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Zusammenfassung

Metalloproteine vereinigen die Reaktivitat von Metallen mit der Selektivitéat der Proteinumge-
bung. Hierbei kénnen verschiedene Ubergangsmetalle, wie beispielsweise Eisen und Kupfer,
ahnliche biologische Rollen erfullen, die von Elektronentransport bis hin zu Redox-Katalyse
reichen. Evolutionar betrachtet, spielten Eisen-Schwefel-Proteine (Fe-S-Proteine) eine domi-
nante Rolle in einer Zeit, bevor die Sauerstoffkonzentration anstieg. Die héhere Konzentration
an Sauerstoff in der Luft fihrte dazu, dass die sauerstoffempfindlichen Kofaktoren teilweise
von anderen Ubergangsmetallen, wie Kupfer, ersetzt wurden. Trotzdem spielen Fe-S-Proteine,
wie auch Kupferproteine, weiterhin eine zentrale Rolle in der Ubertragung von Elektronen
und der Katalyse von Redox-Prozessen. Die vorliegende Arbeit befasst sich mit der Unter-
suchung von Struktur und Funktion natirlich vorkommender Eisen- und Kupfer-haltigen Enzy-
men, sowie der Herstellung und Charakterisierung von artifiziellen Kobalt-Schwefel-Proteinen
(Co-S-Proteinen). Der Fokus liegt insbesondere auf der Assemblierung natirlicher Fe-S- und
artifizieller Co-S-Kofaktoren und ihrem Einbau in eine Proteinumgebung. Das Ziel ist es, die
Funktionsweise natlrlicher Redox-Katalysatoren zu verstehen und artifizielle Biokatalysatoren
mit verbesserten Eigenschaften fir biotechnologische Anwendungen herzustellen.

Der erste Artikel (Mielenbrink et al. (2020) Maturation of Fe—S Cluster Containing Pro-
teins) beschreibt die systematische Untersuchung unterschiedlicher Maturierungsstrategien
fir verschiedene [4Fe-4S]-Proteine in vitro und in vivo. Bisher ist der Einfluss unterschiedlicher
Strategien auf die Maturierung von Fe-S-Proteinen nicht detailiert untersucht worden. Hierzu
wurde die Vollstédndigkeit des Cluster-Einbaus verschiedenster in vivo Syteme mit denen der
auf Apo-Proteine angewendeten in vitro Methoden verglichen. Dazu zahlen Expressionssys-
teme mit erhdhter Fe-S-Cluster Assemblierungsaktivitdt und chemische sowie semienzyma-
tische Rekonstitution. Unsere Studien konnten zeigen, dass die erfolgreiche Synthese von
Fe-S-Proteinen stark von der Maturierungsstrategie abhéngen kann. Das zeigt, wie wichtig
es ist, kein allgemeines Protokoll fiir die Entwicklung von Fe-S-Proteinen zu nutzen, um ein
optimales Ergebnis aus der Herstellung von Fe-S-Proteinen zu erzielen. Hierdurch konnte die
Isolierung des radical SAM-Enzyms ThnB, welches bisher nur in vitro maturiert werden konnte,
entscheidend verbessert werden. Unsere Studien leisten dartber hinaus einen systematischen
Beitrag zu der Entwicklung von Fe-S-Proteinen als nachhaltige Biokatalysatoren.

Der zweite Artikel (Mielenbrink et al. (2021) Co—S Cluster Assembly in Fe—S Proteins)
prasentiert die erste in vitro Maturierung kinstlicher Co-S-Cluster in verschiedenen Fe-S-
Proteinen, sowie deren Cluster-Transfer-Interaktionen mit Zielproteinen. Kinstliche Co-S-
Proteine stehen im Verdacht zur effektiven biokatalytischen Gewinnung von Wasserstoff als
Energiequelle genutzt werden zu kénnen. Dazu wurde bakterielles Fe-S-Cluster-Gertistprotein
IscU aus verschiedenen Organismen verwendet, Co-S-Cluster in vitro mittels chemischer und
semienzymatischer Rekonstitution zu assemblieren. Die spektroskopischen Eigenschaften
dieser Cluster wurden charakterisiert und mit spektroskopischen Daten aus der Literatur
verglichen, um Hinweise auf das Vorhandensein eines kinstlichen Co-S-Clusters in IscU
zu finden. Darlber hinaus wurden Punktmutationen dazu verwendet, den zusammengeset-
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zten Co-S-Cluster fiir eine langere Zeit unter aeroben Bedingungen zu stabilisieren. In diesem
Artikel prasentieren wir erste Hinweise dafiir, dass Co-S-Cluster erstmalig in eine Proteinumge-
bung eingebaut wurden. Elektronenabsorptionsspekiroskopie (EAS), Zirkulardichroismusspek-
troskopie (CD) und Massenspektrometrie mit induktiv gekoppeltem Plasma (ICP-MS) wurden
dazu genutzt, Hinweise flr die Existenz von Co-S-Clustern in IscU zu untermauern. Zusétzlich
weisen erste Experimente darauf hin, dass diese Cluster sogar auf Zielproteine Ubertra-
gen werden kdnnen. Dies ist ein entscheidender Schritt in Richtung effektiver biokatalytischer
Gewinnung von Wasserstoff auf Co basierenden klinstlichen Biokatalysatoren zur nachhaltigen
Energiegewinnung.

