 262], hypothesized to be
linked to the movement of the Arg residue into the heme pocket.

Figure 5.11: W-band EPR spectrum of GLB-33GD (black) and simulation (red). A two
spin-system was used (LS1, gold) and (LS2, green), corresponding to the g-values reported in

Table 4.1. A Cu background signal (blue) is indicated by (*).

Proton hyperfine interactions

The previous assignments of the two LS forms in ferric GLB-33GD to hydroxo-ligated
heme forms was purely based on the comparison with principal g values of other alkaline
forms of heme proteins. Here, I used Davies ENDOR, a technique suited to detect
large nuclear frequencies [302], to detect the 1H coupling of the OH– -ligand. An earlier
ENDOR study on MbOH [303] revealed that A= [-11.3 -11.3 7.1] MHz, with the hyperfine
principal axis frame being 35◦ tilted away from the g-tensor frame (β = 35◦). The Davies-
ENDOR spectra of ferric GLB-33GD at pH 7.5 are shown in Fig. 5.12 (A). They are taken
at different magnetic-field values. At observed positions corresponding to the gy-values
of LS1 and LS2, a line splitting of ∼ 10 MHz is observed. The spectrum matches a
simulation with A= [-10.3 -10.3 7.1] ± 0.4 MHz, with β = 35◦ ± 10◦, confirming the
presence of hydroxide ligands.
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Figure 5.12: Panel A: Davies ENDOR spectra collected of a frozen solution of GLB-
33GD∆Cys at pH 7.5 at various magnetic fields corresponding to the principal g-values of
LS1 and LS2. The spectra (a-d) are collected at gz(LS1), gz(LS2), gy(LS2) and gy(LS1),
respectively. Panel B: The background-corrected Davies ENDOR spectrum of GLB-33GD
(black) collected at observer position gy(LS1) (B0 = 327.2 mT) and Easyspin simulation

(red) using a A-tensor = [-10.3 -10.3 7.1] MHz

Nitrogen hyperfine spectroscopy

To study the effects of the hydroxide ligand on the hyperfine couplings of the 14N nuclei
surrounding the unpaired electron (i.e. heme and F8His nitrogens), ESEEM spectroscopy
including 3- pulse ESEEM and 4- pulse ESEEM (HYSCORE) was employed. These tech-
niques have shown to be very useful to study heme systems [217]. Overall, HYSCORE
spectroscopy is advantageous compared to 3-pulse ESEEM spectra, as it provides a sec-
ondary frequency axis which disentangles the 3-pulse ESEEM spectra. Hence, I focus
here on the HYSCORE spectra, the 3-pulse ESEEM can be found in the appendix of this
chapter for comparison (Fig. B.2). The Fourier transformed time-domain signal results
in a frequency spectrum containing either sq- or dq frequencies from 14N nuclei (I =
1) surrounding the heme Fe. The dq frequencies correspond to the nuclear transitions
|∆mI | = 2 and the sq from |∆mI | = 1 (see also Fig. 3.14). These transitions allow us
to obtain information about the above-mentioned hyperfine and quadrupole couplings
associated with these nuclei, which characterizes the heme system.

All GLB-33GD∆Cys ESEEM spectra were collected at field positions corresponding
to the principal g-values of both LS1 and LS2 species. The presence of two low-spin
species, and the many N nuclei surrounding the heme, complicate the analyses and peak
assignment tremendously. Therefore, we interpret these spectra first by looking at the
canonical observer positions gz (LS1) and gx (LS1). These outer-field positions can be
considered as pure LS1-state spectra, as LS2 lies completely within the outer fields of
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LS1. At these positions, the resonance condition with the limited excitation bandwidth
of the microwave pulses, is not fulfilled for the LS2 form. All other positions contain
mixed information of the LS1 and LS2 states.

The experimental HYSCORE spectra collected at six different observer positions
corresponding to the canonical positions of LS1 and LS2 together with the corresponding
simulations using the parameters of Table 5.1 are given in Figs. 5.13 till 5.18.

[Ax Ay Az ]±0.2 [α β γ] ±30 [Q1 Q2 Q3 ] ±0.2 [α β γ] ±30
LS1

NHis -[5.7 5.6 6.1] [0 10 0] [0.12 0.63 -0.75] [0 10 0]
Npyr1 -[4.6 4.7 5.7] [0 0 0] [0.9 -0.75 -0.15] [0 10 0]
Npyr2 -[4.6 4.0 5.5] [0 0 90] [0.9 -0.75 -0.15] [0 10 90]

LS2
NHis -[5.4 5.7 6.3] [0 10 0] [0.4 0.5 -0.9] [0 10 0]
Npyr1 -[4.8 5.2 5.3] [0 0 0] [0.9 -0.85 -0.05] [0 10 0]
Npyr2 -[4.9 5.2 5.5] [0 0 90] [0.9 -0.85 -0.05] [0 10 90]

Table 5.1: Preliminary hyperfine values and nuclear-quadrupole parameters (MHz) used for
the simulation of the HYSCORE contributions of the F8His and heme pyrrole nitrogens of
ferric GLB-33GD at pH 7.5. The relative signs are determined using earlier considerations
[220]. Hyperfine and quadrupole values are given in MHz and Euler angles α, β and γ in

degree units (◦).

We first focus on the HYSCORE spectra taken at magnetic field positions corres-
ponding to gz(LS1) (Fig. 5.13) and gx(LS1) (Fig. 5.18). As indicated in Fig. 5.13 (top),
crosspeaks linking dq frequencies and sq frequencies are recognized. Here, one broad
crosspeak is observed, with a prominent maximum at (-7.23, 4.27) MHz and a more subtle
extension at (-7.59, 4.58) MHz. The first crosspeak can be ascribed to the dq-transition
frequencies of the four pyrrole Ns, and the second one potentially to the coupling with
the HisF8 N [183]. The dq frequencies of these crosspeaks can be linked to the hyperfine
coupling A at this observer position using.

νdqα,β = 2

√(
A

2 ± νI
)2

+ κ2 (3 + η2), (5.1)

which leads to

|A| =

(
νdqiα

)2
−
(
νdqiβ

)2

8νiI
. (5.2)

Using the value of A, κ2(3 + η2) can be derived with κ = e2qQ
4h . Since 0 ≤ η ≤ 1,

the possible values of κ can be deduced. This procedure can be iterated at the different
observer positions and limits the degrees of freedom for the simulation. At observer
positions where both LS1 and LS2 contribute to the EPR spectrum, the HYSCORE
spectra will contain contributions from both forms, complicating the analysis. Using the
EasySpin [212] simulation software package with a set of two equivalent heme nitrogens,
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for which one axis is rotated by 90 degrees, and a third His F8 nitrogen, we can obtain a
“fair" match between the experimental observations and the simulations (see Figs. 5.13-
5.18, and the simulation parameters in Table 5.1). The simulation (red) corresponds to
the spin system of LS1 and is shown for all field positions, whereas the system for LS2
(magenta) is only useful for the range that falls within the outer positions gx and gz of
LS2.

The hyperfine and nuclear quadrupole values are similar to those observed for other
LS heme forms [220] in which the F8His is not in an imidazolate, but in a neutral
imidazole form. In Appendix, Fig. B.3, the HYSCORE spectra of MbOH at very high
pH are shown. The CW-EPR spectrum resembles this of LS2 in GLB-33GD (Fig. B.1).
When considering the HYSCORE spectrum corresponding to g = gz (MbOH), two clear
dq crosspeaks are seen, while these were less differentiated at position gz(LS1) in ferric
GLB-33GD, indicating that there are substantial differences between the 14N hyperfine
data of both species. However, at present, insufficient data is available to translate this
into structural information. A follow-up study should involve DFT computations to link
EPR data to the heme-pocket geometry.

magnetic field (mT) dq peak dq calculated sq peak
positions (MHz) A (MHz) positions (MHz)

254.4 (gz LS1) (-7.59, 4.58) 5.85 (-3.52, 1.78)
(-7.23, 4.27) 5.43 (-3.24, 2.83)

270.0 (gz LS2) (-7.59, 4.44) 5.7 (-3.52, 1.98)
(-7.18, 4.06) 5.28 (-3.56, 2.83)

316.0 (gy LS2)
(-7.93, 4.27) 5.74 (-4.31, 1.05
(-7.34, 2.90) 4.99 (-3.32, 2.24

(-2.74, 2.34

327.5 (gy LS1)
(-7.87, 4.01) 5.69 (-3.83, 0.59)
(-7.23, 3.54) 4.92 (-3.04, 2.24)
(-6.33, 2.67) 4.09 (-2.52, 2.02)

379.3 (gx LS2) (-7.86, 3.40) 5.39 (-4.35, 1.56)
(-7.86, 3.43) 4.87 (-2.96, 0.81)

402.4 (gx LS1) (-8.24, 3.58) 5.56
(-7.32, 2.65) 4.69

Table 5.2: Double- and single quantum peak positions as observed in the HYSCORE spectra
of GLB-33GD∆Cys. The calculated hyperfine values can be used as starting values to optimize

the HYSCORE simulations.
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Figure 5.13: Panel top: experimental HYSCORE spectra of a frozen solution of GLB-
33GD∆Cys collected at the canonical positions gz of LS1 (254.4 mT). The spectrum was
collected at a temperature T = 6 K and is the sum of two τ -values (104 ns and 176 ns). Panel
bottom: shows the simulated (red) and experimental (black) spectrum using the three-N

simulation system for LS1, as reported in Table 5.1.
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Figure 5.14: Panel top: experimental HYSCORE spectra of a frozen solution of GLB-
33GD∆Cys collected at the canonical positions gz of LS2 (270.0 mT). The spectrum was
collected at a temperature T = 6 K and is the sum of two τ -values (104 ns and 176 ns). Panel
mid: the simulated (red) and experimental (black) spectrum using the three-N simulation
system for LS1. Panel bottom: the simulated (magenta) and experimental (black) spectrum
using the three-N simulation system for LS2. Details of the simulation systems are reported

in Table 5.1.
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Figure 5.15: Panel top: experimental HYSCORE spectra of a frozen solution of GLB-
33GD∆Cys collected at the canonical positions gy of LS2 (315.8 mT). The spectrum was
collected at a temperature T = 6 K and is the sum of two τ -values (104 ns and 176 ns). Panel
mid: the simulated (red) and experimental (black) spectrum using the three-N simulation
system for LS1. Panel bottom: the simulated (magenta) and experimental (black) spectrum
using the three-N simulation system for LS2. Details of the simulation systems are reported

in Table 5.1.
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Figure 5.16: Panel top: experimental HYSCORE spectra of a frozen solution of GLB-
33GD∆Cys collected at the canonical positions gy of LS1 (327.5 mT). The spectrum was
collected at a temperature T = 6 K and is the sum of two τ -values (104 ns and 176 ns). Panel
mid: the simulated (red) and experimental (black) spectrum using the three-N simulation
system for LS1. Panel bottom: the simulated (magenta) and experimental (black) spectrum
using the three-N simulation system for LS2. Details of the simulation systems are reported

in Table 5.1.
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Figure 5.17: Panel top: experimental HYSCORE spectra of a frozen solution of GLB-
33GD∆Cys collected at the canonical positions gx of LS2 (379.3 mT). The spectrum was
collected at a temperature T = 6 K and is the sum of two τ -values (104 ns and 176 ns). Panel
mid: the simulated (red) and experimental (black) spectrum using the three-N simulation
system for LS1. Panel bottom: the simulated (magenta) and experimental (black) spectrum
using the three-N simulation system for LS2. Details of the simulation systems are reported

in Table 5.1.
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Figure 5.18: Panel top: experimental HYSCORE spectra of a frozen solution of GLB-
33GD∆Cys collected at the canonical positions gx of LS1 (402.4 mT). The spectrum was
collected at a temperature T = 6 K and is the sum of two τ -values (104 ns and 176 ns). Panel
bottom: shows the simulated (red) and experimental (black) spectrum using the three-N

simulation system for LS1, as reported in Table 5.1.
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5.4.4 Nitrosylated ferrous GLB-33GD(∆Cys)
Temperature dependence of the CW-EPR spectra

The ferrous GLB-33GD reduces nitrite
to NO at a fast rate and therefore we ex-
amined the reaction product of NO rebind-
ing to the ferrous heme (GLB-33GD-NO)
as a function of temperature. In Chapter
4 (Fig. 4.7), we already showed the CW-
EPR spectrum of this form taken at 6 K.
Here, different CW-EPR spectra were col-
lected with a microwave power of 0.1 mW
to overcome distortions due to power sat-
uration. EasySpin simultations show that
the temperature-dependent EPR spectra of
GLB-33GD contain at least two forms be-
ing an axial (A) and a rhombic (R) one
(Figs. 4.7, 5.19). The large hyperfine split-
ting due to the strong coupling with the
14N nucleus of the NO molecule is visible
in the rhombic component of the EPR spec-
trum, especially below T= 60 K. Fig. 5.20
(B) shows the % of the R component as a
function of temperature, showing that with
increasing temperature, component A is en-
hanced but the 50 percent turning point
between R and A form is not even reached
at 190 K for GLB-33GD.

Figure 5.19: X-band CW-EPR spectra
(black) and simulation (red) of GLB-
33GD-NO in function of temperature
with P = 0.1 mW. The presence of a

radical is indicated (*).

The principal g-values shift as a function of temperature (Fig. 5.20 (A, C)), with the shift
in gx being the most pronounced. The variation in (gz − gx)/gy between 10 and 19 K
equals 0.0117, which is smaller than the reported difference for the E7-Gln and E7-Leu
mutants of Ngb [277]. The curve of (gz − gx)/gy in function of T has a plateau between
75 and 160 K, suggesting the presence of an intermediate state as observed for Mb-NO
[275, 276, 304]. Furthermore, the non-linear behavior of ln A

R in function of T (Fig. 5.20
(D)), corroborates that for GLB-33GD, a simple two state model is invalid.
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Figure 5.20: (A) the temperature dependence of the principal g-values of the A- and R-form
of GLB-33GDNO. (B) % of contribution of the R form to the EPR spectrum of GLB-33GDNO
as a function of temperature in comparison to the percentages reported for the NO-ligated
form of human neuroglobin (hNgb), and the E7-Leu and E7-Gln muttant as reported in [277].
(C) Values of (gz − gx)/gy as a function of temperature for GLB-33GDNO. (D) values of

ln
(

%A
%R

)
as function of 1

T
.

Indeed, in a thermodynamic two-state model (A ↔ R), the ratio %A
%R should follow

the following Boltzman distribution

%A
%R ∝

exp
(
−∆GA
RT

)
exp
(
−∆GR
RT

) = exp
(
−∆G
RT

)
, (5.3)

with ∆GA and ∆GR the Gibbs free energy of A and R and ∆G = ∆GA − ∆GR.
Although the appearance of the signatures of A and R forms in the EPR spectra of

nitrosylated GLB-33GD is in agreement with what has been reported before for other
gbs [276, 304, 277, 275], some clear differences can be found. For GLB-33GDNO, the
contribution of component R to the EPR spectrum remains dominant up to at least
190 K (highest measuring point). In contrast, %A

%R = 1 is reached at ∼ 50 K, while it
appears ∼ 150 K for its E7-Gln and E7-Leu mutants (Fig. 5.20 (B) [277]). This crossing
point is reached at T = 117 K and 123 K for human Hb and hhMb, respectively [277].
More strikingly, the CW-EPR spectrum of AlMbNO has only a contribution of an R
form [305] even at T up to 265 K. This clearly shows that the transition between the two
forms is strongly influenced by the nature of the distal AA residues. Human neuroglobin
has a His residue on position E7 that is bound to the heme iron in both the ferrous and
ferric forms of the protein, unlike the situation in mammalian Mb and Hb, where the
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E7His is ideally positioned to stabilize a distal O2 or NO ligand. The R-form has been
associated with a conformation in which the NO ligand is stabilized by H-bonding to the
E7 His (in general a distal AA residue) [306]. In hNgb, the E7 His stabilization is less
favored at higher temperatures.

Surprisingly, when E7His in hNgb is replaced by a non-coordinating AA (E7-Leu),
the R-form dominates up till 160 K. In that respect, it is interesting to note that hNgb
has a Lys at position E10 (Fig. 5.1), which may play an important role in stabilizing
the ligand. Indeed, it has been previously shown that the E7Gln and E7Val mutants
of neuroglobin show ligation of E10 Lys to the heme iron at high pH [307, 308]. This
indicates that the E10 AA residue in hNgb can swing into the heme pocket. Similarly,
the E7Val of AlMb cannot stabilize the NO ligand, yet the R-form is found to be the only
component present in the EPR spectra of AlMbNO. The distal ligand is then stabilized
by E10Arg (See also Chapter 4). The fact that the point at which %A

%R = 1 has not
been reached at T = 190 K for GLB-33GDNO is in light of the findings for AlMbNO
further supporting the conclusions from Chapter 4 that E10Arg is playing a crucial role
in distal-ligand stabilization. The interaction is, however, different than in AlMb, since in
GLB-33GDNO the A-form is also detected. The origin of this form remains elusive, but
has been suggested to be linked to a conformation in which the NO is more freely rotating
around the Fe-N axis and thus less stabilized by the distal AA residues. Similarly, only
one hydroxo-ligated ferric LS form has been observed at alkaline pH for AlMb [263],
while two were observed for GLB-33GD.

X-ray diffraction of the nitrosylated forms of different ferrous swMb mutants has
revealed that both the N and O atoms of the NO ligand can be involved in hydrogen
bonding [266]. In wild-type swMbNO, the N(NO) is hydrogen-bonded to Nε(His). In the
related E7Gln mutant, O(NO) is stabilized by a hydrogen bond to N(Gln). Furthermore,
in the E7Ala mutant, the absence of an amino acid residue capable of hydrogen bonding,
and the distal void created by the small Ala, lead to a water-rich distal side with H2O
hydrogen bonding to the O(NO).

Nitrogen hyperfine spectroscopy

Three-pulse and HYSCORE spectra were collected on a frozen solution of GLB-33GD-
NO to gain more insight in the hyperfine and nuclear quadrupole couplings with the
surrounding 14N nuclei not resolved in CW EPR. Three clearly distinguishable crosspeaks
of ν0, ν− and ν+ ≈ ν0 + ν− in the low-frequency region < 3 MHz, and a double quantum
peak νdq, are detected (Figs. 5.21, 5.22). This, together with the high intensity and
narrow linewidth of the peaks at low frequency points out that the cancellation regime
νI ≈ |A|/2 is valid, for which the nuclear frequencies in one of the MS manifolds can be
described as ν0 = 2κη, ν− = κ(3− η) and ν+ = κ(3 + η), with the quadrupole coupling
constant κ and the asymmetry parameter η. The collected HYSCORE spectra , shown
as the sum of two τ -values, indeed clearly show the three correlation peaks in both (+,
+) and (+, -) quadrants. The hyperfine and quadrupole parameters (Table 5.3) were
obtained by simulations using the EasySpin package [212] assuming an S= 1/2 system
with two nitrogen atoms N1 and N2.
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Figure 5.21: Experimental (color) and simulated (red) HYSCORE spectrum of a frozen
solution of GLB-33GD-NO collected at field position B0 = 345.8 mT at a temperature T =
20 K. The experimental and simulated spectra are the sum of two τ values (96 ns and 120

ns).

Figure 5.22: Experimental (black) and simulated (red) three-pulse ESEEM spectra of GLB-
33GD-NO at a magnetic field B0= 345.1 mT and a temperature T =18 K. The spectrum is

the sum of 20 τ -values (96 ns to 400 ns).

Hyperfine values Quadrupole parameters
A1 (± 0.2) A2 (± 0.2) A3 (± 0.05) Q1 (± 0.1) Q2 (±0.1) Q3 (±0.1)

14N1 2.95 1.80 1.90 -0.25 0.90 -0.65
14N2 1.64 2.85 1.90 0.85 -0.20 -0.65

Table 5.3: Hyperfine and quadrupole parameters in MHz of the pyrrole nitrogens obtained
by the simulation of the HYSCORE spectra of GLB-33GD-NO.

The 14N ESEEM data on nitrosylated heme proteins are scarce. Tyryshkin et al. in-
vestigated the NO-ligated forms of the α- and β-chains of Hb and NO-ligated Mb with 3-
pulse ESEEM and HYSCORE [294]. 14N hyperfine values in the range of 1.57 - 2.92 MHz,
with quadrupole couplings similar to the ones observed here, were assigned in this work
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to the interaction of the unpaired electron with the pyrrole nitrogens of the heme. The
authors also found extra signals in the ESEEM of βHbNO that they tentatively assigned
to the Nε of E7His stabilizing NO. Here, no comparable interaction with the Arg N-nuclei
was detected, but the strong modulations of the interactions with the pyrrole nitrogens
induced by the cancellation condition may hamper the detection of nuclei with hyperfine
values that do not fulfill this condition.

5.5 Conclusion
GLB-33GD, the globin domain of GLB-33 in Caenorhabditis elegans has extraordinary
features such as its hydrophobic heme pocket with key AAs E7Ile and E10Arg, and
a high NiR activity. The role of these residues were investigated in the light of their
potential role in ligand stabilization and NiR. First, high-purity protein samples of GLB-
33GD(∆Cys) were prepared for crystallization trials. The purity was assessed and UV-vis
spectra showed some differences between GLB-33GD and the ∆Cys variant, indicating
potential co-existence of different forms.

Next, GLB-33GD mutants were constructed and purified, including I69H/F111S,
R72V/F111S, and I69H/R72V/F111S. The point mutations of E7 and E10 amino acid
residues were made intentionally, but the unintended additional point mutation F111S
was discovered later on. The UV-vis Abs spectra of the mutants may indicate the pres-
ence of biliverdin (BV) and also suggested that they may have a LS/6c ferric heme.
In particular, the R72V/F111S mutant lacks absorption bands indicative of hydroxo-
ligated ferric heme, confirming the importance of E10Arg in stabilizing this ligation.
The I69H/F111S mutant was further investigated with CW-EPR suggesting that the
distal E7 His coordinates to the heme iron, with a small fraction being in the HS form.
Addition of nitrite or dithionite to the ferric form of I69H/F111S GLB-33GD does not
lead to full conversion to nitrosylated ferrous heme, indicating reduced NiR activity com-
pared to GLB-33GD. Overall, the mutagenesis studies reveal the crucial role of the key
amino acids IleE7 and ArgE10, but further research is needed in which the unintended
F111S mutation is deleted and studied separately.