Der dritte Artikel (Olbrich et al. (2021) Blue Multicopper Oxidases T1 Cu Axial Ligand Mu-
tations) befasst sich auch mit einem nachhaltigen Biokatalysator: der Multikupfer Oxidase
Ssl1. Diese Enzyme katalysieren die Ein-elektronen-oxidation von Substratmolekilen mit O,
als Co-Substrat und H,O als Nebenprodukt. In diesem Artikel untersuchen wir die Bedeu-
tung des axialen Liganden von T1 Cu in Ssl1 fir seine katalytische Aktivitat in Bereichen
des Umweltschutzes, wie z.B. der Detoxifizierung von Schadstoffen oder der Bioremediation,
um die Mdglichkeiten in der Anwendung zu erweitern. FUnf verschieden Mutationen des ax-
ialen Liganden wurden eingefihrt und mit Elektronenspinresonanzspektroskopie, CD, EAS,
sowie Kristallstrukturanalyse untersucht. Fir alle finf Varianten konnten wir die Kristallstruk-
tur 16sen, was uns detaillierte Informationen Uber die Abhangigkeiten der katalytischen Aktiv-
itat von strukturellen Veranderungen liefert. Die spektroskopischen Ergebnisse sowie Stopped-
Flow Messungen untermauern die Wichtigkeit des axialen Liganden von T1 Cu in Ssl1 flr seine
katalytische Aktivitat. Dieser Artikel férdert die Anwendungsmdglichkeiten dieser nachhaltigen
Katalysatoren. AbschlieBend liefert die gesamte Arbeit interessante und wichtige Ergebnisse
insbesondere auf dem Gebiet der Metalloproteine fiir den Einsatz als "griine" Katalysatoren in
der Hx-Produktion als nachhaltige Energiequelle oder im Umweltschutz und tréagt daher dazu
bei, einige der gréBten Herausforderungen unseres Jahrhunderts zu meistern.
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Metalloproteins combine the reactivity of metals with the selectivity of the protein environment.
Various transition metals, such as iron and copper, can exert similar biological roles, ranging
from electron transport to redox catalysis. Evolutionary, iron-sulfur (Fe—S) proteins played a
dominant role before the oxygen concentration increased. Due to a higher concentration of
oxygen in the air, the oxygen-sensitive cofactors were partially replaced by other transition met-
als, such as copper. Nevertheless, both Fe—S proteins and copper proteins remain essential for
the transfer of electrons and the catalysis of redox processes. The present work aims at under-
standing the structure and function of naturally occurring Fe—S and copper-containing enzymes,
as well as the production and characterization of artificial cobalt-sulfur (Co—S) proteins. The fo-
cus is on unravelling the assembly of natural Fe-S clusters and apply this knowledge for the
generation of artificial Co—S cofactors and their incorporation into Fe-S scaffold proteins. The
goal is to understand natural redox catalysts and to produce artificial biocatalysts with improved
properties for biotechnological applications.

The first article (Mielenbrink et al. (2020) Maturation of Fe—S Cluster Containing Proteins)
describes different maturation strategies for three well-characterized [4Fe—4S] proteins in vitro
and in vivo. Yet, the influence of different strategies on the maturation of Fe—S proteins has not
been investigated in detail. Therefore, the completeness of cluster assembly of various in vivo
systems was compared with in vitro methods applied to apo-proteins. These include expres-
sion systems with increased Fe—S cluster assembly activity and chemical and semi-enzymatic
reconstitution. Our studies show that the successful synthesis of Fe—S proteins can strongly
depend on the maturation strategy. This underlines how important it is not to use a general pro-
tocol for the development of Fe—S proteins in order to get an optimal result from the maturation
of Fe—S proteins. Hereby, the isolation of holo radical SAM enzyme ThnB, which could only be
matured in vitro, could be significantly improved. Our results will enable the production of Fe-S
protein that are correctly maturated and, thus, will contribute to an improved understanding of
this highly divers metalloprotein family.

The second article (Mielenbrink et al. (2021) Co—S Cluster Assembly in Fe—S Proteins)
presents the first in vitro maturation of artificial Co—S clusters in various Fe—S protein scaffolds,
as well as their cluster transfer interactions with target proteins. Cobalt has emerged as one
of the most promising transition metal for the production of hydrogen gas. Thus, artificial Co—S
proteins have a great potential for biocatalytic hydrogen production. The bacterial Fe—S cluster
scaffold protein IscU from various organisms was used to assemble Co—S clusters in vitro using
chemical and semi-enzymatic reconstitution. Electron absorption spectroscopy (EAS), circular
dichroism spectroscopy (CD) and inductively coupled plasma mass spectrometry (ICP-MS)
support the formation of Co—S species in IscU proteins from different organisms. In addition,
a point mutation was introduced in Archaeoglobus fulgidus IscU to increase the stability of the
Co-S cluster under aerobic conditions. Our data present the first evidence for a protein-bound
Co-S cluster. In addition, initial experiments indicate that these clusters can even be transferred
to other apo proteins implying the possibility that IscU can be used to generate a large variety
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of artificial metalloproteins. This is an important step towards the generation of hydrogen on
Co-based artificial biocatalysts for a sustainable energy production.

The third article (Olbrich et al. (2021) Blue Multicopper Oxidases T1 Cu Axial Ligand Muta-
tions) also focuses on a sustainable biocatalyst: the multicopper oxidase Ssl1. These enzymes
catalyze the one-electron oxidation of substrate molecules with O, as co-substrate and H,O
as by-product. In this article we investigate the importance of the axial ligand of T1 Cu in Ssl1
for its catalytic activity in environmental protection processes, such as the detoxification of pol-
lutants or bioremediation, in order to expand their applications. Five different mutations of the
axial ligand were introduced and investigated using electron paramagnetic resonance spec-
troscopy, CD spectroscopy, EAS, and x ray crystallography. We were able to solve the crystal
structures of five variants, which provides insights on the structural changes accompanying the
exchange of one ligand of the T1 Cu site in Ssl1. The spectroscopic results and stopped-flow
measurements reveals how the axial ligand of T1 Cu in Ssl1 influences the catalytic activity.

Finally this thesis provides interesting and important results in the field of metalloproteins,
especially for the usage as sustainable catalysts in H, production as energy source or in the
protection of environmental pollutions and therefore contributes to tackle some of the biggest
challenges of our century.



1 Introduction

1.1 Biological Role of Metalloproteins

Metalloproteins are proteins that contain one or more metal ions as cofactor (Banci & Bertini,
2013; Shriver et al., 1999). Metal ions are required to serve several functions, such as elec-
tron transport, strucutral stability, or as binding sites for substrates leading to the desired cat-
alytic function (Rees, 2002). As metalloproteins link the reactivity of metals to the selectivity
of the protein environment, this cofactor can specifically be used for different functions includ-
ing structural stability, the storage and transport of other proteins, charge carrier processes
such as membrane potentials or signaling, as well as the catalytic redox activity of enzymes
(Carver, 2013; Waldron & Robinson, 2009). Some examples for the great diversity of metals
taking part in these reactions are Na and K as essential elements in charge carrier processes
(e.g. membrane potentials and signaling). Metal ion cofactors that are in the focus of this thesis
serve functions as key elements in electron transport and redox catalysis and include Fe, Co,
and Cu. Chapter 2 (Mielenbrink et al. (2020) Maturation of Fe—S Cluster Containing Proteins)
is focused on the in vivo and in vitro maturation of [4Fe—4S] cluster, which serve in electron
transport and redox catalysis. Different approaches and their advantages and disadvantages of
[4Fe—4S] proteins are presented. In Chapter 3 (Mielenbrink et al. (2021) Co—S Cluster Assem-
bly in Fe—S Proteins) Co is serving as promising replacement for Fe in Fe—S cluster scaffold
proteins resulting in artificial Co—S clusters to enhance Fe—S dependent processes like "green”
H, production. Finally, enhancing effects of catalytic activity are represented by mutations of
Cu monooxygenase Ssl1 in Chapter 4 (Olbrich et al. (2021) Blue Multicopper Oxidases T1 Cu
Axial Ligand Mutations). The mutation of certain amino acids in close proxymity to the active
site shows dependencies of the activity on structural properties.

1.2 Fe-S Proteins

Iron (Fe) and sulfur (S) were amongst the most prevalent elements in early geolocial history.
This led to the formation of Fe—S clusters, which was the basis for Fe—S proteins to become
the first biocatalysts. Today Fe is known as the fourth most abundant element on earth, most
of it in the oxidation state Fe?* and Fe3* (Frey & Reed, 2012). S is found in several states,
ranging from S?~ to S*. Fe—S clusters can be found in almost all living organisms, whereby
the geometry and size of the clusters can significantly differ (Beinert, 2000). The story of Fe-S
protein research started in 1960 with the isolation of a mitochondrial membrane Fe—S protein
(Beinert & Sands, 1960). The next Fe—S proteins discovered were small soluble Fe—S proteins,
including the first ferredoxins (Malkin & Rabinowitz, 1966; Mortenson et al., 1962). Fe—S clus-
ters are able to perform a wide variety of functions. This includes a great number of redox and
non-redox reactions, Fe—S clusters as part of electron transport systems, and the catalysis of
essential cellular processes such as gene regulation, DNA replication, or oxidative phosphory-
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lation (Beinert, 2000; Fontecave, 2006; Py et al., 2011; Webert et al., 2014). Further functions
include the structural stabilization of catalytically active forms of proteins or protection from in-
tracellular proteases (Grandoni et al., 1989; Thayer et al., 1995). All these functions and prop-
erties make Fe—S cluster the prevalent cofactors in proteins. One unfavorable characteristic of
Fe—S clusters is their high oxygen sensitivity (Vincent et al., 2005). The protein scaffold can
protect the cluster from degradation by oxygen, demonstrated in the scaffold of thermophilic
proteins (Mitou et al., 2003). In addition, inserted mutations can extend the lifetime of labile
Fe—S clusters from hours to days or even weeks, supporting the investigation of the function of
these cofactors (Kim et al., 2012; Marinoni et al., 2012; Shimomura et al., 2008).

1.2.1 Diversity of Fe-S Clusters

Biological Fe—S clusters exist in many different sizes and nuclearities. The most common and
therefore also the best studied clusters are the rhombic [2Fe—2S] and the cubic [4Fe—4S] cluster
(Cambray et al., 1977). In addition, the simplest form of Fe—S proteins, the tetrahedral coordi-
nated [1Fe] cluster, is well investigated (Lovenberg & Sobel, 1965). Similar to the tetranuclear
cluster, the [3Fe—4S] cluster is another interesting form of this diverse cofactor family. The func-
tion of this cluster is not yet fully understood, but interestingly it can bind metal ions such as
ionic forms of Mn, Ni, Cadmium (Cd), Cu, Titanium (Ti), or Co (Beinert, 2000). Cluster of higher
complexity are mostly based on combinations of the rhombic and cubic forms and can also
contain other metals like Mo or V (Rees, 2002).

Figure 1.1: Examples of different Fe—S cluster types. From left to right: mononuclear tetrahedral [1Fe] cluster bound
to four side chain sulfur, dinuclear rhombic [2Fe—2S] cluster bound to two side chain sulfur and two side chain
nitrogen, trinuclear "cubic" [8Fe—4S] cluster bound to three side chain sulfur, tetranuclear cubic [4Fe—4S] cluster
bound to four side chain sulfur, octonuclear cluster representing high complex clusters bound to side chain sulfur
and nitrogen.