In a second part of this chapter, high-field EPR spectroscopy confirmed the existence
of the earlier observed LS1 and LS2 form in ferric GLB-33GD(∆Cys). Proton hyper-
fine spectroscopy was used to study the ferric form of GLB-33GD(∆Cys) at neutral pH.
Davies ENDOR was used to detect the 1H coupling of the hydroxide ligand, revealing
a line splitting of approximately 10 MHz and confirms the presence of a hydroxide lig-
and with the hyperfine principal axis frame being tilted away from the g-tensor frame.
Nitrogen hyperfine spectroscopy, specifically HYSCORE, was then employed to study
the effects of hydroxide ligand on the hyperfine couplings of the 14N nuclei in the heme
pocket. Experimental HYSCORE spectra were collected at different observer positions
corresponding to the canonical positions of LS1 and LS2, and simulations were performed
using preliminary hyperfine values and nuclear-quadrupole parameters. The analysis of
the spectra revealed crosspeaks linking dq and sq frequencies, which were attributed to
the couplings of pyrrole Ns and HisF8 N. However, the presence of two overlapping LS
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forms complicated the analysis significantly. Therefore, our data should be complemen-
ted with further DFT calculations on the heme pocket, which requires high-resolution
structural information. First trials in to acquire that via X-ray crystallography were
unsuccessful within the timeframe of my research.

At last, the temperature dependency on the CW-EPR spectra of nitrosylyted GLB-
33GD earlier shown in Chapter 4 was investigated. With the aid of simulations, it was
shown that the percentage of the R component in the spectrum decreased with increasing
temperature, but even at the highest measured temperature of 190 K, remained dominant.
The principal g-values of the A and R forms shifted as a function of temperature, with
the most pronounced shift observed in gx. The behaviour of the EPR spectra was found
to deviate from a simple two-state model. We compared our findings and highlighted the
differences with studies on other nitrosylated globins, especially hNgbNO mutants and
AlMbNO. The origin of the A-form in GLB-33GDNO remains elusive, but is possibly
linked to a more freely rotating NO ligand.
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Chapter 6

Interaction of Nitrite with
Ferric Protoglobin from
Methanosarcina acetivorans

Part of this chapter was published in [309]:
R. Sgammato*, N. Van Brempt*, Roy Aerts, S. Van Doorslaer, S. Dewilde, W. Herre-
bout, C. Johannessen, “Interaction of Nitrite with Ferric Protoglobin from Methanosar-
cina acetivorans – An Interesting Model for Spectroscopic Studies of the heme-Ligand
Interaction.”
*are joint first authors.

Own contribution:
UV-vis absorption and CW-EPR of MaPgb-ligand complexes and spin-trapping experi-
ments. Data visualization and writing original draft.



112 Chapter 6. Protoglobin

6.1 Abstract
Pgb fromMa is a dimeric globin belonging to the same lineage of the globin superfamily as
globin-coupled sensors. A putative role in the scavenging of reactive nitrogen and oxygen
species has been suggested as a possible adaptation mechanism of the host organism
to different gaseous environments in the course of evolution. A combination of optical
absorption, ECD, rRaman, and EPR reveal the unusual in vitro reaction of ferric MaPgb
with nitrite. In contrast to other globins, a large excess of nitrite did not induce the
formation of a nitriglobin form in MaPgb. Surprisingly, the addition of nitrite in mildly
acidic pH led to the formation of a stable nitric-oxide ligated ferric form of the protein
(MaPgb-NO). Furthermore, the 300-700 nm ECD spectrum of ferric MaPgb is reported
and discussed for the first time, showing strong differences in the Soret and Q ellipticity
compared to ferric Mb, in line with the unusually strongly ruffled heme group of MaPgb
and the related quantum-mechanical admixture of the S = 5/2 and S = 3/2 state of
its ferric form. The Soret and Q ellipticity change strongly upon formation of MaPgb-
NO, revealing a significant effect of the nitric-oxide ligation on the heme group and
pocket. The related changes in the asymmetric pyrrole half-ring stretching vibration
modes observed in the rRaman spectra give experimental support to earlier theoretical
models, in which an important role of the in-plane breathing modes of the heme was
predicted for the stabilization of the binding of diatomic gases to MaPgb.

6.2 Introduction
Pgbs, reviewed in Chapter 2, belong to the same lineage of the globin superfamily as GCSs
and chimeric gene regulators comprising an N-terminal globin domain [310, 168, 169, 163].
The key-characteristics of MaPgb are the following: it has an expanded version of the
3/3 α-helical fold, consisting of nine α-helices Z, A, B, C, E, F, G, H, and a 20 AA long
N-terminal extension almost completely burying the heme cofactor within the protein
matrix (see Fig. 6.1). A system of two orthogonal apolar tunnels leads the exogenous
ligands to the heme cavity. The heme of MaPgb is highly distorted, with the main
out- and in-plane contributions to the heme distortion being the ruffling and breathing
mode, respectively [172, 169]. It has been hypothesized that the combination of the
above-mentioned modes has a sizable effect on the ligand binding [169, 170]. B9Trp and
B10Tyr are H-bond donors in ligand stabilization and MaPgb has a distal E7Val, which
is an unusual amino acid at that position compared to many other known globins that
have a histidine on the 7th position of helix E (E7His). This residue is important during
the ligand sensing, as it may trigger conformational changes at the heme pocket upon
ligand binding. MaPgb therefore may exhibit a mechanism of ligand sensing based on
the distal site adaptability [163, 176, 311, 174]. MaPgb is known to exist in a dimeric
form in solution and in crystal form with the two subunits interacting mainly through
the G- and H-helices [169, 176].
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Figure 6.1: The figure shows one of the monomeric units of the dimer. The heme group
has been shown in colour. The side chains constituting the heme pocket have been drawn in
light blue. The corresponding letter labels have been added to the helices. The figures were
created with the UCSF Chimera X program. For detailed visualization of the heme region,

see Figure C.15 (ESI).

To date, the physiological role of MaPgb remains still unrevealed, with involvements
in O2 detoxification or CO sensor/supplier in methanogenesis being the most likely.
Potentially, MaPgb can take up multiple functional roles: research carried out by Ascenzi
et al. have underlined the possible involvement of MaPgb into the putative detoxification
of RNS [164, 178].

Among the exogenous ligands of the heme moiety of human globins, nitrite has been
attracting the attention of the pharmaceutical field in view of its ubiquitous involvement
in many cellular, physiological and pathological processes [50]. Moreover, the nitrite
anion is considered a viable source of NO and a precursor of RNS (see Chapter 1). During
physiological and pathological hypoxia nitrite can be rapidly transformed into nitroso,
nitrosyl heme species and NO, and it is therefore referred to as “hypoxic buffer”, as it
has the ability to generate RNS in an O2-independent manner [240]. The transformation
of nitrite into NO and other RNS, is widely known to involve either non-enzymatic
pathways such as acidic reduction, but also xanthine oxidoreductase, Hb, Mb, Cgb and
cytochrome c [312, 313]. The pH-dependent nitrite reductase activity of these proteins
has important implications in the cellular homeostasis and nitrogen metabolism, since
RNS are involved in, amongst others, the vasodilatation in vertebrates, cellular signalling
and neurotransmission. Nitrite, nitrate, NO and NO2 have also been shown to have an
inhibitory effect on the methanogenesis of methanogenic bacteria [314]. Bacterial nitrite
reductases, such as heme-containing enzymes, are known to play a role in the adaptation
of bacteria to O2 [241].

In line with the growing scientific interest in the nitrite metabolism of globins in
general and with the recently hypothesized role of MaPgb as an RNS scavenger, this
chapter focuses on the interaction of nitrite with ferric MaPgb in an acidic environment.
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ECD and rRaman spectroscopies were used for the conformational analysis of MaPgb
in aqueous solution in the absence and presence of nitrite. The data were complemen-
ted with an electron paramagnetic resonance (EPR) study. As shown in chapter 4, the
combined use of ECD and rRaman spectroscopies represents a powerful tool for the in-
vestigation of heme-containing proteins, as these techniques display a selective sensitivity
towards the heme moiety in its native protein environment (rRaman), and towards the
optical activity of the heme chromophore (Visible ECD). The 532 nm laser excitation
wavelength is in resonance with the Q electronic transitions of the heme group, enabling
the selective targeting of the chromophore, as the protein backbone contributions are
excluded from the rRaman spectrum. In the 260-700 nm spectral region of the visible
Abs/ECD spectra the π− π∗ transitions of Fe(III) protoporphyrin IX (heme group) can
be observed together with the charge transfer bands from the porphyrin to the iron. As
a result, the combined ECD/rRaman approach provides an insight in the conformational
change occurring upon binding of exogenous ligands to the heme protein in solution
phase. To my knowledge, the visible ECD was used for the first time for the investig-
ation of the ligand binding of ferric MaPgb. In turn, EPR has been shown to be an
important analytical tool in globin research [96]. EPR allows monitoring the binding
of nitrite to ferric MaPgb as well as monitoring the formation of NO from nitrite via
spin trapping. Altogether, this combined spectroscopic approach provides insights in the
interaction of nitrite with ferric MaPgb at both neutral and acidic pH, revealing large
differences compared to other globins.

6.3 Material and methods
6.3.1 Over-expression and purification
The cDNA of full-length wild type (WT) MaPgb was cloned in a pET23a vector. The
protein was then expressed in E. coli cells Bl21(DE3) pLysS and collected, as described
previously in Chapter 2. For the first time the C-terminal His6-tagged MaPgb (see ap-
pendix for sequence) was purified via affinity chromatography using 350 mM imidazole
followed by dialysis to eliminate remaining imidazole from MaPgb against TrizmaR© hy-
drochloride buffer at pH 8.5 with 100 mM NaCl, at 4 ◦C. Without His-tag cleavage,
MaPgb was further purified via size exclusion chromatography, using a Superdex200

(10/300GL) column. The sample was finally checked for correct folding and purity via
absorbance and ECD spectroscopy. MaPgb was stored at 4 ◦C in TrizmaR© hydrochloride
buffer at pH 7.5 with 100 mM NaCl. When needed, the buffer was exchanged towards
one at desired pH via Micro Bio-SpinR© Chromatography columns P-6 (BioRad, Hercules,
California, USA). The molecular weight of monomeric MaPgb (without His-tag) is 23.12
kDa. The corresponding calculated isoelectric point is low (pI = 5.07) [315]. Equine
skeletal muscles Mb was purchased from Merck KGaA (Darmstadt, Germany).
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6.3.2 Absorption and Electronic Circular Dichroism
The ECD setup, as described in Chapter 3, is used. The final spectra were subtracted
by the spectra of the buffer used for the respective measurement for solvent correction
(TrizmaR©) hydrochloride buffer for pH 7.5, or sodium acetate buffer for pH 5, in presence
of 100 mM NaCl). The heme concentration of ferric MaPgb was estimated using the ab-
sorption at the Soret peak, and the extinction coefficient value of ferric MaPgb at pH
7 (ε(399 nm) = 138 000 M−1 cm−1) [164]. Measurements were performed in the spectral
ranges 260-800 nm or 195-260 nm, respectively (3 sec /nm, 1 nm bandwidth). The kinet-
ics data and NONOate-trapping data were recorded on a Varian Cary 5E UV-Vis-NIR
spectrometer combined with 10 mm quartz cells (Hellma Analytics).

6.3.3 Resonance Raman spectroscopy
The rRaman setup, as described in Chapter 3, is used. 60 µL sample was centrifuged at
14 000 rpm for 5 min, at 4 ◦C prior each measurement, and then loaded into 3×4×10 mm
quartz cuvette (Starna Scientific Ltd, Ilford, London, UK). The laser power was set
to 0.3 W at the source, and the samples were illuminated in stretches of 2 seconds in
order to prevent them from heating up. The total acquisition time varied depending on
the sample stability. Raman spectra of the sample were subtracted by the respective
solvent and subsequently baseline corrected according to the Eilers-Boelens procedure
[316]. Matlab and Origin software were used for data processing and analysis. 0.057 mM
Fe(III) MaPgb (1.4 mg ml−1) was measured in free form at different pH values and in
the presence of NaNO2. For experiments with the isotopically labelled ligand Na15NO2
was purchased from Merck KGaA (Darmstadt, Germany), as was NaNO2.

6.3.4 Electron Paramagnetic Resonance
All EPR simulations were done with the Easyspin Matlab toolbox [212].

Low temperature CW EPR

The EPR setup, as described in Chapter 3, is used. The X-band continuous-wave
(CW) Electron Paramagnetic Resonance (EPR) experiments were recorded on a Bruker
ESP300E spectrometer at T = 10 K with a microwave power of Pmw= 1.59 mW, a mod-
ulation amplitude of 0.5 mT and a modulation frequency of 100 kHz unless explicitly
stated otherwise. 20-25 % (v/v) glycerol was added to all EPR samples recorded at low
temperature to assure a homogeneous glass formation during flash freezing with liquid
N2. 100 µL was transferred to an EPR tube which was then repeatedly freeze-pump-thaw
cycled to remove O2 prior to the measurement. Over-expressed MaPgb was thawed and
spun down to remove the denatured fraction and the brilliant red supernatant was di-
luted or concentrated using Millipore Microcon centrifugal filter units. The buffer was
exchanged towards the one at desired pH via Micro Bio-SpinR© Chromatography columns
P-6 (BioRad, Hercules, California, USA). A protein concentration of 0.5 to 1 mM was
used. NaNO2 was added with molar ratios described in the figure captions or legend.
Other protein-ligand complexes were prepared in the protein buffer at pH 7.5 using the
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following molar ratios: a 400x molar excess [MaPgb]:[NO2 – ] complex, a 5x molar excess
[MaPgb]:[imidazole] complex, a 100x molar excess [MaPgb]:[nicotineamide] complex and
a 100x molar excess [MaPgb]:[azide] complex.

Spin-trap experiments

The X-band CW EPR experiments with
2-(4-trimethylammonio)phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide (TMA-PTIO)
were recorded on a Bruker Elexsys E580 EPR spectrometer (using a cylindrical cavity) at
room temperature with a microwave power of 1.5 mW, a modulation amplitude of 0.1 mT
and a modulation frequency of 100 kHz. Samples consisting of [NO2 – ]:[MaPgb]:[TMA-
PTIO] with a 400:1:25 and a 100:1:25 molar ratio were prepared with 10 µM MaPgb in
0.1 N sodium acetate buffer pH 5. Negative controls were prepared without MaPgb and
TMA-PTIO. Immediately after preparation, the time was recorded. The EPR samples
were made by transferring the solutions to glass capillaries using a Hamilton syringe.
The capillaries were quickly spun down, sealed with a gas burner and transferred to an
EPR tube prior the measurement.

6.4 Results
6.4.1 Spectroscopic characterization of ferric MaPgb
Optical and vibrational spectroscopy

The UV-vis spectra of as purified Fe(III) MaPgb show the characteristic Soret band at
399 nm, and a Q-band at 506 nm with a small shoulder at 547 nm, and a charge transfer
(CT) band at 640 nm associated with a CT transition from the porphyrin to iron [317,
161], which is in good agreement with the ferric MetMaPgb observed earlier [161] (Fig. 6.2
(A) and Tab. 6.1). Although these features were previously assigned to a high-spin (HS,
S = 5

2 ) ferric heme state [160, 161], this assignment is not fully correct. The Soret peak
is considerably broader and blue-shifted and the CT band is red-shifted compared to
what is normally associated with these HS ferric heme proteins, as can be seen from the
comparison with the absorption spectrum of aquomet Mb (Fig. C.1). The bands are
indicative of a quantum-mechanically mixed-spin heme species with pentacoordination
of the heme iron (5c/QS) [318, 199, 319]. This state is an admixture of an intermediate
(S = 3

2 ) and high (S = 5
2 ) spin state [199].
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Figure 6.2: Ferric MaPgb (0.057 mM heme concentration) in TrizmaR© hydrochloride buffer
(pH 7.5) or in sodium acetate buffer (pH 5). In Panel A: absorption (top) and ECD (bottom)
spectra are presented. In Panel B the rRaman spectra of the corresponding samples are
shown. rRaman spectra were normalized by the oxidation marker band ν4 (1376 cm−1).

Absorbance [nm]

Soret Qβ Qα CT Assignment

MaPgb(III) 399 506 547 638 5c/QS
MaPgb(III)-NO 425 538 570 none 6c/LS

wavenumber [cm−1]

ν4 ν3 ν2 ν10 Assignment

MaPgb(III) 1376 1460 1573 1631 5c/HS-QS
MaPgb(III)-NO 1376 1460/1506 1580 1631 6c/LS

Table 6.1: Main Abs and rRaman bands of various MaPgb complexes.

The rRaman marker bands ν10 at 1631 cm−1, ν2 at 1573 cm−1 and ν4 at 1376 cm−1

(oxidation state marker) are in line with a 5c/QS heme state, although the shifts are
also in the range of what is known for HS heme states (Fig. 6.2 (B), Tables 6.1 and C.1)
[320, 321, 318]. Neither absorption/ECD nor rRaman spectroscopy highlighted major
differences between the spectra of ferric MaPgb at the investigated pH values (Fig. 6.2),
suggesting that the overall secondary structure of the protein was retained and that
no heme loss occurred (Fig. C.2). Ferric MaPgb exhibited a very unusual ECD with
respect to other globins, with a small Soret ellipticity close to zero at 414 nm, much
less pronounced in comparison to the one of ferric Mb (Fig. C.1). The Soret ECD was
characterized by a slightly asymmetric, negatively biased ellipticity having a minimum
at 397 nm and a maximum at 414 nm, and also showed an additional minimum at 435 nm
(Fig. 6.2 (A)).
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The absorbance spectral region 250-350 nm is governed by overlapping bands arising
from porphyrin ring π − π∗ and aromatic side chain excitations. The porphyrin π −
π∗ bands are referred to as the L (250-300 nm) and N (300-350 nm) transitions [322].
Ferric MaPgb exhibits one prominent absorbance band centred at 280 nm, with a small
shoulder at 291 nm, which is much larger than the corresponding signal for ferric Mb
(Fig. C.1). This large difference can partially be explained considering the different
aromatic composition of the globins. MaPgb comprises a number of aromatic amino-
acid residues (17 Tyr, 5 Trp, 9 Phe) that is three times higher than the one of ferric
equine skeletal muscle Mb (2 Tyr, 2 Trp, 7 Phe), resulting in higher absorption of the
protein in the near-UV range. However, based on the amount of aromatic amino-acid
residues the ratio of the absorbance at 399 nm versus 280 nm is expected to be higher
than observed here for MaPgb. While a high absorbance at 280 nm may point to the
presence of a significant amount of other proteins, this is excluded by SDS page and gel
chromatography (not shown). More likely, a mixture of the apo and holoform of MaPgb
is present. Upon lowering of the pH a small increase in the absorbance at 280 nm relative
to the Soret peak is observed (Fig. 6.2 (A)), indicating that some further heme loss is
induced by the pH change.

The ECD spectrum of ferric MaPgb substantially differs from that of ferric Mb in
the region 260-350 nm. Instead of the ECD band having maxima at 274 nm and 290 nm,
two minima were observed at the same wavelength in the spectrum of ferric MaPgb.

6.4.2 Reaction of nitrite with ferric MaPgb
Optical and vibrational spectroscopy

Different studies have shown that for many ferric globins, among which aquomet Mb,
addition of excess nitrite at (mildly) acidic pH results in the greening of the protein,
because of the formation of a nitrovinyl group on the heme pigment [323, 98, 99]. Here,
ferric MaPgb was treated with a molar excess of nitrite at pH 5 (Fig. 6.3, Supplementary
Table C.2). Upon addition of nitrite, a clear change in the absorption spectrum is
observed at acidic pH (Fig. 6.3 (A)). During sample preparation, the samples incubated
with the highest concentration of nitrite showed an immediate change in colour from
red-brownish towards brilliant red, in line with a red shift of the Soret band of 26 nm.
No visual greening of the heme pigment was observed. Upon addition of an increasing
concentration of nitrite the Soret maximum shifts from 399 nm to 425 nm (Fig. 6.3, Panel
A), with an isosbestic point at 405 nm. Furthermore, a clear splitting of the Q-bands was
observed, with Qβ and Qα bands detected at 538 nm and 570 nm, respectively, indicative
of a full transition to a hexacoordinate low-spin (6c/LS) complex (see Fig. 6.3). Moreover,
the decrease in the CT band of the QS form of MaPgb corroborates the transition to
the LS form [317]. All the samples incubated with nitrite exhibited an additional broad
absorption signal with maximum absorption at 366 nm, arising from free NO2 – [324, 265].
None of the complexes exhibited the CT band, indicating that the LS form must be
predominant in the sample mixture [317].
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Figure 6.3: In Panel A: Abs (top) and ECD (bottom) spectra of ferric MaPgb (0.057 mM
heme content) and its complexes with nitrite in sodium acetate buffer at pH 5. Ferric MaPgb
(0.056 mM) was incubated with 50, 100, 200, 300 and 400 molar ratio excess nitrite, respect-
ively. (For the far-UV spectra see Fig. C.5). In Panel B: the respective rRaman spectra are
reported. The raw rRaman data showed a fluctuation of the baseline when comparing spectra
of ferric MaPgb incubated with different amount of NO2 – , probably due to difference in the
fluorescence background (not shown). Hence, they were normalized by the oxidation-state

marker band ν4.

The conversion from a quantum-mechanically mixed state (QS) to LS ferric form
of MaPgb at pH 5 was confirmed by the appearance of the rRaman marker band ν3
at 1504 cm−1 and the oxidation state marker band ν4 at 1376 cm−1, typical for Fe(III)-
6C/LS heme [325, 265](Fig. 6.3 (B))). The rRaman spectral pattern in the high-frequency
region of ferric MaPgb treated with nitrite at acidic pH highly resembled the one of
NO-NP1 [326, 327]. This strongly suggested the presence of nitric oxide as the sixth
axial coordination ligand of the heme iron. The vibrational modes located in the low-
wavenumber range (700-200 cm−1) are characterised by lower Raman intensities than in
the higher wavenumber range (Supplementary Fig. C.3) [328, 329, 330]. The rRaman
bands located at 1168 cm−1 and 1127 cm−1 referred to as ν30 and ν14, respectively, were
assigned to asymmetric pyrrole half-ring stretching vibration, and their relative ratio
seems to change in a ligand dependent manner. A change in the relative ratio between
the rRaman intensities of ν30 and ν14 in favour of ν30 (Fig. 6.3 (B)) was observed after
treatment of the globin with the nitrite [331]. A similar behaviour was also exhibited by
the marker bands ν2 and ν11 (1573 and 1552 cm−1, respectively) in the high frequency
spectral region, in favour of ν11 (Table C.1). The band at 1049 cm−1 might be due to
NO3 – present in solution [332], although this assignment needs to be taken with caution,
since the laser excitation frequency is not in resonance with nitrite.

The absorption spectrum of ferric MaPgb treated with the highest concentration of
nitrite, resembles the one of ferric MaPgb treated with spermine NONOate (diethylam-
monium (Z)-1-(N,N-diethylamino) diazen-1-ium-1,2–40 diolate) (Soret band at 425 nm
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and Q bands at 570 and 538 nm), as can be seen in Fig. C.4. This supports that the
spectral changes observed upon addition of nitrite to ferric MaPgb at acidic pH can be
ascribed to formation of an Fe(III)-NO ligated state, instead of the nitrite-ligated ferric
form.