Fe—S clusters can be bound to the protein backbone by the side chains of varying amino
acids. Typically, the cluster is coordinated by the sulfur atom of a cysteine residue. However, the
nitrogen atom of histidines or arginines as well as the oxygen atom of serines and aspartates
can also coordinate Fe—S clusters (Meyer, 2008). Further, water or enzyme substrates have
been reported to be able to coordinate Fe—S clusters (Fontecave, 2006). Fe—S clusters have a
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high tendency to self-assemble, however, inside the cells the assembly is performed by various
Fe—S assembly machieneries, which will be described in more detail in the following Chapters.

1.2.2 Bacterial Fe-S Biosynthesis

Due to the toxicity of free Fe and S, the in vivo assembly of Fe—S clusters is a highly regulated
process (Mller et al., 2015; Munday, 1989). Although several different machineries have been
identified that perform the bioassembly of Fe—S clusters in cells, the process of these machiner-
ies can be devided into two parts (i) the formation of the Fe—S cluster and (ii) the transport of
the cluster to an apo target protein.

In bacteria, three different machineries for the assembly and transport of Fe—S clusters are
known so far. Each of these machineries is activated under specific conditions or for special
needs. While the Fe—S Cluster (ISC) machinery and the sulfur Utilization Factor (SUF) are the
best studied machineries for Fe—S cluster formation in bacteria, the Nitrogen Fixation (NIF) ma-
chinery is only used for the maturation of nitrogenase in azototrophic bacteria (Frazzon & Dean,
2003; Jacobson et al., 1989) and for the cluster formation in hydrogenases followed by further
maturation systems (Hu et al., 2008; Leach & Zamble, 2007; Rubio & Ludden, 2008). The
ISC system is active under normal standard conditions, whereas the SUF pathway is activated
unter stress conditions (Ayala-Castro et al., 2008; Bandyopadhyay et al., 2008; Fontecave &
Ollagnier-de Choudens, 2008; Johnson et al., 2005; Takahashi & Tokumoto, 2002; Zheng et al.,
1998).

The bioassembly of Fe—S clusters in these machineries follows always the same pattern:
In the first step, a cysteine desulfurase (IscS, SufS or NifS) reduces a cysteine residue to
alanin to provide organic S, which is then transferred to a scaffold protein (IscU, SufU, or NifU),
where the actual Fe-S cluster is formed (Blanc ef al., 2015; Lill, 2009). In addtion to the sulfur
source, Fe and electrons are needed for the formation of Fe—S clusters. Until now, the exact Fe
source remains unknown, while ferredoxin and ferredoxin reductases have been identified for
the electron transfer (Mihlenhoff et al., 2003; Yan et al., 2015). Both the desulfurase reaction
as well as the assembly on the scaffold protein are assigned to the first part of Fe—S cluster
protein maturation. After the assembly, the cluster has to be transferred to the desired apo
target protein, where the clusters are needed to fulfill the protein’s function. This transfer step
requires additional proteins such as the adenosine triphosphate (ATP) dependent chaperones
HscA and HscB and/or the Fe—S cluster carrier proteins IscA, SufA, and NifA (Blanc et al.,
2015; Lill, 2009).

Due to evolutionary processes, ISC homologues can be found in eukaryotes (Lill & Mihlen-
hoff, 2006, 2008), whereas SUF homologues can be found in plastids (Balk & Lobréaux, 2005;
Xu & Mgller, 2008). In Chapters 1.2.3 and 1.2.4, both the ISC and the SUF machinery are
discussed and described in greater detail.
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Figure 1.2: Scheme and operons of Fe—S cluster bioassembly. On the top left in blue the pyridoxal phosphate (red)
dependent IscS as S supplier reducing cysteine to alanine. In grey Fe—S scaffold protein IscU in dimeric form with
sequential formation of Fe—S clusters. Top centered electron providing Fdx to merge 2x [2Fe—2S] to 1x [4Fe4S]
cluster. Right side in blue simplified transfers of the Fe—S cluster to an apo target protein. Bottom part: operon of
ISC machinery (top) and SUF machinery (bottom).

1.2.3 ISC Machinery

The ISC machinery is the Fe—S cluster assembly pathway under normal conditions, e.g. in the
absence of oxidative-stress or resource limitation. It was discovered with the identification of
the isc operon in 1998 (Zheng et al., 1998). Two key players could be identified in this pathway,
the cysteine desulfurase IscS, and the scaffold protein IscU. The first step in cluster formation
is performed by IscS. | reduces cysteine to alanine and provides the resulting sulfur to the
assembly in IscU. The crystal structure of IscS shows a dimeric two-domain form. The larger
domain binds the activating cofactor pyridoxal-phosphate (PLP). The smaller domain carries the
active site that binds the sulfur as persulfide from a free donor cysteine residue (Cupp-Vickery
et al., 2003; Kaiser et al., 2000).

IscU provides three coordinating cysteine residues for cluster formation (Mihlenhoff et al.,
2003; Raulfs et al., 2008; Yuvaniyama et al., 2000). The detailed mechanism of the cluster
formation on the scaffold protein IscU is still not fully understood (Fontecave & Ollagnier-de
Choudens, 2008; Johnson et al., 2005). It has been shown that IscU can be reconstituted in
vitro in a sequential manner: In a first step, one [2Fe—2S] cluster is incorporated per IscU dimer,
followed by a second [2Fe—2S] cluster. In the next step, the two [2Fe—2S] clusters are merged
to form one [4Fe—4S] (Agar et al., 2000a). However, several studies support the hypothesis that
IscU binds one [2Fe—2S] per dimer in vivo (Shakamuri et al., 2012; Unciuleac et al., 2007). Also,
the crystal structure of a trimeric IscU from Aquifex aeolicus shows one [2Fe—2S] (Shimomura
et al., 2008). A potential candidate for providing Fe to the Fe—S cluster formation is still not
identified yet(Kim et al., 2014; Layer et al., 2006; Wofford et al., 2019; Yoon & Cowan, 2003).
Candidates like iron-binding Cyay, IscA, or IscX, which are participating in iron-sulfur cluster
formation (Chapter 1.2.3) are verified to fulfill other functions but not yet iron donation. In ad-
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dition, Fe—S cluster assembly depend on electron transfer from the [2Fe—2S] ferredoxin (Fdx),
which is a [2Fe—2S] protein, obtaining the electrons from a ferredoxin reductase (Lill, 2009).
The electrons are required to reduce S°, as present in cysteine, to S?—, as present in Fe-S
clusters (Lill, 2009). Another reaction, which requires electrons, is the merge of two [2Fe—2S]
cluster to [4Fe—4S] cluster in the later step of reductive coupling for the formation of complex
Fe—S clusters (Chandramouli et al., 2007; Unciuleac et al., 2007).

The final step in the maturation of Fe—S cluster proteins is the transfer of the formed clus-
ter to an apo target protein. This step consists of the cluster release from the scaffold protein
IscU to cluster transfer proteins, which might be directly involved in the maturation of target
Fe—S proteins in further maturation systems (Lill, 2009). The release of the cluster from IscU is
assisted by a chaperone system consisting of two proteins, HscA and HscB. HscA is perform-
ing a specific ATP-hydrolysis-dependent interaction with IscU (Dutkiewicz et al., 2004), which
leads to structural changes in HscA. The co-chaperone, HscB, is also involved in this step that
leads to a destabilization of the binding between the Fe—S cluster and IscU and finally to the
transfer of the cluster to the apo target protein. The exact mechanism and the role of HscA and
HscB, however, are not yet fully understood (Andrew et al., 2006; Bonomi et al., 2008; Chan-
dramouli & Johnson, 2006). Some protein candidates are identified to take the Fe—S cluster
from the ISC bioassemly machinery to use them for maturation of different Fe—S proteins. One
of these candidates is IscA, which is involved in the further maturation of [4Fe—4S] aconitase
and hydroxy-acid dehydratase, whereas the maturation of [2Fe—2S] proteins like ferredoxins do
not need extra maturation steps (Tan et al., 2009). Another maturation protein is suggested to
be ErpA, which is essential for the maturation of the Fe—S proteins of isoprenoid biosynthesis
(Loiseau et al., 2007).

Scaffold Protein IscU

IscU has a central role in the well orchestrated process of Fe—S bioassembly and it is one of
the proteins that are in the focus of this thesis. Its function as a scaffold protein for [2Fe—2S]
clusters could be shown in both in vitro and in vivo experiments (Agar et al., 2000a; Raulfs
et al., 2008; Tokumoto & Takahashi, 2001). That is, it has to be able to receive Fe and S sep-
arately to build up these clusters. Although IscU is known to function as scaffold it could not
be isolated in its holo form, what makes it much more difficult to characterize the nature of this
protein in vivo. Nevertheless, studies have shown that under anaerobic conditions it is possible
to reconstitute the apo form with Fe and S, which results in [2Fe—2S] holo dimeric IscU (Agar
et al., 2000a). The maturation of holo IscU can sequentially reach from a 1 [2Fe—2S] dimeric
IscU form to a 2 x [2Fe—2S] IscU dimer or an IscU dimer hosting a [4Fe—4S] cluster, although
it is still not fully understood, if the formation of [4Fe—4S] IscU is ErpaA dependent (Agar et al.,
2000a). Moreover, these studies could show that the [4Fe—4S] form can be reduced by oxygen
exposure, revealing a dynamic equilibrium of [4Fe—4S] and [2Fe—2S] clusters in IscU (Agar
et al., 2000a). These studies, however, came to the conclusion that the physiologically relevant
conformation is the 1x [2Fe—2S] cluster form. Structural analysis of IscU from the thermophilic
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organism A. aeolicus corroborated this hypothesis by X-ray diffraction experiments (Shimomura
et al., 2008). The physiological relevance of the 1x [2Fe—2S] dimeric form was also supported
by cluster transfer experiments. Studies with IscU from Azotobacter vinelandii revealed that
the cluster transfer from the 1x [2Fe—2S] form to apo target proteins could be significantly en-
hanced by the presence of chaperone systems, whereas the higher occupied cluster forms
showed a significantly slower cluster transfer activity, which could not be enhanced by chaper-
ones (Shakamuri et al., 2012; Unciuleac et al., 2007). Moreover one of the two clsuters in the
2 x [2Fe—2S] dimeric form seems to be unstable in the presence of the Fe chelator EDTA (Agar
et al., 2000a).

Multiple approaches have been applied to improve the cluster stability in the scaffold IscU of
different bacterial organisms. Some candidates, where the cluster stability could be improved
by mutations close to a coordinating cysteine residue are the D39A (Figure 1.5) mutant of E.
coli, the D38A mutant of Aquifex aeolicus (Figure 1.3), or the D35A mutant of Archaeoglobus
fulgidus (Figure 1.4) (Kim et al., 2012; Marinoni et al., 2012; Shimomura et al., 2008). In ad-
dition to this one coordinating cysteine, two other conserved cysteines are involved in the co-
ordination of the [2Fe—28S] cluster in IscU. For E. coli it is known that also His105 can directly
participate in active site coordination, although in this study a zinc binding monomer was inves-
tigated (Ramelot et al., 2004). Other studies could show that during the process of Fe—S cluster
maturation, IscU can change between two different interconvertible conformational states, the
apo form at the beginning of this process and the holo form at the end of Fe-S cluster matu-
ration. The apo conformational form was identified as the disordered state, and the structured
state with bound Fe-S cluster (Kim et al., 2009). This supports the assumption that IscU has
to perform some structural changes to make the active site more accessible for Fe—S cluster
maturation.