This is further supported by low-temperature EPR spectroscopy (Fig. C.4): the addi-
tion of sodium nitrite to ferric MaPgb leads to a disappearance of the ECD signal of the
ferric form, in line with the formation of the diamagnetic Fe(III)-NO species. Moreover,
ECD does not show the presence of a ferrous nitrosylated species, indicating that no
reductive nitrosylation takes place.

In the ECD spectra, the most notable changes upon addition of nitrite were observed
in the 350-700 nm spectral region, where the sample exhibited almost exclusively neg-
ative ellipticity (Fig. 6.3). The Soret ECD band underwent a clear NO2 – -dependent
modification with reduction in the negativity of the band at 399 nm together with its
red shift; at the same time, the negative ECD band at 430 nm became dominant when
the concentration of NaNO2 was increased. In addition, a second negative ECD band
at 569 nm became more pronounced having a minimum at 569 nm in correspondence
of the Qα absorption band (Fig. 6.3, Panel A). In the near-UV region, the absorption
bands between 260-300 nm remained quite unperturbed, but the ECD band at 273 nm
exhibited increased ellipticity. A major difference between the treated and untreated
sample was observed in the range 300-375 nm, where a sign flip of the broad positive
so-called “N” dichroic band (centred at 330 nm) occurred upon incubation with NaNO2
[333]. For the protein incubated with the highest concentration of ligand, two distinct
minima can be identified at 333 and 366 nm, together with a positive signal at 388 nm.
Finally, the ECD spectra in the far UV (190-250 nm) prove that the addition of nitrite
did not impact the overall folding of the protein (Appendix, Fig. C.5). Interestingly,
nitrite addition to ferric Mb led to different absorption and ECD spectra than in the
case of MaPgb (Fig. 6.4) [323]. A strong decrease and minor red shift of the Soret band
to 411 nm was observed when the highest concentration of NaNO2 was added to ferric
Mb. Similarly, a strong decrease of the positive ellipticity is observed at 407 nm in the
ECD spectra. Additionally, the Qα and CT absorption bands were shifted to 566 nm and
615 nm, respectively [323].
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Figure 6.4: Abs (top) and ECD (bottom) spectra of 0.057 mM Mb and its complexes with
nitrite in sodium acetate buffer at pH 5 were recorded in the range 260–700 nm. 0.057 mM

Mb was incubated with 50, 150, and 500 molar ratio excess nitrite, respectively.

EPR spectroscopy

LS nitrite-bound heme proteins usually exhibit a large g-anisotropy with gz-values around
3.0, but no such a contribution is detected in our case, neither at pH 5 nor pH 7.5
showing that nitrite does not coordinate the heme iron (Fig. C.4). Instead, an unknown
gz contribution with g = 2.70 is seen at pH 5 but due to low signal-to-noise ratio, a
valuable simulation to extract the complete g-tensor is not possible. No signal of ferrous
nitrosylated MaPgb is observed, confirming that NO binding to the ferric form is not
succeeded by a further reductive nitrosylation step as is observed at pH 7 and higher
[178].

6.4.3 NO binding to MaPgb
Since the formation of an Fe(III)-NO species upon addition of nitrite to a ferric heme pro-
tein may point to nitrite dismutase activity of the protein [327], additional experiments
were performed. As pH increased, a lower amount of Fe(III)-NO species was observed,
indicating the crucial role of the acidic condition (Fig. C.6). Furthermore, the conversion
occurred both in aerobic and in anaerobic conditions (Fig. C.6). When a 400-fold ex-
cess of sodium nitrite was added to ferric MaPgb, an almost full conversion to the ferric
MaPgb-NO form is observed as evidenced by a gradual Soret shift to 425 nm, together
with the appearance of Q-bands at 538 and 572 nm (Fig. 6.5 (A)).
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Figure 6.5: (A, B) Optical absorption spectra collected over time of MaPgb (10 µM heme
concentration) reacted with 4 mM sodium nitrite in a sodium acetate buffer at pH 5 in absence
(A) or presence (B) of 25 µM TMA-PTIO at 20 ◦C. The black trace shows the absorption
spectrum before addition of nitrite, the red and magenta trace show the absorption spectra
at the end of the time trace. (C) Optical absorption spectra collected over time of MaPgb
(10 µM heme concentration) reacted with 1 mM sodium nitrite in a sodium acetate buffer at
pH 5. (D) Time traces showing the percentage of the MaPgbFe(III)-NO complex in time,
derived from the absorbance at 425 nm (Soret maximum of the Fe(III)-NO complex). The
traces correspond to the 3 cases shown in (A-C): (A) = red curve; (B) = magenta curve and
(C) = blue curve. Solid lines show the simulation assuming a bi-exponential time dependence.

The time-dependent formation (%) of ferric MaPgb-NO can be derived from tracing
the absorbance at 425 nm over time (Fig. 6.5 (D), red curve). The curve can be satisfact-
orily fitted by a bi-exponential time dependence with apparent fast and slow first-order
rate constants kf and ks (Fig. 6.5 (D)).

%PgbNO = C(1)−C(2)e−kf t −C(3)e−kst. (6.1)

The importance of the nitrite excess on the Fe(III)-NO formation was already high-
lighted in Fig. 6.3 (A). When only a 100-fold excess of sodium nitrite is added, only
partial formation of the Fe(III)–NO complex is observed (Fig. 6.5 (C), Fig. 6.5 (D) blue
curve), of which the apparent first-order rate constants are a factor 4-5 smaller than those
observed for the 400-fold excess (Appendix, C.4). It is known that in acidic environment
spontaneous formation of NO from nitrite can occur via a nitrite disproportionation reac-
tion. In order to confirm this disproportionation reaction under the current experimental
conditions, the NO scavenger TMA-PTIO was used. TMA-PTIO reacts with NO to form
TMA-PTI and NO2, whereby both TMA-PTIO and TMA-PTI can be detected by EPR
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spectroscopy [334] (see Appendix, Figs. C.7-C.13). When sodium nitrite is added to a
solution of 25 µM TMA-PTIO at pH 5, a complete conversion to TMA-PTI is observed,
confirming that nitric oxide is spontaneously formed under these acidic circumstances
(Fig. C.10).

Optical absorption spectra of theMaPgb-nitrite (1:400 molar ratio) mixture were then
recorded as a function of time in the presence of 25 µM TMA-PTIO (Fig. 6.5 (B)). TMA-
PTIO exhibits an absorption band at ∼350 nm. While there is a rapid initial formation of
MaPgb-NO, similar to the fast phase observed without the presence of TMA-PTIO, the
slow binding phase is hampered by the presence of TMA-PTIO and full conversion to the
ferric MaPgb-NO form occurs only around 200 minutes after addition of nitrite (Fig. 6.5
(D), magenta curve). The corresponding time-dependent EPR analysis shows a trapping
of NO by TMA-PTIO in the first ∼160 min (Fig. 6.6) and the corresponding second order
reaction constant is similar to the one found when no protein is present (Fig. C.10 for
model analysis). This indicates that TMA-PTIO competes with MaPgb in the trapping
of NO and/or is capable of capturing MaPgb bound NO. Comparison of Fig. C.10 with
Fig. 6.6 (B), shows that the stability of TMA-PTI is reduced in the presence of ferric
MaPgb, but this seems to be an unspecific response, since this is also observed for
similar experiments with ferric Mb (Fig. C.11). When 25 µM TMA-PTIO was added to
a 1:100 mixture MaPgb:nitrite that was left to incubate overnight, a disappearance of the
MaPgb-NO form with corresponding formation of ferric MaPgb was observed, revealing
that TMA-PTIO can capture the MaPgb-bound NO (Fig. C.12). Moreover, when 1 mM
sodium nitrite was added to 10 µM MaPgb in the presence of 25 µM TMA-PTIO, no
ferric MaPgb-NO form could be determined with optical absorption spectroscopy, not
even after longer times (Fig. C.13).
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Figure 6.6: A: the room temperature X-band CW EPR spectra (black) and corresponding
simulations (green) of 25 µM TMA-PTIO in the presence of 10 µM MaPgb collected over
time after addition of 4 mM nitrite. Experiments were performed in sodium acetate buffer
at pH 5. All spectra were collected with a microwave power P = 1.5 mW and a modulation
amplitude of 0.1 mT. Each simulation consists of a linear combination of the spectra of
pure TMA-PTIO and TMA-PTI, respectively (see Figs. C.7-C.9). B: time dependence of the
experimental signal intensity of TMA-PTIO (represented by the peak maximum indicated by
‘o’ (blue circle) in the right spectrum) and TMA-PTI (represented by the peak maximum
‘o’ (red circle) in the right spectrum). The solid lines are simulations considering the model

described in the Appendix C.

6.5 Discussion and conclusion
Ferric MaPgb has an unusual, strongly ruffled heme group [169]. Absorption spectro-
scopy (Fig. 6.2) strongly suggests that ferric MaPgb is in a quantum-mechanically mixed
state (QS) with a pentacoordination (5c) of the heme iron. rRaman (Fig. 6.2) and EPR
spectroscopy (Fig. C.4) corroborate this finding. While this state is found in peroxidases,
it has, to my knowledge, not been reported in wild-type globins [199, 335]. Although
it is yet unclear what causes the occurrence of this type of QS ferric states, two pos-
sible origins have been suggested, i.e. a weak ligand field [336] and saddle-shaped heme
deformations [337]. The heme of MaPgb is much more ruffled and saddled than that
of other globins [170]. As previously reported by some of my supervisors and others,
these heme deformations have a marked influence on the electronic structure of ferric
cyanide-ligated variants of ferric MaPgb [170]. Furthermore, the presence of a Val in-
stead of a His on position E7 will strongly influence the ligand field. Interestingly, point
mutation of the E7His in Arabidopsis thaliana Hb to a Leu induced a QS state in this
non-symbiotic plant Hb. This suggests that besides the heme distortion, the presence
of the E7Val may play a role in inducing the QS state in protoglobin [318]. As demon-
strated in previous studies on MaPgb, the high ruffling and breathing distortions of the
heme group have a biological relevance for the globin, linked to a very unusual modula-
tion of the ligand binding mechanism [169, 177, 163, 171]. ECD is particularly suited to
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study the heme group in an asymmetric environment. Although free heme in solution
is not per se optically active (Appendix, Fig. C.14), when incorporated into the protein
matrix, the heme electronic transitions in the range 260-700 nm become optically act-
ive [193, 190, 255, 192]. As illustrated in Figs. 6.2 and C.1, the ECD spectrum of ferric
MaPgb yielded a quite unique pattern in that particular region, consisting of a negatively
biased ellipticity having a minimum at 397 nm and a maximum at 414 nm and exhibiting
an additional minimum at 435 nm. Furthermore, a positive ECD band was observed at
544 nm (Fig. 6.2). Moreover, the ECD spectrum of ferric MaPgb was very different from
the one of ferric Mb (Fig. C.2). These spectral features indicate that there is a high
non-planarity of the chromophore of ferric MaPgb in a unique way (Fig. C.15).

For a long time it has been thought that the Soret peak in the ECD spectrum would
only arise from the coupling between the π − π∗ electronic dipole transitions of the
porphyrin with those of the aromatic side chains surrounding the heme moiety [255, 338].
The number of aromatic side chains in the heme pocket of MaPgb is noticeably different
from Mb (Fig. C.15), which also contributes to the deviation in ECD pattern between
the two heme proteins. In addition, the interactions of the heme side chains (vinyl
and propionic groups) with the distal amino acids also contributes to the heme optical
activity, and as such yield a different magnitude and/or sign of the Soret ECD band
[255, 192]. In the present case the magnitude of the Soret ellipticity of ferric MaPgb
(Fig. 6.2) may indeed be influenced by the torsion of the heme side chains with respect
to the heme plane (Fig. C.15), because of its high distortion from planarity [255, 192].
Furthermore, the mainly negative sign of the Soret ellipticity of MaPgb can reflect the
low conjugation of the vinyl groups with the heme plane and/or the steric interaction
of the propionate groups with the distal amino acids in the binding pocket. This can
be observed in the visualizations in Fig. C.15: in the case of Mb the propionate side
chains have the freedom to move around and can interact with three residue side chains,
whereas the propionates of MaPgb are completely surrounded by five residue side chains,
preventing conformational flexibility of the heme side chains.

After incubation with increasing concentrations of nitrite at pH 5 the absorption spec-
trum of ferric MaPgb showed marked spectral changes with isosbestic behaviour around
405 nm, until full conversion of the spectrum into a 6c/LS ferric form. The absorbance
spectrum is identical to the one obtained after treatment of ferric MaPgb with NONOate
(Fig. 6.7), indicating that an exclusive NO-Fe(III) heme complex is formed, instead of
distal nitrite ligation of the heme iron. This is confirmed by the disappearance of the
EPR signal upon treatment of ferric MaPgb with nitrite (Fig. C.4). This is further
corroborated by the similarities with the UV-Vis absorption spectra of NPs exhibiting
the same ligation mode [327, 107, 339]. Ferric MaPgb was earlier shown to easily bind
NO at neutral to alkaline pH with a subsequent reduction of the heme iron and form-
ation of ferrous MaPgb-NO [178]. This reductive nitrosylation requires the presence of
OH-, explaining why this follow-up step is not observed in the present study (too low
pH). Although the observation of MaPgb-NO formation after addition of nitrite to fer-
ric MaPgb may point to nitrite dismutase activity of the protein as observed for NP
[327, 107, 339, 340], some observations indicate that this may not be biologically relevant
and even argue against such dismutase activity for MaPgb. First of all, the formation
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of the MaPgb-NO form upon addition of nitrite is only observed in acidic conditions,
contrasting the observations for NPs where the effect was already clear at pH 7.5 [327].
Nitric oxide is formed in a spontaneous disproportionation reaction of nitrite at acidic
pH [341], as is confirmed under the current experimental conditions by spin-trapping
EPR (Fig. C.10). At least part of the observed MaPgb-NO formation at low pH will
thus be due to simple trapping of NO by ferric MaPgb, as has been described before
at higher pH [178]. Contrary to the observations for NPs [339, 340], addition of nitrite
to MaPgb does not lead to the observation of a nitrite-ligated MaPgb form in EPR at
low temperature (Fig. C.4). Instead, the disappearance of the EPR signal supports the
sole formation of the EPR-silent ferric MaPgb-NO complex. Moreover, the apparent fast
and slow first-order rate constants kf and ks, describing the time-dependent build-up of
the ferric nitrosylated heme form, seem to depend more or less linearly on the nitrite
concentration (Table C.4). The nitrite dismutase reaction by NPs involves a general
disproportionation reaction [327] 3NO2 – + 2H+ −−→ 2NO+NO3 – +H2O, proceeding
via two sequential steps, whereby the first step is rate limiting and involves the binding
of two nitrite ions, which would lead to a second-order dependence on [NO2 – ] [339]. Al-
though our current data are limited, this is not confirmed for MaPgb. Furthermore, the
experimental dependence of the relative ratio [MaPgbNO]/[MaPgb] on the nitrite con-
centration (Fig. 6.3(A)) indicates the binding of only one ligand and seems to be more in
line with a simple NO-trapping reaction (Fig. C.16). The formation of MaPgb-NO can
be described by a biexponential behavior (Fig. 6.5 (A); Fig. 6.5 (D), red curve). Different
explanations can be given for such a bi-exponential time dependence. It may result from
a step-wise NO-trapping mechanism with a fast trapping step to form MaPgbNO and
a slower rearrangement step to a second form, MaPgbNO∗, in which NO is stabilized
differently in the heme pocket, as has been described for NO trapping in NPs [342]. On
the other hand, two orthogonal apolar tunnels that guide diatomic ligands to the heme
cavity, have been identified in MaPgb [169]. Potentially these two entrance routes may
explain a biexponential binding behavior for ligands, although additional experiments
using variants of MaPgb are needed to substantiate this assumption and to understand
any relevant interplay between the two pathways. Alternatively, the observation of a
bi-exponential behavior may result from the mixture of a direct NO-trapping reaction
(fast phase) and a nitrite dismutase effect (slow phase). The assignment of the fast kin-
etics to the direct NO-trapping mechanism is based on the very fast NO-binding kinetics
observed for ferric MaPgb at neutral and alkaline pH 14, while the nitrite dismutase in
NPs is reported to be markedly slower [327], more in line with the slow phase kinetics
observed here. However, the dependence on the nitrite concentration does not support
a similar dismutase mechanism (if any) as in NPs (see above). Finally, the presence of
mixed holo/apo dimers may also influence the results.
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Figure 6.7: Absorption spectrum of ferric MaPgb (10 µM heme concentration) in unbound
form (blue) and after incubation with 4 mM spermine NONOate in a TrizmaR© hydrochloride

buffer at pH 7.5 (red).

The presence of TMA-PTIO in the MaPgb:NO2 – (1:400) mixture seems to effect
mostly the kinetics of the slow phase (Fig. 6.5 (D), magenta curve), but this is merely due
to the fact that TMA-PTIO traps NO at a slower rate than the fast NO-trapping phase
of MaPgb (compare ks and kf (Table C.4) with the apparent first-order NO-trapping
constant of TMA-PTIO (∼2.4 10−4s−1)). While NO-binding to the heme protein is
reversible, the reaction of TMA-PTIO with NO is not, so its effect will be felt until
all TMA-PTIO has been converted to TMA-PTI (after ∼160 minutes under the given
conditions), both by direct trapping of NO from the solution or by depleting MaPgbNO.
The likelihood of the latter reaction has been confirmed here (Fig. C.12). When the
concentration of nitrite (and hence NO) is lower, TMA-PTIO is effectively depleting all
NO fromMaPgb and no evidence ofMaPgbNO formation is observed, not even after long
reaction time (Fig. C.13). This is in line with the lower values of ks and kf at lower nitrite
concentration (Table C.3) and the lower amount of NO. The reaction of TMA-PTIO
with NO remains the same in the presence of MaPgb (Fig. 6.6) or Mb (Fig. C.11) as in
the absence of a heme protein (Fig. C.10) and giving no indication of dismutase activity.
Interestingly, ferric Mb is not trapping NO under similar nitrite treatment (Fig. 6.4).
Instead, the changes in the absorption spectra of ferric Mb in the presence of a large
excess of nitrite agree with the formation of nitriMb. This effect has been reported for
Mb and other globins and results from the reaction of an NO2 radical with the heme
vinyl groups and corresponding formation of a nitrovinyl group [99]. The fact that ferric
MaPgb resists nitration of the heme and that it selectively binds NO molecules in the
presence of a large excess of nitrite anions is remarkable, more so, because the acidic
disproportionation reaction of nitrite also generates NO2 next to NO, in the following
way [343]:
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NO2
− + H+ −−→ HNO2

2 HNO2 −−→ N2O3 + H2O
N2O3 −−→ NO + NO2

As there is no spectroscopic evidence for NO2 binding by ferricMaPgb, it appears that
NO2 is not entering the heme cavity. The resilience of the protoglobin against nitriglobin
formation supports earlier suggestions that protoglobin is involved in RNS detoxification
[178, 164]. It is surprising that ferric MaPgb, in contrast to other ferric globins [89],
is not binding nitrite, while its ferrous form shows substantial nitrite reductase activity
[178, 164].

Regarding the preferential binding of NO, the analysis of the rRaman spectra is
interesting (Fig. 6.3). These spectra also reflected the change in the ligation state of
ferric MaPgb after incubation with nitrite at acidic pH: (i) the appearance of the band
ν3 at 1504 cm−1 in combination with the retention of ν4 at 1376 cm−1 (indicative of
6c/LS ferric state) and (ii) the variation in the relative ratio of the bands ν2 and ν11,
as well as ν30 and ν14, in a ligand concentration dependent manner. These findings
confirmed the presence of an exogenous ligand coordinating the iron at the distal site of
the heme pocket in line with the NO ligation. The variation in ratio between the rRaman
bands ν30 and ν14, assigned to the asymmetric pyrrole half-ring stretching vibration [331]
(Fig. 6.3) reflects the compression of the heme moiety due to the breathing mode of the
chromophore. Interestingly, quantum-chemical calculations already predicted a crucial
effect of the in-plane breathing mode on the ligand binding affinity for the case of dioxygen
coordinating to ferrous MaPgb [172]. The heme compression was predicted to be key in
the stabilisation of ligand binding, overcoming the destabilization due to ruffling. The
variation in the pyrrole stretching vibration as a consequence of ligation of NO thus
reflects the mechanism in which MaPgb stabilises the exogenous ligand at the sixth axial
position of the heme iron and underlines the importance of the in-plane breathing mode
of the heme in this process. It may be key in the unique behaviour of ferric MaPgb in
the presence of nitrite and NO.

Upon incubation of MaPgb with nitrite at pH 5, the ECD spectra indicated a gradual
evolution of the Soret ellipticity, in concert with the changes in the iron-ligand interac-
tion. In particular, the negative ECD band at 430 nm became dominant and the second
negative ECD band at 569 nm became more pronounced when the globin was incubated
with higher concentrations of NaNO2 (Fig. 6.3). Unfortunately, the specific structural
changes in the heme pocket and the exact origin of the observed ellipticities cannot be
directly extracted from empirical data, nor are there standard ECD calculation proced-
ures available that can. However, the analysis of the crystal structures of ferric MaPgb
ligated with cyanide, azide, imidazole, and nicotinamide can aid [177]. This variety of
ligands can be bound due to the conformational adaptability of the distal amino-acid side
chains and the size and hydrophobicity of the heme distal cavity. In fact, when binding
cyanide, azide and imidazole, the side chain of B9Trp(60), B10Tyr(61), and E11Phe(93)
(Fig. C.15) rearrange themselves, allowing the former two to form hydrogen bonds with
the ligand. We expect a similar conformational rearrangement and ligand stabilization
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of the mentioned aromatic side chain residues to take place upon the coordination of
NO. Therefore, by comparing the ligand-free and bound ECD spectra (Fig. 6.3), the rel-
ative contribution of the change in orientation of these three distal aromatic side chains
and the effects of the heme compression upon NO binding to the ECD spectral region
260-700 nm can be observed. The three aromatic side chains of B9Trp(60), B10Tyr(61),
and E11Phe(93) reorient themselves with respect to the heme plane, inducing a more
negative Soret band at 430 nm – here together with the heme compression upon NO
binding – and a sign flip of the N dichroic band at ∼330 nm.