10



1.2 Fe-S Proteins

C36

C63
H106

“

C107

Figure 1.3: Crystall structure of holo D38A variant of A.a. IscU. The [2Fe—2S] cluster is coordinated by C36, C63,
H106, and C107. PDB ID 2Z7E ((Shimomura et al., 2008))

Figure 1.4: Crystal structure of hetero dimeric holo D35A IscU variant and IscS of A. fulgidus. The [2Fe—2S] cluster
is coordinated by C321 from IscS and C33, C58, and C102 from IscU. His101 has a stabilizing effect but no coordi-
nating function. PDB ID 4EBS5 ((Marinoni et al., 2012))
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Figure 1.5: Solution NMR structure of apo IscU D39A variant of E. coli The cluster would be coordinated by high-
lighted cysteine residues C37, C63, and C107 shown as side chains. PDB ID 2KQK ((Kim et al., 2012))
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The Role of IscS

IscS is one of the most improtant sidekicks of IscU in bacterial Fe—S cluster assembly. The
45 kDa large and highly conserved member of the ISC machinery functions as homodimeric
unit with one bound PLP per monomer (Prischi et al., 2010a). As an essential element in S
supply, it reduces free cysteine to alanin, which leads to temporarely stored persulfide at a
conserved cysteine of the protein itself (Cys328 in E. coli) (Mihara et al., 2000; Schwartz et al.,
2000). The crystal structure of IscS shows that this catalytic cysteine residue is located in a
partially disordered loop apart from the active sites of PLP and the cysteine substrate (Cupp-
Vickery et al., 2003; Shi et al., 2010). In contrast to that, the conserved cysteine of the IscS
analogous in the NIF and the SUF machinery are placed on a shorter loop, what makes a
big difference in the conformational properties of this structural region (Shi et al., 2010). The
differences in this two desulfurase types could be due to the fact that IscS is not only a S
supplier for Fe—S cluster assembly, as NifS and SufS are thought to be, but also provides
persulfides for several other organic sulfurated cofactors such as thiamine, tRNAs, molybdenum
cofactors etc. (Shi et al., 2010). Therefore, the longer Cys328-containing disordered loop of
IscS might be essential for S donation to various acceptors.

Orchestras of the ISC Machinery

In addition to IscU and IscS, which are under investigation in this thesis, the functions of many
other proteins participating in Fe—S cluster biogenesis are still under debate. Over the time
it turned out that every step in the process of Fe—S cluster maturation might be supported
by orchestrated binary and ternary complexes (Blanc et al., 2015). Two of the Fe donor can-

12



1.2 Fe-S Proteins

didates could be identified to interact with IscS in vitro: CyaY and IscX both having a large
negatively charged part at their surface and behave very similar in Fe binding (Pastore et al.,
2006). First characterizations of an IscS-CyaY complex have been succeeded by Isothermal
Titration Calorimetry (ITC). This study revealed that IscS and CyaY bind in an 1:1 stoichiom-
etry. The same study could show that an IscS-CyaY complex can be isolated by gel filtration
chromatography from cell lysates (Prischi et al., 2010b). Small-angle X-ray scattering (SAXS)
measurements identified a globular structure for the IscS-CyaY complexes, as CyaY binds near
the IscS dimer interface (Prischi et al., 2010a). The binding amino acids in IscS from E. coli were
identified as residues R220, R223, and R225, as these residues are positively charged, what
makes them favorable for the negatively charged surface of CyaY (Prischi et al., 2010a). The
binding of CyaY to IscS has no significant effect on S production activity of IscS (Adinolfi et al.,
2009; lannuzzi et al., 2011; Kim et al., 2014). For IscX, structural investigation could show that
it can also bind near the dimeric interface of IscS to form a complex with it (Kim et al., 2014;
Shi et al., 2010). This also has no effect on the S production activity (Kim et al., 2014). Thus,
CyaY and IscX behave very similar in interactions with IscS and are able to bind to it in vitro,
although this has no effect on the functional activity of IscS. This makes complexes of Cya¥Y
and IscX with IscS not suitable to investigate their function.

Another binary interaction of IscS with an Fe binding protein is the 1:1 stoichiometric com-
plex with Fdx. This complex was identified by nuclear magnetic resonance (NMR) and SAXS
experiments (Kim et al., 2013; Yan et al., 2013). The binding interface of Fdx to IscS is close to
the Fe—S cluster binding site, making Fdx be suspicious to play a role in the catalytic activity of
IscS (Kim et al., 2013; Yan et al., 2013). This is supported by the fact that IscS and Fdx are in-
teracting with their complementary amino acid residues concerning their charge: the positively
charge residues R220, R223, and R225 of IscS and the negatively charged residues D79, D71,
and D74 in Fdx (Kim et al., 2013). The functional part of Fdx in this interaction is to provide and
transport electrons to IscS to support its catalytic activity and the S donation to IscU (Blanc
et al., 2015).

Beside these interesting binary complexes also ternary complexes of ISC proteins could be
observed during ISC investigation within the last years. One complex could be identified by
pull-down assays, where it was shown that IscU can bind IscS and CyaY simultaneously (Shi
et al., 2010). This IscS-IscU-Cya complex could also be observed in chemical cross-linking
experiments (Kim et al., 2013). As the binary complexes, this ternary complex also forms in
an equimolar 1:1:1 stoichiometry (Prischi et al., 2010a). An interesting difference to the binary
complexes of IscS is that the desulfurating activity of IscS is reduced, also compared to IscS
alone (Bridwell-Rabb et al., 2012; lannuzzi et al., 2011; Kim et al., 2014). CyaY is believed to
influence the assembly rate of Fe—S clusters on IscU, but not its conformation (Adinolfi et al.,
2009; lannuzzi et al., 2011; Prischi et al., 2010a). As IscU can form a trimeric complex together
with the dimeric IscS-CyaY complex, it can also form a trimeric complex together with the IscS-
IscX complex (Kim et al., 2014; Shi et al., 2010). Here, the properties of the complex are very
similar to its CyaY analogon. Some differences are a lower cysteine desulfurase activity in
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this complex and a reduced ability to form Fe—S clusters on IscU. Despite these findings, the
relevance of this complex is not yet fully understood.