6.6 Conclusions
MaPgb, and its treatment with nitrite have been extensively studied using optical ab-
sorption, electronic circular dichroism (ECD), resonance Raman (rRaman), and elec-
tron paramagnetic resonance (EPR). Ferric MaPgb has been found to be in a quantum-
mechanically mixed state (QS; S=3/2 and S=5/2) with a pentacoordination (5c) of the
heme iron, something that has only been observed for peroxidases as of yet. In contrast
with what is typically observed for globins, nitrite addition to ferric MaPgb at acidic pH
does not lead to formation of nitriglobin. This resilience of the protein may be related to
its suggested role in the RNS detoxification process. Moreover, unlike what is found for
other globins, it is NO formed during the acidic disproportionation reaction of nitrite,
and not nitrite itself, that is stably bound by ferric MaPgb.
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Chapter 7

The enzymatic activity of
GLB-3, a bis-histidyl
cysteine-rich globin found in
the nematode Caenorhabditis
elegans

Redrafted after [237]:
Z. Hafideddine, T. Loier,N. Van Brempt, S. De Henau, H. Y. V. Ching, S. Neukermans,
S. Defossé, H. Berghmans, R. Sgammato, R. Aerts, D. Hammerschmid, R. Moons, T.
Breugelmans, F. Sobott, C. Johannessen, W. Herrebout, B.P. Braeckman, L. Moens, S.
Dewilde and S. Van Doorslaer, “GLB-3: A resilient, cysteine-rich, membrane-tethered
globin expressed in the reproductive and nervous system of Caenorhabditis elegans".

Own contribution
Design, cloning, over-expression and purification GLB-3 isoforms HisE7Ala (HE7A)
mutants, over-expression and purification GLB-3 isoforms WT, UV-vis absorption exper-
iments with different ligands, simulations on the CW-EPR (measured by dr. Z. Hafided-
dine) and both measurement and simulation on the mutant. Flash photolysis experiments
on the HE7A mutants (mainly analysis) and finally, development of a potentiometric ti-
tration setup.
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7.1 Abstract
The popular genetic model organism Ce encodes 34 gbs, whereby the few that are well-
characterized show divergent properties besides the typical oxygen carrier function. GLB-
3 is predicted to exist in two isoforms and is expressed in the reproductive and nervous
system. Knockout of this globin causes a 99% reduction in fertility and reduced motility.
Spectroscopic analysis reveals that GLB-3 exists as a bis-histidyl-ligated LS form in both
the ferrous and ferric heme form. A function in binding of diatomic gases is excluded on
the basis of the slow CO-binding kinetics. Unlike other gbs, GLB-3 is also not capable of
reacting with H2O2, H2S, and nitrite. Intriguingly, not only does GLB-3 contain a high
number of cysteine residues, it is also highly stable under harsh conditions (pH = 2 and
high concentrations of H2O2). The resilience diminishes when the N- and C-terminal
extensions are removed. Redox potentiometric measurements reveal a slightly positive
redox potential (+8 ± 19 mV vs. SHE), suggesting that the heme iron may be able to
oxidize cysteines. EPR shows that formation of an intramolecular disulphide bridge,
involving Cys70, affects the heme-pocket region. The results suggest an involvement of
the globin in (cysteine) redox chemistry.

7.2 Introduction
From the introductory Chapter 1 of this thesis we know that the central heme-b iron
(Fe(III)/Fe(II)) in gbs is coordinated to an N atom from a His residue (helix F, position
8, HisF8) at the proximal side of the heme, four pyrrole Ns from the heme, and the
sixth coordination site at the distal side is either occupied by a ligand or an endogenous
amino acid (mostly helix E, position 7 or 11). For the well-known Mb and Hb, the sixth
site remains open (pentacoordination) when ferrous, readily available for ligands such
as O2 to bind, but for other well-characterized gbs such as vertebrate Ngb, Cgb and
many others such as the nonsymbiotic plant Hbs (nsHbs), insect Hbs, nematode gbs,
and some bacterial truncated Hbs, a proximal E7His occupies this vacant site (so-called
bis-histidine coordination or short, bis-His) [344, 299, 345, 94, 346, 347, 348, 115, 349].
This structural organization has raised many questions regarding the functional role of
these gbs.

The reversible bis-histidyl coordination of the heme iron retains the ability to bind
exogenous ligands such as O2, CO, and NO [350]. More often, low effective binding
affinities for exogenous ligands are reported, so other functions are proposed for bis-His
coordinated heme proteins, such as involvement in redox transfer processes, such as NiR
[351, 352, 353]. In some cases, the bis-His coordination is very strong, which suggests
potential functions in electron transport, rather than O2 transport/storage, NO scaven-
ging, and substrate reduction or oxidation [354, 116]. Moreover, bis-His coordinated gbs
show generally high reduction kinetics [351], i.e. they are more rapidly reduced by SO2 –

than pentacoordinated globins, for example, which further suggests that this structural
organization might facilitate electron transfer.
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Out of the 34 distinct gbs in the nematode, only seven Ce gbs are characterized to
some extent, out of which, GLB-6, GLB-12, GLB-26 are characterized in vitro as bis-
histidyl gbs [148, 119, 114]. Based on sequence alignments, it is very likely that other,
lesser-studied Ce gbs have the same coordination state, such as the Ngb ortholog GLB-13
[149]. Vertebrate Ngb is expressed in tissues such as the nervous system and neuronal
cells, and is thought to play a neuroprotective role [355]. Given the predominant neuronal
expression of the gbs in Ce, it is likely that they carry a signaling or redox function or
similar role [117, 119].

A few Ce gbs are proposed to be membrane bound since they are myristoylated and/or
palmitoylated. One such example, GLB-12, was shown to be anchored to the plasma
membrane in the neurons and somatic gonad [119]. Also the full-length chimeric GLB-
33, of which the GD was extensively studied in previous chapters, has a palmitoylation
site, and is shown to be membrane anchored [118]. Although membrane association of
globins has been reported in other species [356, 357, 358, 31], it is still a poorly defined
attribute of globins.

In contrast to the other chapters, I will not present the full collaborative work on GLB-
3, as it has already been presented elsewhere (see doctoral thesis of Zainab Hafideddine
and [237]). Instead, in this chapter, I will mainly present my personal contributions
that (partially) contributed to the published biophysical characterization and expres-
sion analysis of Ce globin-3 (GLB-3). Moreover, pitfalls encountered in the process,
especially regarding flash-photolysis and redox titration experiments, are discussed. The
biochemical and spectroscopic analyses were performed to explore the working mechan-
ism of GLB-3 in Ce. Both GLB-3 isoforms showed similarities with other bis-His ligated
gbs. The peroxidase activity, NiR activity, and hydrogen sulfide binding of both GLB-3
isoforms were tested. Furthermore, the redox properties of GLB-3 were explored. Fi-
nally, the effect of the distal E7His was examined by the HE7A point mutation, and the
spectroscopic properties of this GLB-3 HE7A mutant were evaluated.

(a) (b)

Figure 7.1: (A): Superimposition of GLB-3a (yellow) and hNgb (PDB:1OJ6) (pink) with the
heme cofactor. The cysteine residues of GLB-3a are highlighted in black and the helices are
illustrated with the corresponding letter (from A to H). (B): Full protein sequence alignment
of the isoforms GLB-3b and GLB-3a. The predicted myristoylation and palmitoylation sites
are highlighted in red, and the putative MTS cleavage site in GLB-3a is marked in blue. The

cysteine residues in both isoforms are highlighted in red.



134 Chapter 7. The enzymatic activity of GLB-3

7.3 Materials and methods
7.3.1 Cloning, expressing and purification
The pET23a expression vector harboring the glb-3a gene (analogue for glb-3b) was trans-
formed into Escherichia coli (E. coli) strain BL21(DE3)pLysS (Invitrogen). The expres-
sion was done analogously as described elsewhere [237, 299]. Alternatively, 10 mM of
Dithiothreitol (DTT) was added to the protein solution after nickel chromatography for
protein stabilization (not for experiments requiring absence of DTT). GLB-3 was con-
centrated by means of a stirred 1 Cell (Millipore, 10 kDa cut-off) under air pressure and
loaded onto a pre-equilibrated (50 mM Tris-HCl pH 7.5, 500 mM NaCl) PD-10 desalting
column (GE Healthcare). The proteins were loaded on an equilibrated (50 mM Tris-HCl
pH 7.5, 150 mM NaCl) HiTrap SP FF and eluted (50 mM Tris-HCl, 1 M NaCl). Purified
protein fractions were collected and exchanged (50 mM Tris-HCl pH 7.5, 500 mM NaCl, ±
10 mM DTT). The purified protein sample was then concentrated and stored at −80 ◦C.
The purity of the recombinantly expressed protein was analyzed by 12.5 % SDS-PAGE
and to be >90 %. The HE7A mutants were obtained using the QuickChangeTM site-
directed mutagenesis kit (Stratagene) with forward primer 5‘-GT GAT CTC AAT TCG
GCT ACG AAA TTG CTC TGC -3’ and reverse complement primer 5‘-GCA GAG CAA
TTT CGT AGC CGA ATT GAG ATC AC-3’. the cDNAs were subsequently cloned,
expressed and purified as described above.

7.3.2 UV-Vis absorption spectroscopy
The UV-Vis absorption spectra of Fe(III), ferrous and CO-ligated ferrous GLB-3 isoforms
were measured in the 250-700 nm range using a T85 double beam UV-Vis spectropho-
tometer or a Cary-5E UV/Vis/NIR spectrophotometer (Agilent). GLB-3a and GLB-3b
were in the ferric form after protein purification. The reduced deoxy (Fe(II)) and CO-
ligated ferrous form of both isoforms were prepared by flushing 1 ml of buffer solution
(50 mM Tris-HCl pH 7.5, 500 NaCl with or without DTT) in a sealed quartz cuvette
for 15 minutes with N2 and CO gas, respectively. Subsequently, 10 µL of a saturated so-
dium dithionite solution and a highly concentrated purified protein solution were added
using an airtight Hamilton syringe. The globin concentration was estimated using the
absorption at the Soret peak, and the extinction coefficient value of human Ngb at 413
nm 122 000 M−1 cm−1 [359]. The spectra were subtracted by the spectra of the buffer
solutions. The oxy-form of the protein could neither be obtained by exposing the deoxy-
genated ferrous form of the globin to air nor by the method proposed by Hayashi et al.
[360] due to the fast auto-oxidation. Various ligands that are known to interact with
gbs including NaNO2, Na2S and H2O2, and stock solutions thereof were prepared and
diluted in 50 mM Tris-HCl pH 7.5 + 500 mM NaCl and added to the protein solutions in
the same buffer were added to the ferric form of the wild-type (WT) GLB-3ab isoforms
and the HE7A mutants.
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7.3.3 Flash photolysis
Different CO concentrations (200-800 µM) were obtained by equilibrating the buffer
solution with a mixture of CO and N2 in different ratios by means of a High-Tech gas
mixer (Bronkhorst) (100 % CO equals 1000 µM CO). Next, 10 µL of a saturated sodium
dithionite solution was added and a concentrated protein solution was injected to a final
concentration of 5 µM. CO rebinding kinetics measurements were monitored at 414 nm
and carried out on a laser flash photolysis spectrophotometer (Edinburg Instruments
LP920) at 20 ◦C. This system is equipped with a Q-switched, frequency-doubled Nd:YAG
laser (Spectra Physics Quanta-Ray) at 532 nm. CO photolysis was achieved by a short
laser pulse (5-8 ns) and recombination reactions were monitored at 414 nm for different
time scales (from 2000 ns till 100 ms). The obtained kinetics curve per CO concentration
is averaged for 20 measurements. MATLAB R2019b (MathWorks) was used to link
the exponential decays of the different time scales together to obtain the final kinetics
curve. CO association was measured by photo-dissociating CO-ligated GLB-3 HE7A
GD by a short laser pulse (5–8 ns) and then following the recombination of the photo-
dissociated CO ligand at different time scales, ranging from 2000 ns for the geminate
recombination of CO to 100 ms for the bimolecular rebinding of the ligand at 414 nm.
Exponential decays from the consecutive time scales were joined together to give the
complete ligand-rebinding curve. The rate of geminate rebinding (kgem) was obtained by
fitting a single exponential curve through the data points collected in the first 2000 ns
after photodissociation according to

∆ODt = ∆ODgem exp(−kgemt) + ∆ODobs. (7.1)
After logarithmic re-sampling of the data points, pseudo first-order fast observed

rebinding rate constants (kobs,f ) and slowly observed rebinding rate constants (kobs,s )
were determined by least square fitting of the decays with the following bi-exponential

∆ODobs = ∆ODf exp
(
−kobs,f t

)
+ ∆ODs exp(−kobs,st). (7.2)

Fast and slow CO-rebinding association rate constants (kon,f and kon,s, respectively)
were calculated from the dependence of kobs,f and kobs,s on the CO concentration ac-
cording to Eq. 7.3 and Eq. 7.4 [361].

kobs,f = kon,f [CO] + koff,f (7.3)
kobs,s = kon,s[CO] + koff,s (7.4)

7.3.4 Stopped flow experments
Stopped-flow or rapid mixing experiments were performed in 50 mM Tris-HCl pH 7.5 +
500 mM NaCl with or without the addition of DTT in the protein solution. The buffer
solution is flushed with N2 and 11.5 mM of sodium dithionite is added. One syringe
was filled with this buffer solution and equilibrated with CO, while the second syringe
contained a protein solution of 10 µM and 10 µl of a saturated sodium dithionite solu-
tion. Solutions were rapidly mixed obtaining final CO concentrations ranging between



136 Chapter 7. The enzymatic activity of GLB-3

100-1000 µM. All measurements were conducted at 20 ◦C and 1 atm using a thermo-
stated stopped-flow apparatus (Applied Photophysics) at 418 nm. Origin (OriginLab
Corporation) was used for further data analysis.

7.3.5 Electron paramagnetic Resonance
X-band CW EPRmeasurements were conducted on a Bruker ESP300E spectrometer with
a microwave frequency of ∼9.44 GHz. The spectrometer is equipped with a liquid helium
cryostat (Oxford Inc.), allowing operation from room temperature down to 2.5 K. All
EPR spectra were recorded at 10 K with a modulation amplitude of 0.5 mT, modulation
frequency of 100 kHz and microwave power of 3 mW. Furthermore, all samples were
deoxygenated via a sequential freeze-pump-thaw cycle prior to the EPR measurements
and were continuously pumped during the experiment to avoid a background signal from
frozen dioxygen 3O2. Both GLB-3 isoforms were measured in 50 mM Tris-HCl (pH 7.5),
500 mM NaCl with or without DTT. GLB-3a HE7A was measured in absence of DTT.
All EPR spectra are simulated using Easyspin (version 5.2.28), a MATLABR© (r2020a)
(MathWorks)-based simulation toolbox [212].

7.3.6 Potentiometric titrations
Potentiometric redox titrations were performed following the procedure in [299] and [293].
A schematic diagram of the experimental setup used for the determination of the redox
potential is given in Fig. 7.2.

Figure 7.2: Schematic diagram of the experimental setup used for the determination of the
redox potential measurements. A sealed cuvette is fitted with a Ag/AgCl and Pt reference
electrode pair. The cuvette is kept under Ar atomsphere via a balloon filled with Ar using a
needle. The sample is stirred after titration with a dithionite solution with a syringe pump

prior to UV-vis measurements in order to obtain a homogeneous solution.

Diaminodurene (Em =275 mV), trimethylhydroquinone (Em =115 mV), phenazine
methosulfate (Em = 85 mV), phenazine ethosulfate (Em = 65 mV), 2-methyl-1,4-naphthoquinone
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(Em = 10 mV), tetramethyl- p-benzoquinone (Duroquinone) (Em = 5 mV), indigo tetra-
sulfonate (Em =−46 mV) 2-hydroxy-1,4-naphthoquinone (Em =−137 mV), anthraquinone-
2,6-sulfonate (Em = −184 mV) and riboflavin-5’-monophosphate (Em = −219 mV) were
used as redox mediators at concentrations between 1 and 5 µM. Ferric GLB-3a or hNgb
(with final concentration of ∼ 10 µM) were added to the Ar-purged mediator mixture in
100 mM sodium phosphate buffer (pH 7.0) inside disposable Polystyrene UV-Vis cuvettes
(BRANDR©). The mediators act as a redox buffer and equilibrate the potential between
the protein and the electrodes. The cuvette was sealed by a septum and kept under
Ar atmosphere using an Ar gas-filled balloon during the experiments. A Hamilton syr-
inge attached to SyringeONE Programmable Syringe Pump (New Era Instruments) was
used for microliter titrations of dithionite solutions. The potentiometric titration was
executed in the UV-Vis cuvette serving as an undivided three-electrode electrochemical
cell. A PFA insulated Pt wire of 200 µM diameter (Science Products) counter electrode
and saturated Ag/AgCl reference electrode was used. The PFA coating was stripped
at the edges to expose Pt to the solution and to allow connection to a VersaSTAT po-
tentiostat (Ametek) running on VersaStudio 2.60.6. A leak-free reference electrode (W3
69-00) was used (Harvard Apparatus). The three electrodes were positioned at 1 mm of
each other to avoid the contribution of solvent resistance to the cell potential. The open
circuit potential of the cell was monitored during the titration.

After each titration, the sample was stirred using a magnetic bead which is placed
inside the cuvette. Spectrophotometric measurements were taken after a stabilization
of the potential (± 1 min afterwards) at 25 ◦C on a Cary-5E UV/Vis/NIR spectropho-
tometer (Agilent). For all the recorded spectra, 1 cm path length SUPRASILR© quartz
sample cells (Hellma BeNeLux) were used (2 nm bandwidth, 3 seconds nm-1).The one-
electron midpoint potentials were determined from the difference spectra. The oxidized
fraction after each titration was calculated based on the Q-band absorption (559 nm)
relative to the initial oxidized and final reduced spectrum. Oxidation experiments were
done by leaving the sample unperturbed. Before and after each potentiometric titration
set, the electrode was calibrated by measuring the potential of a saturated solution of
quinhydrone in 50 mM potassium hydrogen phtalate at 25 ◦C (E0= 463 mV).
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7.4 Results
7.4.1 UV-vis spectroscopy

The Fe(III), ferrous and Fe(II)-CO
states The UV-Vis absorption spectra of
ferric and ferrous GLB-3a with DTT ex-
hibit a Soret band at 413 nm and Qα and
Qβ bands at 567 and 533 nm for the ferric
form, and 426 nm, 560 and 530 nm for the
ferrous form, respectively (Fig. 7.3, GLB-
3b similar, data not shown). The high ab-
sorbance ratio Qα/Qβ of the ferrous form
is typical of a hexacoordinated LS (6c/LS)
heme iron. The most likely distal ligand is
here E7His. Due to the cysteine-rich nature
of GLB-3, DTT was added (to GLB-3a and
GLB-3b), because DTT enhances the over-
all stability of the globin as it reduces po-
tential inter- and intramolecular disulfide
bridges that cause GLB-3 to aggregate and
precipitate in solution [230]. This effect
on the stability was confirmed by MS and
ECD analysis [237]. DTT cannot reduce
the heme iron to the ferrous state and over-
all, UV-vis absorption changes due to the
addition of DTT remain absent.

Figure 7.3: UV-Vis absorption spec-
tra of GLB-3a in the purified fer-
ric form, the ferrous deoxy form and
the Fe(II)–CO ligated form at pH 7.5
with DTT (A) (similar spectra without
DTT). The Q bands are magnified by a

factor of 3.

The addition of CO to the ferrous form gives rise to a CO-ligated form, with the Soret
band located at 420 nm and the Qα,β-bands at 540 nm and 565 nm, respectively. Upon
exposure to air, no intermediate O2-bound form of GLB-3 was observed and the protein
spontaneously oxidized to the ferric state.

All spectroscopic evidence points to a distal endogenous E7His (His94) ligation to
the heme iron in both the ferric and ferrous form (Fig. 7.1 (A), see [237] for full rRaman
and EPR analysis). In order to further explore the effect of the distal ligation, the GLB-
3 HE7A mutant was constructed. Since the Ala residue cannot ligate iron, this point
mutation was expected to induce a high-spin (HS) pentacoordinated heme form (5c/HS).
Surprisingly, the UV–Vis absorption spectra showed a slightly altered ferric and ferrous
spectrum indicative for a 6c/LS form with the Soret band at 420 nm and the Qα and Qβ
bands at 571 and 539 nm (Fe(III) form), and a Soret band at 426 nm with the Qα and
Qβ bands appearing at 560 and 530 nm (Fe(II) deoxy form), respectively (Fig. 7.4). In
all cases, a band is found around 660 nm, potentially being a charge-transfer (CT) band.
The absorption spectrum resembles that of the cytochrome c mutant in which the axial
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heme ligand Met80 is replaced by Cys giving rise to a CT band around 660 nm [362],
potentially also a slight contribution of heme degradaton product biliverdin, as observed
previously in Chapter 5. The ferrous CO-ligated form showed a Soret band at 421 nm
and Qα and Qβ at 569 and 537 nm, respectively.

Figure 7.4: UV-Vis absorption spectra of GLB-3a HE7A in the purified ferric form (blue),
the ferrous deoxy form (red) and the ferrous CO-ligated form at pH 7.5 without DTT (black).
The Q bands are magnified by a factor of 3. The indicator (dashed line, 414 nm) represents

the observer wavelength during the flash photolysis experiment.

Functional activity tests Next, the catalase activity, hydrogen sulfide binding and
NiR activity of both GLB-3 isoforms have been tested as well as GLB-3a C70S mutants
(Fig. 7.5). The addition of various excesses of H2O2, to ferric GLB-3a led to no change
in the UV/Vis absorption spectra, even at 2000-fold excess of H2O2 (Fig. D.1). This
indicates that no peroxidase or catalase activity is present and that ferric GLB-3a is
also very stable under extreme high H2O2 stress. Ferric GLB-3b also resists reaction
with H2O2, but is less stable under high concentrations of H2O2 as can be deduced from
the decrease of the Soret and Q-bands. This is in line with the earlier observed lower
stability of GLB-3b versus GLB-3a, as seen from ECD measurements [237]. Addition
of H2S to the ferric GLB-3 isoforms and GLB-3a C70S (not shown) induces no spectral
change (Fig. D.2) in contrast to the observations for hNgb and hsMb for which reaction
with H2S is reported (see appendix Fig. D.3) [352, 363]. In a third set of experiments,
the nitrite reductase activity of the ferrous deoxy GLB-3a and GLB-3b and GLB-3a
C70S was tested (Fig. 7.5). Addition of high concentrations of nitrite to ferrous deoxy
GLB-3a and GLB-3b and GLB-3a C70S led to no spectral changes indicating no nitrite
reductase activity. Nitrite addition to the ferric form did not lead to spectral changes
associated with nitrite ligation at the heme, neither to the wild-type, nor to the mutants.
In contrast, addition of nitrite to ferrous HE7A GLB-3a induces spectral changes in line
with the formation of an Fe(II)–NO state (AbsSoret= 420 nm, Qβ and Qα equal to 539
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and 575 nm, respectively), revealing that HE7A GLB-3a can act as a nitrite reductase
and that the E7His is key in hampering the NiR activity in the GLB-3 isoforms.