Another ternary complex that is worth being mentioned is the IscS-IscU-Fdx complex, an
extension of the binary IscS-Fdx complex. This complex was identified by the addition of IscU
to a solution containing the IscS-Fdx complex. The experiment did not show any evidence for
a displacement of Fdx, resulting in a ternary complex of IscS-IscU-Fdx (Yan et al., 2013). The
structural composition of this complex makes it capable to transfer electrons from Fdx to IscS
and/or IscU (Yan et al., 2013). As mentioned before, CyaY can also bind to IscS-IscU dimer to
form a ternary complex. This was also shown for the ternary IscS-IscU-Fdx complex, as CyaY
can be discplaced by Fdx in the competition for the same binding site (Kim et al., 2014; Yan
et al., 2013). This can be favorable as CyaY is known to support cluster stability after cluster
formation in the ternary complex with Fdx or it causes conformational changes to facilitate
cluster transfer (Colin et al., 2013).

1.2.4 SUF Machinery

The SUF machinery is used for the bioassembly of Fe-S clusters under Fe depletion or
oxidative-stress conditions (Ayala-Castro et al., 2008; Leach & Zamble, 2007). Deletion of the
standard isc operon in organisms hosting both the SUF and the ISC machinery, did not lead to
any phenotypic changes, indicating that the function of the ISC machinery can be completely
compensated by the SUF machinery (Takahashi & Tokumoto, 2002; Tokumoto et al., 2004).
Since many of the SUF proteins are also found in plastids, it is assumed that the SUF machin-
ery is less oxygen sensitive than the ISC machinery (Lill, 2009). The suf operon is regulated
by sufR, encoding for the main regulator of the SUF pathway, SufR. Both, SufR and IscR,
function as transcriptional repressors of their systems (Ayala-Castro et al., 2008). In addition,
the dedicated ISC regulator IscR, in its apo form, has positive regulatory effects on the SUF
pathway: in case of Fe-limiting or oxidative-stress conditions the efficiency of Fe—S-protein
maturation is supported by the gene expression of both systems (Lill, 2009).

As previously described, the Fe—S cluster assembly in the SUF pathway follows well studied
principles. Here, the cysteine desulfurase function is performed by a complex of two proteins:
SufS and SufE. SufE stimulates the cysteine reducing activity of SufS, which reduces cysteine
to alanine resulting in a cysteine bound intermediate persulfide, which is then transferred to a
conserved cysteine of the S transfer protein SufE. Although SufE has a very similar structure to
the ISC scaffold protein IscU, it is not known to fulfill the same function (Liu et al., 2005). From
SufE the S is finally transferred to the scaffold protein complex SufBC2D (Layer et al., 2007;
Saini et al., 2010; Sendra et al., 2007). The cysteine desulfurase function of SufS is very similar
to bacterial IscS or NifS and its mitochondrial homologues, but it has significant differences in
the mechanistic reactions (Kessler, 2006; Loiseau et al., 2003; Outten et al., 2003). In the
SufBC,D scaffold complex, SufB plays a key role in the assembly of Fe—S clusters, since it
comprises several conserved cysteine residues and is capable to receive persulfide from the
cysteine desulfurase SufS (Layer et al., 2007). The protein SufC was reported to be an ATPase.
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Binding of ATP to SufC induces the dimerization of two SufC proteins. This homodimerization
finally induces a conformational change in the SufBC2D complex that allows the formation of
Fe-S clusters (Hirabayashi et al., 2015; Yuda et al., 2017). Further the SufC ATPase function is
100-fold higher when the protein is in complex with SufB-SufD (Nachin et al., 2003; Outten et al.,
2003). The function of the third protein of the scaffold complex, SufD, is not yet fully understood,
but it is suggested to have a role in Fe acquisition during the assembly process (Saini et al.,
2010). This is supported by studies that identified SufB as cluster binding protein with SufC as
supportive helper for cluster binding and transfer to target proteins (Ayala-Castro et al., 2008;
Fontecave & Ollagnier-de Choudens, 2008). SufA is presumably an IscA homologue.

Proteins of the SUF machinery are not directly under investigation in this thesis. The impact
of the suf operon, however, has been studied for the maturation of different [4Fe—4S] proteins
to improve protocols for their in vivo maturation and isolation for spectroscopic characterization
as described in Chapter 2 (Mielenbrink et al. (2020) Maturation of Fe—S Cluster Containing
Proteins).

1.3 Cobalt in Biological Systems

1.3.1 The Element Cobalt

Co is a transition metal, which can be found world wide as trace element down in the soil. The
most common forms of Co are Co?* and Co3* (Gél et al., 2008). Both forms are soluble in water
and show a much higher resistance towards damage/oxidation by oxygen than Fe. Regarding
its other chemical and physical properties it is very similar to its neighboring elements in the
periodic table, Fe and Ni (Barceloux & Barceloux, 1999). In every pro- and eukaryotic organism,
Co is part of essential cofactors in several proteins, e.g. in vitamin B12 dependent enzymes
or conalbumines (Cvetkovic et al., 2010; Kobayashi & Shimizu, 1999; Koutmos et al., 2009).
Interestingly, slightly higher concentrations of free Co?* lead to toxic effects in both, pro- and
eukayotes (Catalani et al., 2012; Ranquet et al., 2007).