Figure 7.5: UV-Vis absorption spectra of A) GLB-3a, B) GLB-3b, C) GLB-3a HE7A, D)
GLB-3a C70S and E) GLB-3 GD in the as-purified ferric form in presence and absence of
a 1000-fold excess of sodium nitrite with and without dithionite. If the protein has nitrite
reductase activity, a change to the UV-Vis absorption spectrum to the ferrous NO-ligated
heme protein will occur. This is only observed for GLB-3a HE7A (C). For all other variants
the protein remains in the deoxy ferrous form if sodium nitrite and dithionite is added to the

ferric form.
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7.4.2 CW-EPR spectroscopy
Both ferric GLB-3 isoforms and the HE7Amutant were studied using (CW) EPR (Fig. 7.6).
GLB-3a was studied with and without DTT and GLB-3b with DTT. Due to protein in-
stability, GLB-3b was not measured without DTT. The EPR spectra of ferric GLB-3a
and GLB-3b with DTT show the expected feature of a 6c/LS (S = 1/2) ferric heme
with the simulated g-values reported in Table D.1. The high-field feature gx (gmin) is
not observable because of large g-strain effects and therefore estimated using the approx-
imation g2

z + g2
y + g2

x ≈ 16 [364]. The difference between the EPR signals of both isoforms
is negligible, highlighting that the N-terminal extension in GLB-3b does not alter the
heme pocket conformation. Intriguingly, three 6c/LS forms are detected, denoted as LS1,
LS2 and LS3, see table appendix Table D.1. These three forms can be ascribed to the
F8His-Fe(III)-E7His with a different relative arrangement of the imidazole planes of the
axial histidine ligands [165, 300, 93]. These spectra are in agreement with the LS forms
observed for WT hNgb and mNgb (see Table D.1).

For ferric WT hNgb, it is thought that an intramolecular disulfide bridge formation
causes a LS-form with very high gmax = 3.26, as a ∆Cys hNgb mutant shows only one LS
form with gmax = 3.10 [93]. To test whether a potential intramolecular disulfide bridge
is formed, GLB-3a and GLB-3b were measured without addition of DTT (-DTT). As
DTT is required for stability reasons, the spectra were measured of the supernatant, im-
mediately after removing the precipitated aggregates by centrifugation. Due to stability
issues, a meaningful spectrum of GLB-3b without DTT could not obtained1. Whereas
the UV-vis absorption spectra were nearly identical, the EPR spectra show clear differ-
ences depending on the presence or absence of DTT. The spectrum of GLB-3a without
DTT revealed a third LS-form with very high gmax = 3.40, suggesting that this novel
LS form corresponds to a globin state with an altered conformation, potentially caused
by intramolecular disulfide bridg(es). This evidence, together with a structural model of
GLB-3, motivated us to create the C70S point mutation, as this Cys is the most likely
candidate to participate in the formation of such disulfide bridge with AAs C89 or C135.
Indeed, the EPR spectrum of the C70S mutant without addition of DTT reveals no sign
of the LS-form that occurs at the WT GLB-3a without addition of DTT, hereby con-
firming that C70 is a crucial amino acid in maintaining a structurally different state by
disulfide bridge formation.

The possible distal ligation of a Cys residue in ferric GLB-3a HE7A, as suggested
by our UV-vis data earlier, is corroborated by the EPR data of ferric GLB-3a HE7A
(Fig. 7.6 (f)). Site-directed mutagenesis of the distal E7His residue to Ala in GLB-3a
leads to a complete change of the EPR spectrum of the ferric form. The earlier observed
contributions of LS1–3 HALS is replaced by two overlapping, narrow LS species (LS4 and
LS5) that contribute to the total spectrum by 63 % and 34 %, respectively. This finding
is surprising as the mutation of a the E7His residue usually prevents hexacoordination, to
a large HS-fraction [352, 365]. Only a minor rhombic feature points out the presence of a
small amount 5c/6c HS form of the globin. The g-values (Table D.1) are in fair agreement
with the sulfide-treated hNgb HE7A mutant and heme proteins with a cysteinate or

1Compared to optical measurements, EPR measurements require a higher protein concentration,
which is not always achievable for proteins with low stability such as GLB-3b.
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Figure 7.6: X-band EPR spectra of ferric GLB-3a and GLB-3b. Normalized X-band CW-
EPR spectra of a frozen solution at pH 7.5 of a) ferric GLB-3a without DTT, b) ferric GLB-3a
with DTT added ∼1 h prior to the EPR measurement, c) ferric GLB-3a with DTT added
immediately after the purification process, d) ferric GLB-3b with DTT, e) ferric GLB-3a C70S
without DTT and f) ferric GLB-3a HE7A without DTT measured at 10 K. The corresponding
simulations are shown shifted down from the experimental spectra in red dashed lines with
the individual LS components shown as dotted lines. An additional signal, indicated by the
arrow, is observed at g = 2.46, most probably originating from an exogenous ligand from the
buffer solution that has coordinated with the heme cofactor. *Indicates the contribution of a

non-heme iron Fe3+ and # a Cu2+ background signal.

similar thiolate axial ligand ( [352, 366], table D.1) suggesting that mutation of the
distal His is accompanied by heme sliding or movement of the E-helix which contains
the nearest Cys residues (Cys on E2 and E12). This confirms the flexibility of the heme
pocket and reveals that E7His plays a key stabilizing role in the protein structure, besides
its role in the protein’s function. Alternatively, a buffer molecule may be ligated to the



7.4. Results 143

heme iron.

7.4.3 CO ligand-binding kinetics
Flash photolysis measurements To investigate how fast CO-binding occurs in bis-
His coordinated gbs, the CO rebinding kinetics were analyzed using laser flash photolysis
and stopped-flow measurements on CO-ligated gbs. Immediately after a short laser
pulse on the CO-ligated globin, dissociation of the CO ligand from the heme results in
a ferrous pentacoordinated state. Rebinding of CO is monitored on various time scales
by measuring the absorbance at 414 nm. A fraction of the CO ligands remains in the
protein matrix. During this so-called geminate rebinding process (see Eq. 7.1), the CO
ligand rebinds to the reduced heme iron independently of the CO concentration, in a
geminate rebinding process of a few nanoseconds. Hence, a fraction of the geminate
phase is a measure for the accessibility of the heme pocket. The rRaman data on CO-
ligated GLB-31 indicate that locally, the CO is not so much stabilized [237]. They
also show that after photolysis of the CO, E7His is immediately rebinding to the heme
iron. In the non-geminate fraction, CO migrates to the solvent and rebinds in a CO
concentration-dependent, bimolecular rebinding process (µs-ms range, see Eq. 7.2).The
first phase in this process consists of the competition between the endogenous distal
amino-acid residue and the CO ligands in binding the heme iron. This phase is then
followed by the replacement of the distal amino-acid by CO. Assuming a steady-state
equilibrium between penta- and hexacoordinated proteins, the observed kobs,CO rate can
be approximated by the equation [367]:

kobs,CO =
koff,Hiskon,CO[CO]

kon,His + koff,His + kon,CO[CO]
. (7.5)

Stopped-flow measurements can thus be used to obtain kon,His and koff,His.
In case of bis-His gbs, this process generally consists of a competition between the

distal E7His and CO. This phase is then usually followed by the replacement of E7His
by CO.

Stopped-flow measurements on GLB-3a and variants CO binding to the heme
iron is observed by adding anaerobically an excess of CO to ferrous GLB-3. Flash pho-
tolysis and stopped-flow measurements were performed to study the binding kinetics of
CO to the heme site of both GLB-3 isoforms. Stopped-flow rapid-mixing measurements
in which deoxy ferrous GLB-3 was mixed with a solution equilibrated with CO allow to
determine the binding of CO to the protein. In bis-histidine coordinated globins, the
distal histidine must first dissociate from the heme iron in order to allow CO to bind.
This is usually described by a biexponential process.

The stopped-flow measurements of the two GLB3 isoforms show that it takes around
300 seconds for the lowest CO concentration to replace the distal His (Fig. 7.7 (A) and
(B)). This is extremely slow in comparison with other hexacoordinated globins, such
as human neuroglobin [299], non-symbiotic hemoglobins from Lotus japonicus [368] and
various insect hemoglobins [348], which require less ≤ 1 s under similar conditions. CO
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binding to pentacoordinated ferrous gbs, like Mb, occur even within 0.25 s [369]. To
probe further the role of the distal His, the stopped-flow CO binding of the HE7A GLB-
3 mutants were also measured. In contrast to the GLB-3 proteins, only a few seconds
are needed for the complete replacement of the distal ligand with CO (Fig. 7.7 (C)
and (D)), but this is still slower than most other globins. The slow transition of the
hexacoordinated deoxy form to the CO-ligated form is also obvious from the UV-Vis
spectra taken at different times after mixing with CO (Fig. 7.8). Full conversion to a CO
complex is only obtained after several minutes, which is in principle too long for flash
photolysis measurements. This is evidenced by the fact that UV-Vis spectra taken after
flash photolysis show again a mixture of deoxy ferrous and CO-ligated ferrous species.
In accordance, the obtained kinetic curves after flash photolysis of GLB-3a and GLB-3b
show that the rebinding phase is too slow since after 100 ms the difference in absorbance
is still not zero (Fig. D.4 (A) and (B)). Around 20 % of the CO ligands did not rebind to
the heme iron, due to the high histidine affinity and/or limited accessibility of the heme
pocket (a similar effect is observed without DTT).

Figure 7.7: Stopped-flow measurements to determine CO-binding kinetics for 10µM A) GLB-
3a and B) GLB-3b both with DTT at 418 nm (similar without DTT), and C) GLB-3a HE7A
and D) GLB-3b HE7A without DTT at 420 nm. The conversion of the hexacoordinated deoxy

form to the CO-ligated complex is observed as ∆Abs over time.
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Figure 7.8: Non-normalized UV-Vis absorption spectra of ferrous GLB-3a incubated at differ-
ent CO concentrations before (black - red) and after (blue - cyan) flash photolysis (analogous
results are obtained with DTT). Before the flash photolysis, the protein is mixed with a CO
flushed buffer solution with a specific CO concentration and sodium dithionite. After the
mixing, the protein sample is measured (black) and a Soret band at 420 nm and an intense
Qα-band at 560 nm are observed, implying a mixture of a CO and deoxy form in the protein
sample. After 2 minutes, the protein sample is measured again (red) and a decrease of the
α-band is detected, indicating a clear conversion to a CO complex. After flash photolysis
measurements (blue), the protein sample again shows a slightly higher α-band at 560 nm,
which decreases after 2 minutes (cyan). Note that this effect is more apparent at lower CO
concentrations. A similar but slower CO formation is observed in GLB-3b (with or without
DTT), suggesting a more closed protein structure or a lower CO affinity than GLB-3a (not

shown). The Q bands are magnified by a factor of 5.

Because of the above, the flash photolysis data of CO-ligated GLB-3a and GLB-3b
cannot be fitted by the earlier introduced biomolecular scheme. This observation was
the main driving force behind the design of a distal HE7A mutant. If E7His rebinding is
indeed obstructing CO rebinding, removal would result in altered ligand-binding kinetics.
The UV-vis spectra of GLB-3a HE7A already showed surprisingly a hexacoordinate char-
acter of the ferrous state (7.5 (C)). This is reflected in the flash photolysis experiments:
Attempts were undertaken to measure the CO-binding kinetics of ferrous GLB-3 HE7A.
Despite numerous repeats, the data were not optimal. Here we describe the experiments
and experimental details, especially the ones done on the HE7A mutant.

Triplicate flash photolysis experiments were done on the CO-ligated heme pocket
mutants HE7A GLB-3a and HE7A GLB-3b (Fig. D.5). The batch-to-batch variation
in the data is large compared to other CO rebinding curves reported in literature [166,
92, 95, 368]. Nevertheless, the CO-rebinding kinetic traces of both GLB-3a/b HE7A are



146 Chapter 7. The enzymatic activity of GLB-3

clearly different from those of the WT GLB-3 (Fig. D.5), but are not monophasic, or
alike typical E7H mutations in gbs. Instead, a geminate rebinding phase is followed by
a bimolecular phase. Furthermore, a clear plateau between the geminate rebinding and
bi-molecular rebinding process is absent, indicating more complex processes that result in
slow absorption changes over time. These processes usually resolve different intermediate
stabilizations of the CO-ligand by the distal AA residues.

The CO-dependency of the kinetics confirms that the slower fraction is not a geminate
rebinding process. However, the ligand competing with CO is unknown. The competing
ligand is probably a Cys residue (see EPR part).

7.4.4 Redox titrations
With an envisaged function in redox transfer for GLB-3, it is interesting to obtain the
redox potential of GLB-3. The redox potential highly depends on the heme-pocket struc-
ture and is unique for each protein and gives more insight in which potential electrocata-
lytic reactions the protein might play a role.

A possible method to determine the redox potentials of heme proteins is a cyclic
voltammetry (CV) setup in which the protein is immobilized at a modified gold elec-
trode. This method was successfully applied by our collaborators from the A-sense led
by Prof. De Wael for different Ce gbs [117, 119]. Therefore, they repeated a similar
setup for GLB-3, using a slightly different setup that was validated using commercially
bought cytochrome c. However, they were not able to determine the redox potential of
GLB-3 via this method, for causes that remain until now unclear. Potentially, the many
cysteines in GLB-3 interacted with or precipitated at the used gold electrode, preventing
efficient electron transfer.

Alternatively, we recreated an optical potentiometric titration method after [370, 371]
to determine the redox potential of GLB-3, as various redox potentials of bis-histidyl
proteins have been determined using such approach [299, 148, 293, 372]. This method
relies on the fact that both ferrous and ferric bis-histidyl heme proteins have a very
distinct UV-vis absorption spectrum (see Fig. 7.3). The ferrous state can be obtained by
adding a reducing agent such as dithionite (Na2S2O4) to the ferric form of the protein.
Vice versa, potassium ferricyanide (K3Fe(CN)6) is able to fully oxidize the heme protein
to the ferric state. The electrochemical potential at which this conversion occurs, can
be obtained by carefully titrating a reducing or oxidizing agent to the protein in the
presence of various redox mediators. By measuring the potential of the solution after
each titration, the midpoint electrochemical potential can be determined by fitting the
UV-vis spectral changes (∆ AbsQ−band) in function to the electrochemical potential to a
Nernst equation.

As it was the first time such method was implemented in our lab, we carried out
various optimization phases. In a first set of experiments, the redox mediator solution
was investigated. While the initial method papers [371, 370, 299] do not highlight any
remarkable phenomena, the observations revealed poor solubility and challenging UV-
vis absorption behavior of the mediator mixture. A second part of the optimization
involved the reduction of the globin using a reducing agent. This is needed to be able
to carefully control the absorbance changes, and therefore, various titration experiments
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Table 7.1: Table containing the physicochemical properties of the used redox mediators
according to [299].

Properties
Red.
mediator

E0 (mV) solubility
(H2O)

light
sensitivity

MW (Da) Conc.
(mM)

diaminodurene +275 poor yes 164.25 0.4
trimethyl-
hydroquinone

+115 poor no 152.19 0.1

phenazine
ethosulfate

+65 good yes 334.39 0.1

phenazine
methosulfate

+85 good yes 306.34 0.1

2-methyl-1,4
napthoquinone

+10 poor no 172.18 0.4

tetramethyl-
p-
benzoquinone

+5 very poor no 164.20 1.2

2-hydroxy 1-4
naphtoquinone

-145 good no 174.15 0.015

riboflavin-5’-
monophosphate

-219 good yes 478.33 0.015

were done in order to obtain a reproducible titration curve. The last part of the setup
that needed optimization is the potentiometric detection. As both UV-vis and potential
of the solution should be measured simultaneously, the optical cuvette needed to be
optimized accordingly.

In an initial trial, we were not able to reproduce the redox potential of hNgb [60] nor
obtain results for GLB-3 within a reasonable error margin using our home built setup. In
a next phase, improvements were made based on the insight that a very well-controlled
anaerobic environment was needed to succeed, which has eventually led to the redox
determination as reported in [237]. Here, the consecutive steps and improvements are
reported.

Redox mediator optimization Redox mediator stock solutions were made in 100
ml of 0.1 M potassium phosphate. The final concentration of each component in the
mixture was chosen according to [299], and is listed in Table 7.1. The stock solution was
sonicated and mixed, however, a small undissolved fraction remained. One percent of
DMSO (1%) was added to the mixture to increase the overall solubility. The mediator
mixture absorbs in the UV-visible range, especially in the range for which we wanted to
detect the changes between the protein oxidation states (Q-bands, 559 nm) (Fig. D.6). In
principle, this could be easily resolved by a baseline subtraction. However, the mediator
mix changes color over time from yellow to a dark green (Fig. D.7), accompanied with
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absorbance changes (spectra not shown). The UV-vis spectrum of each redox mediator
was measured over time (Fig. D.6) revealing that phenazine ethosulfate and phenazine
methosulfate absorb increasingly over time in the Q-band region 500-700 nm. Storing
the mixtures in dark resulted in more stable absorption spectrum, and therefore, sub-
sequent experiments were carried out in dark except for the UV-vis detection part2.
Besides light exposure, addition of dithionite to the redox mixture resulted in UV-visible
absorption changes. This was not easily circumvented, as dithionite or any other re-
ducing agent causes this effect and is inherently needed for the reduction of the heme.
Therefore, to overcome the solubility problem on one hand, and to overcome the UV-vis
background effects on the other hand, the mediator concentration was lowered to a fi-
nal concentration of every component to 5 µM, in accordance with [293], in which they
performed a similar experiment with redox mediators at concentrations between 1 and
5 µM. After undesirable initial experiments, it was decided to reproduce the mediator
conditions of [293], instead of [299]. In that work, phenazine methosulfate (Em = 80 mV),
2-methyl-1,4-naphthoquinone (Em = 10 mV), indigo tetrasulfonate (Em = −46 mV), 2-
hydroxy-1,4-naphthoquinone (Em = −137 mV), and anthraquinone 2,6-sulfonate (Em =
−184 mV) were used at concentrations between 1 and 5 µM.

Spectroscopic detection Prior to perform experiments on GLB-3, hNgb was tested
because of its known redox potential [293]. hNgb was added to the redox mediator
mixtures that were pre-flushed with Ar gas and the UV-vis spectrum was collected which
shows the expected Soret and Q-bands, with a redox mediator background superimposed.
Careful titration of an Ar-flushed, 1/10th or 1/20th diluted saturated dithionite solution
with an airtight Hamilton Syringe resulted in limited changes in the UV-vis spectrum.
Lower dilutions resulted in immediate turn-over to the ferrous state. The best results
were obtained by carrying out the titration with freshly prepared and immediately Ar-
flushed 20 mM dithionite solutions, using an automated syringe pump. Small increments
resulted in intermediate forms between the ferrous and the ferric state, but overall,
the experiment was difficult to control. Fig. 7.9 (A) shows an example of a titration
experiment of hNgb dissolved in the mediator mix solution. Dithionite was titrated as
indicated in the figure legend. The addition of dithionite resulted initially in a decrease of
diaminodurene absorption band at 387 nm, until at after 46 µL titration volume, a sudden
conversion occurred to the ferrous form. Leaving the sample over time after addition of
an excess of dithionite resulted in the auto oxidation to the ferric state, which can be
seen from the overall decrease in Q-bands (Fig. 7.9 (B)). The ferrous state was not stable
in solution for a long time without adding an excess of dithionite, showing that leaking
of air in the sample may be a crucial hampering factor.

Electrochemical detection A final adjustment to the setup included the addition of
a Ag/AgCl and Pt counter electrode to the solution in order to measure the potential
of the solution after each dithionite titration. A schematic diagram of the final setup is
shown in Fig. 7.2. After each titration, we monitored the open circuit potential until it
stabilized before measuring the spectrum. It should be noted that the potential did not

2Despite being stored under N2 atmosphere, the color changes persisted
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(a) (b)

Figure 7.9: (A) UV-Vis absorption spectra of hNgb in the mediator mix (MM), after titration
of various amount of a dithionite solution as indicated by the legend. The Q-band region is
amplified by a factor of 5. (B) Collection of the same sample after addition of an excess
(84 µL) of the same dithionite solution over time, indicating the auto oxidation to the ferric

form.

always stabilize, likely due to O2 leakage in the cuvette, which causes a degree of variation
in our measurements. After we reached a fully ferrous state, we added a small excess of
dithionite to the solution, and repeated the experiment by following the oxidation over
time by leaving the sample unperturbed and collecting the potential and spectrum and
various time points after a magnetic stir perturbation to assure a homegeneous solution.

Redox potential determination The redox potential of hNgb and GLB-3 was eval-
uated using the method described in [293]. Both proteins were stepwise reduced using a
dithionite solution and the potential of the solution was measured after each titration.
After the fully reduced state was reached, the auto-oxidation was monitored accordingly
and the result of the triplicate experiment is plotted in Fig. 7.10. The potential was plot-
ted versus the mean of the measured potential of a saturated solution of quinhydrone in
50 mM potassium hydrogen phtalate at 25 ◦C (E0= 463 mV vs. SHE). The fraction of re-
duced proteins was calculated based on Q-band absorption at 559 nm, prior to dithionite
addition (0) and after an excess of dithionite (1).

For both proteins we observe a strong hysteresis-like effect, depending on the dir-
ection (oxidation/reduction, empty ‘o’/ filled ‘o’, respectively). Next to that, repeated
measurements resulted in strongly deflected values. By comparing the results for GLB-3a
and Ngb, we see that the data of Ngb is overall more dispersed compared to GLB-3a
(which seems to have only one strong outlier) and that the mean midpoint potential is
far more negative than for the GLB-3a experiments. Overall, it seems to be impossible
to extract meaningful values out of these set of experiments for the redox potential of
both proteins.

In a later stage of the project, an optimised experiment was executed inside a glovebox
which was deoxygenated with N2, which tremendously increased the reproducibility and
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(a)

(b)

Figure 7.10: Potentials of hNgb (A) and GLB-3a (B) versus the fraction reduced. The
plots show the fraction reduced (as determined from absorbance spectra) in function of the
measured potential vs. the potential measured of a saturated quinhydrone solution at pH 4.

stabilization of the redox potential after each titration (see Appendix Fig. D.8 and D.9).
For this set-up, a repeatable determination of the redox potential of hNgb could be done,
in line with earlier results. The obtained redox potential Em is +8 mV ± 19 mV vs. SHE,
which falls within the wide range of Em values reported for heme proteins (Table D.2).
Note that, when discarding the outlier in the GLB-3a measurements in Fig. 7.10 (red)
transitions in the reduction mode occurs in an area that matches the final results (i.e. -
450mV versus quinhydrone). The strong deviations in the oxidation curve may be related
to the different Cys that can get oxidized.

7.5 Discussion and conclusion
GLB-3a and GLB-3b are two isoforms of GLB-3 that contain a globin domain that is mod-
elled to exhibit the classical 3/3 α-helical fold, and is a previously uncharacterised globin
with a clear physiological function. Knock-out experiments performed by the group of
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Prof. Bart Braeckman have shown that GLB-3 is responsible for a fecundity effect in
the nematode [237]. The longest isoform, GLB-3b, is predicted to be palmitoylated and
myristoylated, while the smaller isoform is predicted to have a palmitoylation site and
an additional N-terminal mitochondrial targeting site (MTS) (Fig. 7.1). Moreover, the
fact that two isoforms of GLB-3 exist indicates overlapping tissue-specific functions for
GLB-3a and GLB-3b. Preliminary data motivated further biochemical characterization
to shed light on this unknown, cysteine-rich member of the Ce gbs.

The UV-vis and EPR characterization reported in this chapter shows that both GLB-
3 isoforms are strongly hexacoordinate bis-histidine-coordinated (6c/LS) in both the
ferric and ferrous form. Addition of DTT was needed to enhance the stability, because
precipitate would be formed otherwise over time, especially at high concentrations. It
is highly expected that a disulfide bridge formation may modulate the heme pocket
structure. Indeed, EPR reveals that three LS forms (LS1–3) are present in ferric WT
GLB-3, whereby LS3 disappears upon addition of DTT and is thus linked to disulphide-
bridge formation. LS3 is not present in ferric GLB-3a C70S (Fig. 7.6), indicating Cys70
as one of the partners in the disulphide bridge. Other partners could be AAs C89 or
C135, as followed from modelling (Fig. 7.1 (A)).

The occurrence of different LS forms indicates a flexibility in the heme region. The
EPR parameters of bis-histidine coordinated heme centres can be linked to the relative
orientation of the two imidazole planes of the iron-ligating E7His and F8His [93, 373], with
increasing gz values indicating an increasing dihedral angle between the two imidazole
planes and/or tilting of the imidazole plane away from the perpendicular position versus
the heme plane. The gz values found for LS1–3 (Table D.1) agree with dihedral angles
between the imidazole planes larger than 40◦ [373]. LS3 has the largest gz value revealing
that formation of the disulphide bond exercises a strain on the heme pocket. This may
point to control of the GLB-3 function through the redox state of the disulphide bridge,
as suggested for human neuroglobin [374].

CO is known to tightly bind with gbs in general and, so far, it remains the only
exogenous ligand for which a binding to the GLB-3 heme iron could be observed. In
general, the CO-rebinding kinetics for bis-His gbs are slower than for pentacoordinate
gbs but still relatively fast (on-rates in the order of ∼ 106 vs. 107 M−1 s−1, respectively).
Here, we observed that the CO-rebinding rate is extraordinary slow. The relatively high
geminate phase of the WT and mutant shows a hindered or limited escape of CO to the
solvent. The CO-rebinding kinetics of the GLB-3a HE7A mutant still does not show
very high CO-rebinding kinetics, which can be linked to a distal AA-residue rebinding.
Although the strong changes in the UV–Vis and EPR features of the GLB-3a HE7A
variant compared to the WT form (Fig. 7.5 (C)) confirm the distal ligation of E7His
to the heme iron in the latter form, an unexpected binding of an S-containing ligand,
most likely Cys, to the heme iron is observed, suggesting that mutation of the distal
His is accompanied by heme sliding or movement of the E-helix (nearest Cys on E2 and
E12). This confirms the flexibility of the heme pocket and reveals that E7His plays a
key stabilizing role in the protein structure, besides its role in the protein’s function.

Several in vitro observations, such as the slow binding of CO and the fast auto-
oxidation, indicate that GLB-3 is not a transport/storage protein and is not involved in
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binding of diatomic (signalling) gases. A fast auto-oxidation hampering in vitro study
of the oxy form of the globin was also observed in the Ce proteins GLB-6 [148], GLB-
12 [119], and GLB-26 [114, 117]. Even though the hydrophobic heme pocket of GLB-3
should prevent heme oxidation, polar amino-acid residues are observed at the entrance
of the heme pocket. This is also the case for GLB-12, where the polar residues allow
solvent access to the heme pocket and trigger heme iron oxidation [119].

A more likely function thus points towards a redox or electron-transfer function.
In vitro, the GLB-3 forms showed no catalase activity nor nitrite reductase activity
in contrast to many other globins. The lack of substantial changes in the absorption
spectra in the presence of various concentrations of H2O2, NO2, and H2S confirms that
an enzymatic or ligand scavenging function is not expected. The fact that a stable NO
form can be produced with the HE7A GLB-3a mutant suggests that the strong affinity
of the distal histidine residue in the WT form is preventing ligand binding at the heme
and subsequent reactivity. Moreover, GLB-3 can withstand large amounts of H2O2, and
remarkable stability is observed at very low pH as well. However, isoform b is clearly
less stable than isoform a, and the N-terminal extension of GLB-3b, which contains three
extra cysteine residues in addition to the already cysteine-rich globin domain, might be
attributable for this effect [237]. However, the function, structural motif, and localization
with respect to the heme of this N-terminal extension is unknown.

To get more insight in the redox behavior, we explored a potentiometric titration
experiment after [370, 293, 299]. The determination of the redox potentials using our
experimental setup was not achieved in the scope of the practical part of my PhD work,
however, progress was made in the optimization of the redox titration experiments and
later on, successful experiments were executed in strictly anaerobic environment (see
Appendix Figs. D.8 and D.9). The setup [293], was used in a glovebox, therefore an
anaerobic environment seemed to be a crucial determining factor for success. The high
variation in measured potentials for both control experiment on hNGB as on GLB-3
(Fig. D.8 is most likely caused due to the leakage of O2 inside the cuvettes, despite the
attempts made by prior flushing with N2 and working under a N2 pressured atmosphere
using a syringe and N2-filled balloon attached to the cuvette (see setup in Fig. 7.2). Small
traces of oxygen seem to be sufficient to disturb the experimental system, preventing us
to determine the redox potential within an acceptable error margin. The poor stabil-
ization of the potential measurement caused a large degree of variability in our data.
The concentration of the mediators needed to be significantly reduced to overcome the
unwanted absorbance effects in the Q-band region, the region we used to determine the
ratio of reduced versus oxidised state of the protein. Therefore, their importance and
mediated effect could be significantly reduced as well. The many cysteines in GLB-3,
and potential effect of the mediator induced oxidation thereof, and thus effect on the
protein structure, are all factors that should be taken into account.

The final experimentally determined redox potential for GLB-3a is slightly positive
(vs. SHE). For bis-histidyl ligated globins, a wide range of redox potentials is found
presumably determining their function (Table D.2). Such broad range is also observed
for cytochromes; even though the oxidation and reduction involve a seemingly simple
reaction of electron transfer from or to the heme iron, their redox potentials span a
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range of several 100 s of mV (Table D.2). The redox potential is strongly influenced
by the nature of the axial ligands to the heme iron, porphyrin peripheral substituents,
solvent accessibility of the metal site, electrostatic interactions with protein side chains
and other cofactors, and protonation state of neighboring amino-acid residues [375]. The
Em value of GLB-3a is higher than the reported redox potentials of the disulphide redox
couples in human neuroglobin and human cytoglobin (Table D.2), suggesting that the
ferric heme iron of GLB-3a can oxidize disulphide bonds better than neuroglobin and
cytoglobin.

Finally, and on a broader scope, the open question remains: “Why do the GLB-3
isoforms possess so many Cys residues?”. A high number of Cys residues in globins is
found to be most common in nematode globins. Besides the well-known structural func-
tion of disulphide bonds and the earlier mentioned involvement in membrane linkage
(palmitoylation sites), Cys residues are known to participate in different redox reactions.
Redox-active Cys residues can play an important role in the regulation of the protein
function as they may act as redox-sensing molecular switches which sense cellular oxidiz-
ing factors such as ROS and cellular reducing factors [376]. Additionally, like the redox-
active Tyr and Trp residues, also Cys residues can act as intermediate charge carriers
in electron transfer reactions as observed during the redox titration measurements [377].
A recent chemoproteomics study determined the reactivity of the Ce cysteine proteome
under physiological conditions [378]. Unfortunately, this study only picked up GLB-1
(with a non-redox active Cys), and revealed no information on the other 33 globins.
Nevertheless, this study revealed wide-ranging redox regulation via cysteine redox chem-
istry in Ce, and showed redox-sensitive events in translation, growth signalling and stress
response pathways. The high resistance of the heme-pocket region of GLB-3 to H2O2
may indicate that the cysteine-rich GLB-3 protein is designed to function in the presence
of ROS. As a protecting mechanism, the globin thiols in nematodes can have a key role
in thiol-mediated redox signalling in response to oxidative stress.

Further systematic biochemical studies are needed to identify potential redox partners
or even a possible involvement in electron-transport or sensory function.
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Part III

Conclusion
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Summary and outlook

Summary
Globins are an important protein family throughout the evolution of life. Each have a
unique heme pocket structure that allows them to carry out highly specific functions, such
as oxygen and nitrogen transport, as well as redox housekeeping within the cell. Driven by
the in-silico discovery of 33 and recently 34 globin genes expressed in the small nematode
Caenorhabditis elegans, this thesis contributes to the long-standing goal of characterizing
its associated gbs structurally and functionally. In particular, we focussed our attention
to the nitrite and NO specific binding properties and overall enzymatic activities of the
gbs GLB-33 and GLB-3 in Ce, and the Pgb of the bacterium Ma. Each globin in this set
possesses a very unique heme pocket structure, with GLB-3 having the more ‘classical’
His residue on helix E at position 7 (E7), whereas GLB-33 has E7Ile and Pgb, E7Val.

An overall introduction to gbs can be found in the first chapter of this thesis, with
a special focus on their interaction with nitrite. The gbs from Ce and the Pgb from
Ma are reviewed in Chapter 2. The former are very numerous, are structurally and
functionally diverse, and have a cell-specific expression pattern. Protoglobin, on the other
hand, is evolutionarily the oldest ancestral globin with unique structural and functional
properties. Due to the iron-containing prosthetic heme group of (proto)gbs, spectroscopy
has proven to be a very powerful tool to study them and elucidate their putative functions.
In addition to conventional techniques (such as UV-vis and rRaman), in this thesis more
advanced methodologies such as pulsed EPR and the underexploited ECD in the visible
range were applied. The details and basic theory of these methods can be found in
Chapter 3. The subsequent chapters contain the main results on the particular gbs:
CeGLB-33 (Chapter 4 and Chapter 5), MaPgb (Chapter 6), and CeGLB-3 (Chapter 7).

In Chapter 4, the initial biochemical characterization of the GD of GLB-33, a chimeric
globin-coupled putative neuropeptide receptor, as published in [118] was extended. Two
key aspects of the GD were specifically studied : (i) the unusual hydroxide ligation at
the heme, and (ii) its extremely fast nitrite reductase activity. The spectral features
of the hydroxide ligation were characterized spectroscopically as two low-spin species
associated with two hydroxide conformations. The pH-dependent nitrite ligation at the
heme was also investigated in detail using rRaman, chiroptical methods, and native
MS. Working at low pH has particular consequences on the nitrite-heme interaction, as
shown by the covalent nitrovinyl modification of the heme group. In recent years, there
has been ongoing debate between experimental and computational findings on the nitrite
linkage isomer. Therefore, these binding modes were explored through a search for EPR
signals of nitrite-ligated heme forms. The lack of these signals, in combination with all
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complementary data, suggests an O-linked nitrito binding mode at slightly acidic pH.
Finally, both hydroxide and nitrite binding modes were linked to a structural movement
of the key amino acid residue, E10Arg, in and out of the heme pocket.

In the subsequent Chapter 5, a follow-up study was conducted in which we performed
more advanced pulsed EPR on the hydroxide complex and temperature-dependent CW
EPR and pulsed EPR on nitrosylated GLB-33GD, which provided us with EPR paramet-
ers of the heme pocket. Also, attempts to crystallize the protein were undertaken, and
point mutations were introduced in the heme pocket of GLB-33GD to further study the
effect of E10Arg. Although many problems were encountered, the study strengthened
the identification of the hydroxo-ligation in ferric GLB-33GD and the role of E10Arg in
ligand stabilization. The nitrosylated GD of GLB-33 showed a particularly persistent
rhombic conformation at high temperatures compared to Ngb and mutants, in line with
observations for Aplysia Mb that also has a Arg residue at position E10.

The study on MaPgb, done in Chapter 6, resulted from an internal collaboration
within the TSM2 research group. We related the outspoken ruffled heme group of Pgb
to a quantum-mechanical admixture of the S = 5/2 and S = 3/2 states of its ferric
form. Furthermore, stimulated by the previous study on GLB-33GD and nitrated gbs,
we investigated the Pgb-nitrite interaction, which was hitherto unexplored. Interestingly,
we observed strong spectral changes upon lowering the pH, and ascribed it to a ferric-
NO state as a consequence of the acidic decomposition of nitrite. This provides more
evidence for the envisaged NO-scavenging function of Pgb.

In the last chapter of this thesis, Chapter 7, we conducted the first characterization of
GLB-3, a cysteine-rich globin that is expressed as two isoforms, a and b, with the latter
containing a N-terminal extension. In close collaboration with Zainab Hafideddine, we
found that the strong hexacoordination prevents exogenous ligand interactions, with CO
being the only exception so far. Moreover, disulfide bridge formation is very likely to
occur in the globin. Distal HE7A pocket mutants were created in order to confirm the
E7His hexacoordination. This mutation caused unusual structural reorganizations, res-
ulting in spectra similar to heme proteins with a cysteinate-like ligand character. In this
case, E12Cys may take on the position of the distal ligand. The lack of ligand interac-
tions, fast auto-oxidation rate, and cysteine-richness suggest a potential function in redox
signalling. The chapter describes the optimization process preceding the determination
of the slightly positive redox potential vs. SHE of the protein. An extensive comparison
with other bis-His ligated gbs was made, and its peculiar properties are discussed in light
of a potential redox signalling function. In the context of the previous chapters and the
scope of this thesis, it was found that GLB-3 did not exhibit any NiR activity. This
underlines the broad functional diversity observed not only in the gbs studied in this
research but also across all gbs. Structural changes during the course of evolution have
led to highly specialized gbs, and with continued research and exploration, the myster-
ies of these fascinating biomolecules can be unlocked, and their full range of roles and
functions can be revealed.
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Future outlook, what’s next?
Globin research has evolved from the need to understand the molecular function of hemo-
globin. Nowadays, numerous globin genes have been discovered in various organisms, and
a key example is the nematode Ce, with its 34 gbs. This extraordinarily large number,
compared to vertebrate gbs, has stimulated further investigation. Characterizing gbs,
functionally and structurally, is a tedious task: after more than two decades since their
discovery, we have only been able to characterize a handful of Ce gbs. Therefore, within
the biology of Ce, we need to be selective and think about which globin-related questions
we are trying to answer and which gbs deserve our attention. Researchers from the re-
search group of Prof. Bart Braeckman (Ghent University), a leading C. elegans expert,
have identified glb-4 as homozygously lethal or sterile and GLB-18 as very abundantly
expressed over a wide variety of neurons. GLB-31 is considered as potentially interesting
as well to investigate in more detail as it is a relatively small globin that is only expressed
in three types of interneurons. The above-mentioned properties suggest a very specific
function, which could reveal very interesting properties from a spectroscopic viewpoint
as well.

GLB-33, the largest chimeric Ce globin, and GLB-3, with its cysteine-rich nature and
clear phenotype upon knockout (sterility), were excellent subjects to study in depth. It
is now clear that the unique heme pocket of each globin leads to specific ligand-binding
properties and, therefore, carries out a highly specialized cell-specific function. Until now,
spectroscopic studies on GLB-33, including the work in this thesis, have focused merely
on the GD and not the full-length protein. In the next phase, it would be interesting
to connect the globin and the membrane domain to unravel the protein’s multimeric
organization and biological function. Alternative higher eukaryotic expression systems
should be explored to carry out a study on the full-length domain. Membrane proteins
tend to be challenging to work with, and therefore, a buffer and detergent screen on
a small scale would be a good starting point. Spectroscopically, on the other hand, it
would be advantageous to set up a well thought-out mutagenesis experiment on the heme
pocket. We initially identified interesting mutants, but the study was hampered, likely
due to an unforeseen extra point mutation. Repeating this study and combining it with
a structural study would give us a detailed insight into this hydrophobic heme pocket.
Matching the spectroscopic data to the structure would stimulate computational DFT
and MD simulations as well, which could further optimize our EPR data simulations.

Pgb from Ma is also fascinating due to its highly ruffled heme group and exceptional
affinity for oxygen. As a result, Pgb remains an intriguing globin on which researchers
continue to publish new insights to date. Pgbs can adopt different heme geometries
depending on the buffer conditions and the presence of distal ligands. However, the
dynamics of this interplay between the heme and the different ligands and conditions are
not well known. In this thesis in particular we shed light on Pgb and its interaction with
nitrite and consequently NO, which was present at acidic conditions. We linked the ruffled
heme to its potential function in the NO metabolism. However, how Pgb modulates NO
levels and biological responses in vivo or its potential role as a protector from oxidative
stress, is not yet fully understood. Additionally, we used UV/Vis ECD on Pgb, and the
other gbs investigated in this work, as it has the potential to gain complementary insights
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relatively fast and easily. However, the interpretation of the spectra is far from clear.
Using Pgb in combination with other well-characterized gbs and DFT computations to
further interpret these spectra would be an interesting research direction.

The extensive, multi-disciplinary study characterized GLB-3 isoforms from scratch,
which has led to many insights but created many open questions. The presence of
the C- and N-terminal extensions has a clear influence on the GD. The large number of
cysteine residues and overall instability of the GLB-3b isoform complicates its biophysical
characterization. Therefore, the next stage would involve a focused pulsed EPR study
on GLB-3a, which is the most stable at high concentrations, potentially aided by XRD
studies. The strong bis-histidine character of the heme would be interesting to investigate
with pulsed EPR and link the spectra with the dihedral angles between the proximal
and distal histidine planes. The functional relevance of the extensions is still largely
unclear, mostly because globin studies focus on the heme pocket. However, new insights
show that these extensions might function as signal sequences for subcellular location,
membrane anchoring, or even structural stability. More work on the interaction partners,
as was done for GLB-12, which is known to interact with superoxide dismutase (SOD)-1,
would aid in understanding the neuronal function of GLB-3. Currently, SOD-1 and 3 are
most likely candidates, but further biochemical studies are needed to unravel the specific
reaction mechanism.
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Samenvatting

Globines (gbs) zijn een belangrijke eiwitfamilie sinds de evolutie van het leven. Elk
globine heeft een unieke heemzakstructuur waardoor ze zeer specifieke functies kunnen
uitvoeren, zoals zuurstof- en stikstoftransport, evenals redox-huishouding binnen de cel.
Gedreven door de in-silico ontdekking van 33 en recentelijk 34 globine-genen geëxpres-
seerd in de kleine nematode Caenorhabditis elegans (Ce), draagt deze thesis bij aan
het langdurige doel om de deze gbs zowel structureel als functioneel te karakteriseren.
In het bijzonder richtten we onze aandacht op de nitriet- en NO-specifieke bindings-
eigenschappen en algemene enzymatische activiteiten van de gbs GLB-33 en GLB-3 in
Ce, en de protoglobine (Pgb) van de bacterie Methanosarcina acetivorans (Ma). Elke
globine in deze set heeft een zeer unieke heemzakstructuur, waarbij GLB-3 het meer
“klassieke"His-residu heeft op helix E op positie 7 (E7), terwijl GLB-33 E7Ile heeft en
Pgb E7Val heeft.

Een algemene introductie tot gbs is te vinden in het eerste hoofdstuk van deze the-
sis, met een speciale focus op hun interactie met nitriet. De gbs van Ce en de MaPgb
worden besproken in Hoofdstuk 2. De eerste zijn zeer talrijk, hebben een structurele
en functionele diversiteit en hebben een cel-specifiek expressiepatroon. Protoglobine is
daarentegen evolutionair de oudste voorouderlijke globine met unieke structurele en func-
tionele eigenschappen. Door de ijzerhoudende prosthetische heemgroep van (proto)gbs
is spectroscopie een zeer krachtig hulpmiddel gebleken om ze te bestuderen en hun func-
ties te achterhalen. Naast conventionele technieken (zoals UV-vis en resonante Raman
(rRaman)) werden in deze thesis meer geavanceerde methoden toegepast, zoals gepulste
elektronenparamagnetische resonantie (EPR) en het onderbenutte elektronische circu-
laire dichroïsme (ECD) in het zichtbare gebied. De details en de basis theorie van deze
methoden zijn te vinden in Hoofdstuk 3. De daaropvolgende hoofdstukken bevatten de
belangrijkste resultaten over de specifieke gbs: CeGLB-33 (Hoofdstuk 4 en Hoofdstuk
5), MaPgb (Hoofdstuk 6) en CeGLB-3 (Hoofdstuk 7).

In Hoofdstuk 4 werd de initiële biochemische karakterisering van het globinedomein
(GD) van GLB-33, een chimerische globine-gekoppelde putatieve neuropeptide receptor,
zoals gepubliceerd in [118], uitgebreid. Twee belangrijke aspecten van het GD werden
specifiek bestudeerd: (i) de ongebruikelijke hydroxideligatie aan het heem en (ii) zijn
extreem snelle nitrietreductase-activiteit. De spectroscopische kenmerken van de hy-
droxideligatie werden gekarakteriseerd als twee lage-spinsystemen geassocieerd met twee
hydroxide-conformaties. De pH-afhankelijke nitrietligatie aan het heem werd ook in detail
onderzocht met behulp van rRaman, chiroptische methoden en native massaspectrometrie
(MS). Het werken bij lage pH heeft bijzondere gevolgen voor de nitriet-heeminteractie,
zoals blijkt uit de covalente nitrovinyl-modificatie van de heemgroep. In de afgelopen
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jaren is er aanhoudend debat geweest tussen experimentele en computationele bevindin-
gen over de nitriet-bindingsisomeer. Daarom werden deze bindingsmodi verkend door
te zoeken naar EPR-signalen van nitriet-gekoppelde heemvormen. Het ontbreken van
deze signalen, in combinatie met alle aanvullende gegevens, suggereert een O-gekoppelde
nitrito-bindingsmodus bij licht zure pH. Ten slotte werden zowel hydroxide- als nitriet-
bindingsmodi gekoppeld aan een structurele beweging van het belangrijkste aminozuur-
residu, E10Arg, in en uit de heemzak.

In het daaropvolgende Hoofdstuk 5 werd een vervolgstudie uitgevoerd waarbij we
geavanceerd pulsed EPR onderzoek deden naar het hydroxidecomplex en temperatuur-
afhankelijke CW EPR en gepulste EPR op nitrosylerende GLB-33GD, wat ons EPR-
parameters van de heemzak opleverde. Er werden ook pogingen ondernomen om het
eiwit te kristalliseren en puntmutaties werden geïntroduceerd in de heemzak van GLB-
33GD om het effect van E10Arg verder te bestuderen. Hoewel er veel problemen werden
ondervonden, versterkte de studie de identificatie van de hydroxo-ligatie in ferrisch GLB-
33GD en de rol van E10Arg in de stabilisatie van het ligand. Het genitreerde GD van
GLB-33 vertoonde bijzonder aanhoudende rhombische conformatie bij hoge temperatu-
ren in vergelijking met neuroglobine en mutanten, in lijn met observaties voor Aplysia
myoglobine dat ook een Arg-residu heeft op positie E10.

Het onderzoek naar MaPgb, uitgevoerd in Hoofdstuk 6, is het resultaat van een in-
terne samenwerking binnen de onderzoeksgroep TSM2. We hebben de uitgesproken ver-
frommelde heemzak van Pgb gerelateerd aan een kwantummechanische menging van de
S = 5/2 en S = 3/2 toestanden van zijn ferrische vorm. Verder hebben we, gestimuleerd
door het vorige onderzoek naar GLB-33GD en genitreerde gbs, de Pgb-nitrietinteractie
onderzocht, die tot nu toe onontgonnen was. Interessant genoeg hebben we sterke spec-
trale veranderingen waargenomen bij het verlagen van de pH, en hebben we dit toege-
schreven aan een ferrisch-NO-toestand als gevolg van de zure ontleding van nitriet. Dit
levert meer bewijs voor de beoogde NO-scavenger-functie van Pgb.

In het laatste hoofdstuk van deze thesis, Hoofdstuk 7, hebben we de eerste karakte-
risering uitgevoerd van GLB-3, een cysteïne-rijk globine dat tot expressie komt in twee
isovormen, a en b, waarbij de laatste een N-terminale verlenging bevat. In nauwe samen-
werking met Zainab Hafideddine hebben we ontdekt dat sterke hexacoördinatie exogene
ligand-interacties voorkomt, met CO tot nu toe als enige uitzondering. Bovendien is de
vorming van disulfidebruggen zeer waarschijnlijk in dit globine. Er werden distale HE7A-
pocketmutanten gecreëerd om de E7His-hexacoördinatie te bevestigen. Deze mutatie ver-
oorzaakte ongebruikelijke structurele reorganisaties, resulterend in spectra vergelijkbaar
met heme-eiwitten met een cysteïnaat-achtige ligandkarakter. In dit geval kan E12Cys
de positie van de distale ligand innemen. Het ontbreken van ligand-interacties, de snelle
auto-oxidatiesnelheid en de cysteïne-rijkdom suggereren een mogelijke functie in redoxsig-
nalering. Het hoofdstuk beschrijft het optimalisatieproces voorafgaand aan de bepaling
van de licht positieve redoxpotentiaal versus de standaard-waterstofelektrodepotentiaal
(SHE) van het eiwit. Er werd een uitgebreide vergelijking gemaakt met andere bis-His-
gecoördineerde gbs, en de bijzondere eigenschappen ervan worden besproken in het licht
van een mogelijke functie in redoxsignalering. In het kader van de vorige hoofdstukken
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en de scope van deze thesis bleek dat GLB-3 geen NiR-activiteit vertoonde. Dit onder-
streept de brede functionele diversiteit die niet alleen wordt waargenomen in de gbs die
in dit onderzoek zijn bestudeerd, maar ook in alle gbs. Structurele veranderingen tijdens
de evolutie hebben geleid tot zeer gespecialiseerde gbs, en met voortdurend onderzoek
en verkenning kunnen de mysteries van deze fascinerende biomoleculen worden ontrafeld
en kan hun volledige scala aan rollen en functies worden onthuld.

dutch
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A.1 Nitrite-ligated heme forms and nitri-heme

Figure A.1: Schematic representation of nitrite heme ligation forms, (A) nitro form and
(B) nitrito form, as encountered in GLB-33GD and other heme proteins. The heme group
is schematically indicated in red. (C) A nitri-heme with up to two nitrovinyl groups as
observed in nitri-globins. (D) Example of nitro-ligation form in H64V variant of swMb (PDB
ID 6CF0). (E) Example of nitrito-ligation form in wild-type hhMb (PDB ID 2FRF). (F)
Example of nitri-heme formation in hhMb (with one nitrovinyl). The nitrovinyl is indicated
with an arrow (PDB ID 3VAU). Note that in addition to the nitri-heme formation, also a

nitrito ligation to the heme iron is observed.



166 Appendix A. Supporting information Chapter 4

A.2 pH-dependent stability of ferric GLB-33GD∆Cys
The stability of Glb-33GD at different pH values in the presence and absence of a 50-fold
molar excess nitrite was assessed via the analysis of the far UV region of the spectrum.
The two negative ECD bands at 208 nm and 222 nm clearly indicated the α-helix second-
ary structure of GLB-33GD. Neither the buffer exchange towards sodium acetate buffer
(pH 4 or 5) nor the presence of nitrite drastically affected the spectra, indicating that
the secondary structure composition was retained at the conditions investigated.

Figure A.2: The stability of GLB-33GDΔCys was assessed at pH 7.5 (A), 5 (B) and 4 (C),
in the absence (a, c, e) and presence (f, d, f) of a 50-fold molar excess of sodium nitrite via

the analysis of the far UV region of the ECD spectrum.

A.3 CW-EPR feature assignment – ferric GLB-33GD
ΔCys at pH 7.5

To determine which signals are linked in the CW-EPR spectrum of a frozen solution of
ferric GLB-33GD ∆Cys at pH 7.5, the difference in the saturation behavior of the two
LS species can be used. Fig. A.3 shows the spectra measured at different temperatures,
normalized to the first low-field signal. It immediately identifies the signals that are
linked to the same species.
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Figure A.3: Comparison of the X-band CW-EPR of ferric GLB-33GD∆Cys at pH 7.5 recor-
ded at 6 K (red) and 10 K (black) with a microwave power of 1 mW.

A.4 Simulations of CW-EPR spectra of ferric GLB-
33GD∆Cys at different pH

In this section, the different contributions to the simulations of the CW-EPR spectra of
ferric GLB-33GD ∆Cys at different pH are depicted. The corresponding EPR parameters
are given in Table 4.1 of the main text.
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Figure A.4: Comparison of the X-band CW-EPR of ferric GLB-33GD∆Cys at pH 7.5 (A),
pH 5 (B) and pH 4 (C) recorded at 10 K with a microwave power of 1 mW. The spectral
simulation is shown underneath, together with the individual components that make up the

simulation. In panel A, a broad background signal is added for a better fit (*).



A.5. UV/Vis absorption spectrum of ferric GLB-33GD-∆Cys with increasing nitrite
concentration 169

A.5 UV/Vis absorption spectrum of ferric GLB-33GD-
∆Cys with increasing nitrite concentration

Figure A.5: Normalized UV-vis spectra of GLB-33GD∆Cys in 50 mM Tris pH 7.5 in function
of nitrite concentration. The legend indicates the molar ratio [nitrite]:[protein]. The large

absorbance at 352 nm is due to the presence of nitrite in the sample.

A.6 rRaman spectra: Effect of incubation of ferric
GLB-33GD∆Cys with nitrite at different pH

Figure A.6: High (Panel A) and low (Panel B) frequency rRaman spectrum of GLB-
33GD∆Cys (red) treated with 50 molar excess of nitrite at pH 7.5, 5 and 4 (black). In

green the rRaman shift of the mode ν21 is marked.
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A.7 Simulations of CW-EPR spectra of ferric GLB-
33GD∆Cys with sodium nitrite at different pH

In this section, the different contributions to the simulations of the CW-EPR spectra of
ferric GLB-33GD∆CYS with sodium nitrite at different pH are depicted. The corres-
ponding EPR parameters are given in Table 4.2 of the main text.

Figure A.7: Comparison of the X-band CW-EPR of ferric GLB-33GD∆Cys with addition of
a 50-times molar excess of NaNO2 at pH 7.5 (A), pH 5 (B) and pH 4 (C) recorded at 10 K with
a microwave power of 1 mW. The spectral simulation is shown underneath, together with the
individual components that make up the simulation. Cu(II) represents a Cu(II) contaminant.

A.8 ESE-detected EPR
Fig. A.8 (A) shows the X-band ESE-detected EPR spectra of a frozen solution of ferric
GLB-33GD∆Cys with (black) and without (red) an excess of sodium nitrite at pH 7.
The spectra are the sum of spectra recorded at 400 τ-values to circumvent as much as
possible the effects of the deep nuclear modulations. Clear changes are observed upon
addition of sodium nitrite in line with the observation in the CW-EPR spectra (Fig. 4.2,
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main text). While the high-field feature of LS3 is hardly visible in CW-EPR, positive
echo intensity is still found at high field in the ESE-detected EPR spectra allowing for
a better estimation of the lower principal g value. Fig. A.8 (B) shows a comparison of
the 2-pulse ESEEM spectra taken at 440 mT. While no modulation is seen for ferric
GLB-33GD (magnetic field position falls outside of the spectral range of LS1 and LS2),
a modulation is still visible when sodium nitrite is added. When comparing the ESE-
detected EPR spectrum at the τ-value agreeing with the highest 2-pulse echo intensity
(τ= 272 ns, dashed line in Fig. A.8 (B)), the high-field feature can be best seen (Fig. A.8
(D)). At an observer position of 480 mT, the 2-pulse ESEEM intensity has completely
disappeared, indicating that this is the high-field limit of gx feature of LS3 (Fig. A.8 (C)).
The ESE-detected EPR at τ= 272 ns aids to determine the gx value (simulation of LS3 in
magenta in Fig. A.8 (D)). This assignment is further corroborated by the ESE-detected
EPR spectra of a frozen solution of ferric GLB-33GD with an excess of sodium nitrite at
pH 6 (Fig. A.9 (A)). While the 2-pulse ESEEM time trace at 480 mT is the same as the
one taken at 200 mT (outside the EPR spectrum of LS3), there is still clear modulation
at 440 mT in agreement with the observations at pH 7.5 (Fig. A.9 (B)). At pH4, the
ESE-detected EPR still shows echo intensity at 480 mT (see arrow in Fig. A.9 (D)). Only
at 550 mT, no echo modulation is observed (Fig. A.9 (C)). From this, the gx value of LS4
is estimated to be ≈ 1.38 with an absolute lower limit of 1.26 (position where no signal
is visible anymore).
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Figure A.8: (A) Experimental X-band ESE-detected EPR of a frozen solution of ferric GLB-
33GD∆Cys with (black) and without (red) an excess of sodium nitrite at pH 7. The spectra
are the sum of spectra recorded at 400 τ-values from 96 ns to 3288 ns. The simulations of
the different contribution of 6c/LS species are shown in blue (LS1), green (LS2) and magenta
(LS3). The simulation parameters are given in Table 4.2, main text. The peak in the [327-
340] mT area is due to a cavity background signal (Cu(II)) (B) Comparison of the 2-pulse
ESEEM experiment at 440 mT for a frozen solution of ferric GLB-33GD with (black) and
without (red) an excess of sodium nitrite at pH 7. The magnetic field setting is indicated
in cyan in (A). The red curve is shown with an offset to facilitate comparison. (C) 2-pulse
ESEEM experiment at 480 mT for a frozen solution of ferric GLB-33GD with an excess of
sodium nitrite at pH 7. (D) Comparison of the experimental ESE-detected EPR spectrum for
τ= 272 ns for a frozen solution of ferric GLB-33GD with (black) and without (red) an excess
of sodium nitrite at pH 7. The τ-value was chosen at the maximum height of the 2p-ESEEM
modulation at 440 mT (see dashed green line in (B)). The simulation of the contribution of

LS3 is shown in magenta as a comparison.
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Figure A.9: (A) Experimental X-band ESE-detected EPR of a frozen solution of ferric GLB-
33GD with an excess of sodium nitrite at pH 6 (blue). The spectrum is the sum of spectra
recorded at 106 τ-values from 96 ns to 936 ns. The black spectrum is obtained by taking
the Fourier-transform of the 2D ESE-detected EPR and summing the spectra in the [0-10]
MHz range of the ESEEM dimension. This ESEEM area entails all the EPR contributions
of species with 14N hyperfine interactions (i.e. the heme centres). It allows to remove the
cavity background signal (Cu(II) marked with **). The simulation of the contribution of
LS3 is shown in magenta as a comparison; the corresponding EPR parameters are given in
Table 4.2, main text. (B) Comparison of the 2-pulse ESEEM experiment at 200 mT (blue),
440 mT (black) and 480 mT (red) for a frozen solution of ferric GLB-33GD with an excess
of sodium nitrite at pH 6. The red and blue curve are shown with an offset to facilitate
comparison. (C) Comparison of the 2-pulse ESEEM experiment at 200 mT (blue), 440 mT
(black), 480 mT (red) and 550 mT (magenta) for a frozen solution of ferric GLB-33GD with
an excess of sodium nitrite at pH 4. The magenta and blue curve are shown with an offset
to facilitate comparison. (D) Experimental X-band ESE-detected EPR of a frozen solution of
ferric GLB-33GD with an excess of sodium nitrite at pH 4 (black). The ESE-detected EPR
spectra were recorded for 200 τ-values from 96 ns to 1688 ns. The black spectrum is obtained
by taking the Fourier-transform of the 2D ESE-detected EPR and summing the spectra in
the [0-10] MHz range of the ESEEM dimension. The simulation of the contribution of LS3
is shown in magenta as a comparison; the corresponding EPR parameters are given in Table
4.2, main text. The arrow shows the high-field area where signal intensity is observed where

this was not observed before.
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A.9 Mass spectrometry
Fig. A.10 shows the control MS experiments on ferric GLB-33GD∆Cys without the ad-
dition of sodium nitrite. The results should be compared with the ones reported in
Fig. 4.5.

Figure A.10: MS measurements of ferric GLB-33GD|deltaCys (control, without addition of
NaNO2) at pH 7.5 (A) and pH 4.0 (B) at a collision energy of 50 V.
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A.10 Crystal-field analysis

Figure A.11: “Blumberg-Peisach” diagram constructed with crystal-field parameters derived
from the principal g values of nitrite-bound LS species together with reference nitrite-bound
heme proteins as listed in Table A.1 and as indicated in the figure legend. The dashed circles
highlight the apparent two different groups in which the LS-species can be divided and the

assignment based on the literature [248] is given.
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A.11 ESEEM and HYSCORE of GLB-33GD∆Cys with
excess of Na14NO2 and Na15NO2

Figure A.12: Comparison between the three-pulse ESEEM spectra of frozen solutions of ≈
1 mM ferric GLB-33GD∆Cys at pH 7.5 after addition of a 50-fold excess of Na14NO2 (red)
and Na15NO2 (blue). 25 % (v/v) glycerol was added to the solution as a cryoprotectant.
The spectra were recorded at 235 mT, an observer position agreeing with g = gz of LS3. The

arrows indicate small differences in the spectra.

Figure A.13: Comparison between the HYSCORE spectra of frozen solutions of ∼ 1 mM
ferric GLB-33GD∆Cys at pH 7.5 after addition of a 50-fold excess of Na14NO2 (red) and
Na15NO2 (blue). 25 % (v/v) glycerol was added to the solution as a cryoprotectant. The

spectra were recorded at 237 mT, an observer position agreeing with g = gz of LS3.
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A.12 Abs/ECD spectra of Myoglobin with nitrite at
different pH

Figure A.14: Abs (top) and ECD (bottom) spectra of 57 µM Mb in sodium acetate (pH 4,
5) or Tris HCL buffer (pH 6.5, 7.5 and 11).

A.13 Movement of Arg in AlMb heme pocket

Figure A.15: Representation of the relative orientation of key residues in heme pocket of
ferric AlMb without a distal ligand (PDB ID: 1MBA) (A) and with a distal cyanide ligand
(PDB ID: 2FAL) (B), highlighting the movement of the Arg residue in and out of the heme

pocket.
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B.1 Primers

Primer SEQUENCE (5’–>3’)
I69H f CAT-GCC-AAG-TTT-CAA-GAG-

CAC-GGA-GGT-CGA-ATC-ACC-TC
I69H r GAG-GTG-ATT-CGA-CCT-CCG-

TGC-TCT-TGA-AAC-TTG-GCA-TG
R72V f AGT-TTC-AAG-AGA-TCG-GAG-

GTG-TAA-TCA-CCT-CCT-TCA-
TAT-CAG

R72V r CTG-ATA-TGA-AGG-AGG-TGA-
TTA-CAC-CTC-CGA-TCT-CTT-
GAA-ACT

R72V I69H f GAT-CAT-GCC-AAG-TTT-CAA-
GAG-CAC-GGA-GGT-GTA-ATC-
ACC-TCC-TTC-ATA-TCA-GA

R72V I69H r TCT-GAT-ATG-AAG-GAG-GTG-
ATT-ACA-CCT-CCG-TGC-TCT-
TGA-AAC-TTG-GCA-TGA-TC

S41C f CAT-CCG-AAT-TTG-TGT-AAA-
AAC-GAT-GAA-CCC

S41C r GGG-TTC-ATC-GTT-TTT-ACA-
CAA-ATT-CGG-ATG

S56C f CCC-TTC-TAA-ACG-GTT-CAT-
GTA-AAC-GTA-GTA

S56C r TAC-TAC-GTT-TAC-ATG-AAC-
CGT-TTA-GAA-GGG

Table B.1: List of primers (forward (f) and reverse (r)) used for site-directed mutageneisis
of the pET23a plasmids encoding GLB-33GD.
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B.2 X-band CW EPR of GLB-33GD and Mb

Figure B.1: X-band CW EPR spectra of GLB-33GD and Mb. The low-spin regions of the
X-band CW-EPR spectra of frozen solutions of GLB-33GD at pH 7.5 (A) and Mb at pH 11.9
(B) at T = 10 K with corresponding Easyspin simulation (red). The two low-spin species
LS1 and LS2 are indicated by a dotted line and a dashed line, respectively, and an unknown
radical with (*). Based on the Easypin simulation shown in red, we can estimate the relative

contribution of LS1 to LS2 as 60 to 40 %, respectively.



182 Appendix B. Supporting information Chapter 5

B.3 Three-pulse ESEEM spectra

Figure B.2: Three pulse ESEEM spectra of a frozen solution of GLB-33GD∆Cys at pH 7.5.
Sample collected at canonical observer positions (gz , gy , gx) of LS1 (a, d, f) and LS2 (b, c, e).
The corresponding magnetic fields from (a-f) are 254.0 mT, 268.3 mT, 315.5 mT, 328.1 mT,
379.3 mT and 404.0 mT, respectively. The spectra were collected at T = 6 K and are the sum

of 20 τ values ranging between [96:20:496] ns.
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B.4 HYSCORE of Mb and simulations

Figure B.3: The symmetrized HYSCORE spectra of a frozen Mb solution at pH 11.9 collected
at 270 (top), 323.4 (mid) and 380.8 (bottom) mT corresponding gz , gy and gx, respectively.
The spectra are the sum of three τ -values: 88, 96 and 104 ns (top), 88, 104 and 148 ns (mid)

and 88, 104 and 124 ns(bottom).
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C.1 Sequence of C-terminal His6-tagged MaPgb
MSVEKIPGYT YGETENRAPF NLEDLKLLKE AVMFTAEDEE YIQKAGEVLEDQVEE-
ILDTWYGFVGSHPHL LYYFTSPDGT PNEKYLAAVRKRFSRWILDT CNRSYDQAWL
DYQYEIGLRH HRTKKNQTDN VESVPNIGYRY LVAFIYPIT ATMKPFLARK GHT-
PEEVEKM YQAWFKATTL QVALWSYPYV YGDFLEHHH HHH
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C.2 Absorbance and ECD spectra of ferric MaPgb
and myoglobin at pH 7.5.

Figure C.1: As-purified ferric MaPgb (black) and ferric myoglobin (aquomet form) (red),
both measured TrizmaR© hydrochloride buffer at pH 7.5. Absorption (top) and ECD (bottom)

spectra were recorded in the spectral region 260-700 nm.
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C.3 Secondary structure of ferric MaPgb

Figure C.2: Ferric MaPgb (0.056 mM of heme content) at pH 7.5 (green) in comparison with
ferric MaPgb at pH 5 (red), measured in TrizmaR© hydrochloride buffer and acetate buffer,
respectively. Absorption (top) and ECD (bottom) spectra were recorded in the spectral region

200-260 nm.
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C.4 Low frequency rRaman spectrum of MaPgb upon
nitrite treatment

Figure C.3: rRaman spectra of 0.057 mM MaPgb and its complexes with nitrite in sodium
acetate buffer at pH 5 in the spectral range 200-800 cm−1. MaPgb (0.056 mM of heme content)

was incubated with 50, 100, 200 and 400 molar ratio excess nitrite, respectively.
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C.5 rRaman characterization of ferric MaPgb

This work Reference

Mode Wavenumber
[cm−1]

Assignment Author Wavenumber [cm−1]

ν10 1631 5C/HS [325]
ν2 1573 5c/HS [325] 1573
ν11/ν2 1552 6C/HS [325] 1556
ν3 1460 5c/HS(FeII) [325] 1470

1437
ν29 1405 [197] 1403
ν4 1376 5c/HS [325] 1368-1374
ν41 1344 [197] 1341
ν21 1307 δ(CaH––)4or2 [197] 1301-1316

1227
ν30 1165 [197] 1169
ν14 1127 [197] 1121

1081
ν45 999 Cβ-vinyl stretch [197] 989

923 γ(––CbH2)s [197] 919
844

ν16 755 [379] 751
686

ν48 599 [379] 605
γ21 540 [197] 547

490
403 δ(CβCαCb)4 [197] 405

γ6 335 [197] 337
233

Table C.1: Table of rRaman marker bands: position of main rRaman marker bands of ferric
unligated MaPgb.
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C.6 Low-temperature X-band CW experiments

Figure C.4: X-band CW EPR spectra of frozen solutions of MaPgb at pH 5, with a 400
× molar excess of NaNO2 in the presence of 25 % (v/v) glycerol used as cryoprotectant,
collected at T=10 K. # is due to a background signal Cu(II). ∗shows the presence of radical

contaminant.

The EPR spectrum of ferric MaPgb can be ascribed by a rhombic effective g tensor,
indicative of an admixture of the S = 5/2 state with an S = 3/2 state (formation of a
QS state) [319]. Since glycerol was added as a cryoprotectant to the sample, it is unclear
whether the here observed signal is due to a 5c/QS or a 6c/QS species. In any case, the
EPR confirms the occurrence of QS states in ferric MaPgb.

Addition of sodium nitrite to ferric MaPgb leads to a disappearance of the EPR
signal of the ferric component in line with the formation of an EPR-silent NO-ligated
ferric heme complex. No signal of ferrous nitrosylated MaPgb is observed, confirming
that NO binding to the ferric form is not succeeded by a further reductive nitrosylation
step as is observed at pH 7 and higher [176].

C.7 Protein stability in the presence of nitrite.
To rule out the possible denaturation of MaPgb in presence of high concentration of
nitrite at pH5, far-UV ECD spectra were recorded (Fig. C.5). ECD spectra of MaPgb
(0.0056 mM in heme concentration), incubated with 0.28, 0.56, 1.12, 1.68 and 2.24 mM
NaNO2 in sodium acetate buffer (pH 5), were measured in the range 260–195 nm. In the
far-UV region of the ECD spectrum (Fig. C.5, Panel A) the presence of the two negative
minima at 208 nm and 222 nm clearly indicated the alpha-helix secondary structure of
MaPgb. Since the variation in the ratio between the ellipticity measured at 222 and
208 nm is indicative of the protein structural changes, it was plotted as function of the
nitrite concentration incubated with MaPgb for the treatments at the pH 5. Minor
variations were found in the 222/208 nm ratio when the concentration of the ligand was
increased, as well as an overall decrease of the ECD intensity, indicating the unfolding of
a minor fraction of the protein in presence of nitrite at mildly acidic pH values occurred.
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Nevertheless, the treatment of the globin with increasing amount of nitrite in mildly
acidic conditions did not affect the spectra drastically. Moreover, the ellipticity detected
in the range 300-600 nm intrinsically proved that the heme chromophore was correctly
located into the protein matrix. A total loss of the heme group as consequence of the
protein degradation, would imply the disappearance of all optical activity of the protein in
that specific spectral range (Fig. C.14). Therefore, we could conclude that the secondary
structure composition was retained during the nitrite treatment.

Figure C.5: Panel A: ECD spectra of MaPgb (0.056 mM in heme concentration) in complex
with sodium nitrite in sodium acetate buffer at pH 5 in the spectral range 195-250 nm.
Variations in the 222/208 nm ratio as function of the concentration of NaNO2 used for the

sample treatment at pH 5 (black triangle) are reported in Panel B.

C.8 pH variation
While the clear signature of a full conversion of ferric MaPgb to its Fe(III)–NO form
is observed at pH 5 upon addition of a 400× excess of sodium nitrite, only the onset of
the transformation can be seen at pH 6.2. At pH 7.5, no nitrosylated ferric MaPgb was
observed under the same conditions (not shown). This indicates that pH plays a role
in the formation of Fe(III)–NO form. The spontaneous decomposition of nitrite with
formation of NO is known to increase significantly at lower pH (NO-formation rate in
22.8 mM NaNO2 at pH 5 is 4.48 10−7 M s−1 and at pH 6.2 is 2.88 10−8 M s−1) [341].
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Figure C.6: Absorption spectra of ferric MaPgb (0.057 mM in heme content) at pH 5 (dark
blue) and pH 6.2 (black). Effect of addition of a 400-fold excess of sodium nitrite to ferric
MaPgb (0.057 mM in heme content) at pH 6.2 (grey) and pH 5 (cyan). The effect of the

reaction in N2 and with addition of air was also tested.

Abs / nm rRaman / cm−1

Soret Qβ Qα CT Assign ν4 ν3 ν2 ν10
MaPgb Fe(III) 399 506 547 638 5c/HS 1376 1460 1573 1631
1:50 405 1631
1:100 421 538 570 1376 1460/1506 1578 1631
1:200 425 538 570 6c/LS 1376 1460/1506 1578 1631
1:300 425 538 570 6c/LS
1:400 425 538 570 6c/LS 1376 1460/1506 1580 1631

Table C.2: Main Abs and rRaman bands of Fe(III) MaPgb and Fe(III) MaPgb in complex
with nitrite.
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this work (5c/QS) Reference (Mb)
Mode Wavenumber cm−1 Assignment Reference Wavenumber cm−1

ν10 1631 5c/HS, C=C vinyl stretch [325]
ν2 1573 5c/HS [325] 1573

ν11, ν2 1552 5c/HS [325] 1556
ν3 1460, 1437 5c/HS(FeII) (1460) [325] 1470
ν29 1405 [197] 1403
ν4 1376 5c/HS [325] 1368-1374
ν41 1344 [197] 1301-1316
ν21 1307 δ(CaH=)4or2 [197] 1301-1316

1227
ν30 1165 [197] 1169
ν14 1127, 1081 [197] 1121
ν45 999 Cβ-vinyl stretch [197] 989

923 γ(=CbH2)s 919
844

ν16 755, 686 [379] 751
ν48 599 [379] 605
γ21 540, 490, 403 δ(Cβ Ca Cb)4 (403) [197] 547, 405
γ6 335, 233 [197] 337

Table C.3: Position of main rRaman marker bands of ferric MaPgb and their assignments.

C.9 Bi-exponential fit to the time traces in Fig. 6.5
(D)

kf / s−1 ks / s−1 C(1) C(2) C(3)
1:400 MaPgb:NO2 – 17.35 ×10−3 0.92 ×10−3 97.6 58.4 39.1

(±1.5× 10−3) (±0.04× 10−3) (±0.5) (±1.9) (±1.4)
1:100 MaPgb:NO2 – 3.39 ×10−3 0.21 ×10−3 61.2 20.0 38.8

(±0.4× 10−3) ±0.01× 10−3) (±0.5) (±0.9) (±0.5)

Table C.4: Bi-exponential fit to the time traces in Figure 6D.
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C.10 TMA-PTIO spin-trapping experiments

Figure C.7: Reaction mechanism of TMA-PTIO (A) to TMA-PTI (B) conversion in the
presence of NO. The corresponding room temperature X-band CW-EPR spectra are given

underneath the chemical structures of the radicals.
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Figure C.8: Illustration of a simulation when a mixture of TMA-PTIO and TMA-PTI is
present. The X-band CW-EPR spectrum at room temperature (black) is simulated (red)
and consists of the sum of contributions of TMA-PTIO (lime green) and TMA-PTI (gold).
The spectrum of pure TMA-PTIO consists of 5 lines which can be simulated using a system
with two equivalent 14N nuclei, with the isotropic hyperfine value A = 22.69 MHz and a g-
factor of 2.0082. The spectrum of TMA-PTI consists of 7 lines and can be simulated using
two inequivalent 14N nuclei with inequivalent hyperfine values 12.63 and 27.17 MHz and a

g-factor of 2.0077.

Figure C.9: Panel A shows the room temperature X-band CW-EPR spectrum of 25 µM
TMA-PTIO when an excess of NONOate is added at pH 7.5. The appearance of the EPR
signal of TMA-PTI shows the effectiveness of TMA-PTIO as an NO spin trap. Panel B shows
that 10 µM MaPgb without addition of NaNO2 (2.5× molar excess, blue), does not lead to
TMA-PTI formation, and that MaPgb itself without TMA-PTIO (red) does not contribute

to the total signal intensity at room temperature.
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Figure C.10: Left: the room temperature X-band CW-EPR spectra (black) and corres-
ponding simulations (red) of 25 µM TMA-PTIO collected over time after addition of 4 mM
nitrite. The experiments were performed in a sodium acetate buffer at pH 5. All spectra were
collected with a microwave power P=1.5 mW and a modulation amplitude of 0.1 mT. Each
simulation consists of a linear combination of the spectra of pure TMA-PTIO and TMA-PTI,
respectively. Over time, TMA-PTIO is converted to TMA-PTI. Right: time dependence of
the experimental signal intensity of TMA-PTIO (represented by the peak maximum indicated
by ‘o’ (blue) in the right spectrum) and TMA-PTI (represented by the peak maximum ‘o’
(red) in the right spectrum). The solid lines are simulations considering the model described

above.

Fig. C.10 (right) shows the time-dependent conversion of TMA-PTIO to TMA-PTI as it
traps nitric oxide that is formed spontaneously in a 4 mM sodium nitrite solution at pH 5.
The time dependence can be simulated using a simple model in which the concentration
of NO is predicted using the NO formation rate described in [341]:

d[NO]

dt
=
K1[NO2−][HNO2]

[NO2−] +Kβ
, (C.1)

with
[HNO2] ∼=

[H+][NO2−]0
[H+] +Kα

; [NO2
−] ∼=

Kα[NO2−]0
[H+] +Kα

. (C.2)

The trapping of NO is then described by the simple equation

d[TMA−PTIO]

dt
= −k1[TMA−PTIO][NO]. (C.3)

The build-up of TMA-PTI evidently follows the decay of TMA-PTIO

d[TMA−PTI]
dt

= k1[TMA−PTIO][NO]. (C.4)

In order to fit the decay curve in Figure C.10, the initial concentration of NO needed
to be taken different from zero, in line with the fact that the nitrite was added from
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a concentrated stock solution in which nitrite disproportionation will have been initi-
ated ([NO]0 = 100-300 µM depending on the batch). The curves in Fig. C.10 are fitted
assuming [NO]0 = 150 (±50) µM and k1 = 1.3 (±0.2)M−1 s−1.

The decay curve (blue circles) can also be fitted satisfactorily with an apparent first-
order dependence, with a rate constant 2.4 (± 0.5) 10−4s−1. Although this rate constant
has no physical meaning it can serve to compare with the apparent first-order reaction
constants kf and ks observed for the formation of MaPgb-NO (Table C.4). The time-
dependence of the EPR spectra of TMA-PTIO and TMA-PTI in the presence of nitrite
and ferric MaPgb (Figure 6.6 (B)) or ferric Mb (Figure C.11) can be satisfactorily sim-
ulated using the same model as introduced above for the case without protein. The
only exception is that the build-up of TMA-PTI is now followed by a decay phase in
which TMA-PTI is degenerated towards other products. This is introduced in the model
assuming

d[TMA−PTI]
dt

= k1[TMA−PTIO][NO]− k2[TMA− PTI ]. (C.5)

The curves in Fig. C.11 and Fig. 6.6 (B) can both be satisfactorily fitted assuming
[NO]0 = 300 (± 50) µM, k1 = 1.3 (± 0.2) M−1 s−1 and k2 = 6.5 10−5 (± 1.0 10−5) s−1.

The similarity in the decay parameters indicates that the presence of MaPgb does
not alter significantly the ability of TMA-TPIO to trap NO and hence provides no clear
proof of a specific nitrite dismutase activity.

Figure C.11: Left: the room temperature X-band CW-EPR spectra (black) and correspond-
ing simulations (green) of 25 µM TMA-PTIO in the presence of 10 µM ferric Mb collected over
time after addition of 4 mM nitrite. The experiments were performed in a sodium acetate buf-
fer at pH 5. All spectra were collected with a microwave power P = 1.5 mW and a modulation
amplitude of 0.1 mT. Each simulation consists of linear combination of the spectra of pure
TMA-PTIO and TMA-PTI, respectively. Over time, TMA-PTIO is converted to TMA-PTI.
Right: time dependence of the experimental signal intensity of TMA-PTIO (represented by
the peak maximum indicated by ‘o’ (blue) in the right spectrum) and TMA-PTI (represen-
ted by the peak maximum ‘o’ (red) in the right spectrum). The solid lines are simulations

considering the model described below.
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Figure C.12: Comparison between the UV/Vis absorption spectrum of ferric MaPgb at pH
5 (10 µM in heme content) overnight incubated with 1 mM sodium nitrite (blue) and the
spectrum measured immediately after addition of (25 µM) TMA-PTIO to the mixture (red).

While an incubation of MaPgb with nitrite (1:100 ratio) only leads to formation of
a limited fraction of MaPgbNO, this protein was rapidly depleted from NO by addition
of TMA-PTIO (Fig. C.12). This shows the ability of MaPgb to exchange NO with
TMA-PTIO.

Figure C.13: Optical absorption spectra collected over time of MaPgb (10 µM heme concen-
tration) reacted with 1 mM sodium nitrite in a sodium acetate buffer at pH 5 in presence of
25 µM TMA-PTIO at 20 ◦C. The black trace shows the absorption spectrum before addition
of nitrite, the red trace shows the absorption spectra at the end of the time trace (after 245

minutes).

C.11 Visible absorption and ECD spectrum of Hemin
Hemin was measured in pure water in free form and after incubation with nitrite. In the
absorption spectrum a broad positive band with maximum at 392 nm was observed. As
expected, no ECD signal was observed, showing that the molecule in solution does not
exhibit optical activity. Nitrite was added to the sample in final concentration of 22.4
mM, and new absorption ECD spectra were recorded. A new absorption band at 356
nm was observed corresponding to nitrite, and again no ellipticity was observed. The
experiment shows that the ECD signals of ferric MaPgb treated with nitrite (Fig. 6.3)
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can only be ascribed to the heme-ligand complex correctly incorporated in the protein
matrix.

Figure C.14: Absorption (top) and ECD (bottom) spectra of hemin in water (black) and
complex with 22 µM sodium nitrite (gray) in the spectral range 260-700 nm.
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C.12 Heme pocket visualizations of MaPgb and Mb.

Figure C.15: Visualizations of the heme group and pocket of MaPgb (PDB entry 2VEE;
top figures) and Mb (PDB entry 1AZI; bottom figures). The side chains of the residues that
interact with the propionate heme side chains are depicted in red, the ones constituting the
heme pocket are light blue, and the proximal histidine coordinating the central iron is white.
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C.13 Simulation of dependence on nitrite concentra-
tion

Figure C.16: Reconstructed UV/Vis-absorption spectra using weighted percentages of the
absorption spectra of ferric MaPgb and ferric MaPgbNO as described below.

Within the range of nitrite concentrations used in the experiments shown in Fig. 6.3, the
concentration of NO formed due to spontaneous disproportionation scales approximately
with the nitrite concentration for a fixed pH [341]. Hence, a change of the nitrite con-
centration by a factor N will also change the NO concentration present after a time t by
a factor N . If the observed ferric MaPgbNO is due to simple trapping of NO via

MaPgb + NO
k1


k−1

MaPgbNO, (C.6)

the relative ratio of [MaPgbNO]/[MaPgb] can be easily written as

[MaPgbNO]

[MaPgb] = keq [NO] =
k1
k−1

[NO] =
x

10− x , (C.7)

with x the concentration of MaPgbNO in µM. Using the UV/Vis-spectra of ferric MaPgb
and MaPgbNO, the ratio MaPgbNO

MaPgb can be determined from the UV-Vis spectrum of
MaPgb incubated with a 100-fold excess of nitrite. When assuming that the NO con-
centration changes with the same factor as the nitrite concentrations, the spectra of
the 50-fold, 200-fold, 300-fold and 400-fold excess cases can then be predicted using the
relative contributions of MaPgb and MaPgbNO determined using the above equation.
Fig. C.16 shows the absorption spectra obtained in this way. These absorption spectra
match very well with the ones observed in Fig. 6.3, showing that the equilibrium state
can be described based on the ligation of only one ligand (presumably NO). This argues
against a binding of two nitrite molecules as would be expected for nitrite dismutase.





203

Appendix D

Supporting information
Chapter 7

D.1 UV-Vis absorption spectra of GLB-3 isoforms with
H2O2 and H2S

Figure D.1: UV-Vis absorption spectra of GLB-3a (A), GLB-3b (B) in the purified Fe(III)
state, with various molar excess (amount of excess indicated in the legend) of H2O2 (without

DTT). The Q bands are magnified by a factor of 5.
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Figure D.2: Normalized UV-Vis absorption spectra of GLB-3a (A), GLB-3b (B) in the
purified Fe(III) state with various molar excess (amount of excess indicated in the legend) of

H2S (without DTT). The Q bands are magnified by a factor of 5.

D.2 UV-vis enzymatic test reference globins

(a) (b)

Figure D.3: UV-Vis absorption spectra of hsMb (A) and hNGB (B) in the purified ferric
(red), with various molar excess (legend) of H2S (without DTT). The Q bands are magnified

by a factor of 5.
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D.3 X-band CW EPR

Species gz gy gx % Axial Ref.
±0.02 ±0.03 ±0.04 ±3% ligands

GLB-3a
LS1 3.18 2.01 1.37# 30% [237]
LS2 3.07 2.18 1.36# 40% [237]
LS3 3.36 1.93 1.01# 30% [237]
GLB-3a + DTT∗ His/His
LS1 3.17 2.01 1.36 # 32% [237]
LS2 3.07 2.18 1.35# 48% [237]
LS3’ 3.54 1.93 n.d. 20% [237]
GLB-3a + DTT∗∗ His/His
LS1 3.17 2.01 1.38# 41% [237]
LS2 3.07 2.17 1.36# 59% [237]
GLB-3b + DTT∗∗ His/His
LS1 3.16 2.01 1.41# 51% [237]
LS2 3.07 2.17 1.37# 49% [237]
GLB-3a C70S His/His
LS1 3.15 1.99 1.43# 65% [237]
LS2 3.07 2.14 1.35# 35% [237]
GLB-3a C70S + DTT∗ His/His
LS1 3.14 1.97 1.50# 63% [237]
LS2 3.07 2.18 1.35# 37% [237]
GLB-3a C70S + DTT∗∗ His/His
LS1 3.15 1.97 1.48# 59% [237]
LS2 3.08 2.17 1.32# 41% [237]
h Ngb His/His
LS SH 3.10 2.17 1.30 [300, 93]
LS S-S 3.26 2.06 1.05 [300, 93]
mNgb 3.12 2.15 1.29 His/His [93]
CYGB 3.20 2.08 1.20 His/His [93]
GLB-26 3.25 n.d. n.d. His/His [117]
Cyt b5 3.03 2.23 1.43 His/His [380]
Barley Hb 3.02 2.22 1.48 His/His [381]
PpcA Cyt 3.24 1.98 1.22 His/His [382]
heme I
GLB-3a HE7A Cys-/His?
LS4 2.49 2.27 1.88 63% [237]
LS5 2.41 2.26 1.91 34% [237]
Ngb HE7A + H2S 2.48 2.29 1.85 H2S/His [352]
R. sulfidophilum
SoxAX Cys-/His
LS 2.52 2.23 1.84 [366]
LS 2.58 2.30 1.87 [366]
Cyt c M80C 2.56 2.27 1.85 Cys-/His [383]

Table D.1: The principal g-values of GLB-3 and other ferric proteins. EPR parameters of
GLB-3 with and without DTT compared to heme proteins, with a histidine or thiolate as an
axial ligand, reported to participate in redox reactions, more specific electron transfer. The
contribution of each simulated LS form is given. n.d. = not determined, ∗DTT added prior
to EPR measurement, ∗∗DTT added right after protein purification, #estimated based on∑

g2
i ≈ 16.

The principal g-values of the LS ferric heme centres found for GLB-3 are typical for
(dxy)2(dxz, dyz)3 configurations. The LS1 and LS2 complexes of GLB-3 are referred to
as normal rhombic or type-II EPR signals. In contrast, the LS3 (and LS3’) complex of
GLB-3 shows a very high gmax > 3.2 value, resulting in a large g-anisotropy, making it
difficult to observe gx (gmin). This complex is referred to as type-I EPR signals [364]. In
line with the UV–Vis data (Fig. 7.3), no signal due to a HS ferric heme center is observed
in the EPR spectra of the GLB-3 protein samples.
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D.4 The CO rebinding kinetics of GLB-3a and GLB-
3b

Figure D.4: The CO rebinding kinetics curves after flash photolysis at 414 nm of GLB-3a
with DTT (A) and GLB-3b with DTT (B). The logarithmic time traces are shown at different

CO concentrations. The nonlinear least square fits of the data are shown in red.
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D.5 The CO rebinding curves of GLB-3a HE7A

Figure D.5: Triplicate of the CO rebinding curves of GLB-3a HE7A (A-C) and GLB-3b
HE7A (D-F) after flash photolysis recorded at 414 nm at different CO concentrations (100-
800 µM). Continuous lines (black) are nonlinear least-squares fits of the normalized, logar-

ithmic resampled data obtained according to a bi-exponetial model following Eq. 7.2.
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D.6 Redox potential
D.6.1 Mediator mixtures

Figure D.6: Redox mediators measured after 1 hour and 30 min incubation at room tem-
perature on the lab bench. Diaminodurene changes over time in the Soret region, whereas
phenazine ethosulfate and phenazine methosulfate cause problematic changes in the Q-band

region.
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Figure D.7: Redox mediator solutions. Panel A: freshly prepared sealed under nitrogen
atmosphere (1,2) , and air exposed (3,4). Panel B: 1 and 3 were left on bench, 2 and 4 were
kept in dark. Panel C: 2 and 4 from panel B were exposed to light and turned green over

time.

D.6.2 Final experiment
The redox potential of WT GLB-3a was measured via potentiometric redox titrations.
The change in population from the Fe(III) to the Fe(II) state after each titration with
dithionite was monitored through the spectral differences in the absorbance spectra at
530 and 560 nm, and double-checked using the changes in the Soret band (Fig. D.9).
The fraction of reduced protein was normalized, plotted against the measured potential
vs. SHE, and fitted to the Nernst equation (Fig. D.8). The obtained redox potential Em
is +8 mV ± 19 mV vs. SHE, which falls within the wide range of Em values reported for
heme proteins (Table D.2).

A peculiar feature was observed during the measurements: when approaching the
midpoint potential Em, addition of dithionite leads to the appearance of the spectrum of
the reduced ferrous form, which then returned after several minutes to that of the oxidized
species until an equilibrium was reached. Past the midpoint potential, the absorption
spectra stayed those of the reduced ferrous state and did not change in time for a given
potential. This observation may be linked to the fact that the proteins are cysteine rich.
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Figure D.8: The plot shows the fit of the fraction reduced to the Nernst equation of one data
set (solid red line). The measured Em value is +8 ± 19 mV vs. SHE, which is an average
of three experiments. The standard deviation is shown as dashed lines. The titrations were
carried out at 25 ◦C in a mediator mix solution in 100 mM sodium phosphate buffer pH 7.

Figure D.9: Spectroelectrochemical potentiometric redox titrations of GLB-3a. After each
addition of dithionite, an absorbance spectrum of the (A) Q bands and (B) Soret band
was recorded each time. Both figures are from two different measurement sets. The arrow
indicates the direction of the change in the band(s) when an increasing amount of dithionite
was added. The titrations were carried out at 25 ◦C in a mediator mix solution in 100 mM

sodium phosphate buffer pH 7.
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Protein Em
(mV)
vs. SHE

Axial
ligands

Ref.

hCyt b5 -21 His/His [384]
Cyt c3 -400 His/His [375]
Cyt b559 +395 His/His [385]
Cyt c +263 Met/His [386]
HRP -250 His [387]
AtHb1 and Hb2 -35 His/His [372]
AtHb3 +15 His [372]
Rice nsHb1 -143 His/His [388]
Lumbricus Hb +311 His [389]
hMb +50 His [390]
hNgb* -136 His/His [391]
hNgb -118 His/His [293]
hCgb -33 His/His [392]
Kumaglobin -400 His/His [393]
Ce GLB-3a +8 His/His [237]
Ce GLB-6 -193 His/His [148]
Ce GLB-12 0 His/His [119]
Ce +30 His/His [117]

Table D.2: The redox potentials (Fe2+/Fe3+ couple) of various heme proteins. The redox
potential of GLB-3a compared with various hexa- and pentacoordinated heme proteins. * =

mutated surface Cys, At = Arabidopsis thaliana, ns = non-symbiotic.
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