1.3.2 Cobalt Stress in E. coli

As one part of this thesis focuses on Co-substituted Fe—S proteins, it is interesting to under-
stand how Co effects bacterial growth and metabolism to investigate the utility of these systems
in vivo. As usual, it is a question of dose and concentration: E. coli cells do not show any effect
on Co concentrations in the growth medium under 500 uM, whereas the growth is fully inhibited
at a concentration of 1 mM Co (Majtan et al., 2011b). Other organisms like Salmonella enter-
ica are much more sensitive to Co and stop their growth already at concentrations of 160 uM
(Thorgersen & Downs, 2007). Note, when using full medium containing tryptone and yeast
extract, the formation of Co chelates should be considered, as there is a difference between
the amount of Co added and biologically accessible (Cheng et al., 2011). To prevent the cells
from damage induced by Co stress, several mechanisms have been established to bind and
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remove excess Co ions. In E. coli the expression of certain membrane proteins is induced by
Co or Ni stress to transport Co and Ni to the extracellular environment (Rodrigue et al., 2005).
In other systems like Saccharomyces cerevisiae, mechanisms are activated during Co stress,
which are also activated in case of Fe deficiency. Under these conditions, Fe uptake is highly
enhanced, which leads to high intracellular Fe conentrations making Co less toxic (Ranquet
et al., 2007; Stadler & Schweyen, 2002). It has been shown that bacterial cells can adapt to
high Co concentrations and are able to bypass and replace disturbed metabolic pathways (Bar-
ras & Fontecave, 2011). The details of the mechanisms Co toxicity is based on are not yet fully
understood. After all, it is known that Co is involved in the formation of reactive oxygen species
(ROS), which lead to oxidative stress (Leonard et al., 1998). In addition, Co is suspected to
inhibit S uptake by the cells or interact with Fe—S proteins and disturb them in their function
(Ranquet et al., 2007; Thorgersen & Downs, 2007).

1.3.3 Interference of Cobalt with Fe-S proteins

The elements Fe and Co have very similar physicochemical properties, including the redox
states they can form, 2+ and 3+, and therefore have a high affinity towards S (Barras & Fonte-
cave, 2011). Hence, it is not surprising that they compete for the same binding sites in proteins.
Studies revealed that the incorporation of [4Co—4S] clusters into the E. coli aconitat hydratase
B (AcnB) is possible, but leads to a loss of activity of this protein. That means that high intra-
cellular Co concentrations can but not necessarily have to lead to a reduced activity of Fe-S
cluster containing proteins (Ranquet et al., 2007). The same competitive behaviour is known for
the binding sites of the proteins in the Fe—S assembly machineries. Here, with correspondingly
high Co concentrations, Co can be incorporated into the active center of these proteins instead
of Fe. A difference in sensitivity for Co can be clearly seen between the ISC, which is more sen-
sitive, and the SUF machinery (Ranquet et al., 2007). Several in vitro experiments on structural
properties have also revealed an interaction of Co?* with the active site of the scaffold proteins
IscU from E. coli and SufU from Streptococcus mutans (Roy et al., 2017), but only as single
atom interactions and not in Co—S cluster form. The approach to incorporate Co into catalytic
proteins often leads to a loss of activity of up to 80% in different Fe—S proteins like AcnB or
tRNA modifying methylthiotransferase MiaB (Ranquet et al., 2007).

Another approach to create artificial Co catalysts is the manipulation of existing catalysts to
improve their properties. Studies revealed that the substitution of Zn by Co in carboxypeptidase
A could enhance the activity of the enzyme by a factor of two (Folk & Gladner, 1960). In addition,
in heme proteins Fe could be replaced by other transition metals such as Co to form artificial
catalysts (Key et al.,, 2016). All these alterations can be performed in vitro by reconstitution
methods or by in vivo incorporation using Co containing, Fe free M9 minimal medium during
recombinant expression to obtain functional Co substituted catalysts (Majtan et al., 2011a). In
addition, the simplest forms of Fe proteins, the rubredoxins have been reconstituted with Co
(Galle et al., 2018). In this thesis, we focus on Co-substitution in proteins that are part of the
Fe—S cluster assembly machineries, as we are convinced that these proteins are perfect target
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proteins. Successful incorporation of Co into these proteins is also the starting point for the
establishment of a straight-forward protocol for a (semi-)enzymatic Co-reconstitution of other
Fe—S cluster containing proteins.

1.3.4 Cobalt as Hydrogen Production Catalyst

Besides Co-containing cofactors in Fe—S proteins, a number of artificial, catalytically active Co
complexes have been created in vitro. Of particular interest are Co?* ions that are immobi-
lized on a metalloorganic surface, as well as the mononuclear Co complex [Co?+(DPK OH),]ClI
(DPK = dimethyl(dipyridyl ketone)), both showing oxidative catalytic activity on water (Kung
et al., 2015; Zhao et al., 2015). Approaches to adapt [4Fe—4S] clusters to form Co containing
analogues were performed with [4Fe—4S-(S¢ys)3-L] (L= amino acid or water/hydroxid). These
approaches led to structurally very similar Co substituted variants of the cubic metallo clusters
(Deng et al., 2009; Venkateswara Rao & Holm, 2004). Solubility and catalytic activity of these
clusters could only be demonstrated in organic solvents, where they show a high catalytic po-
tential, depending on the ligand (Deng et al., 2009). Another interesting artificial Co-containing
complex is a cubic [4Co0-40] cluster that was synthesized based on the cofactor of photosys-
tem Il. It was demonstrated that this synthetic cofactor is capable of oxidizing water which
was proven by the detection of oxygen (McCool et al., 2011). A promising catalyst should be
convincing with a high catalytic turnover rate, a significant stability, and solubility in aqueous so-
lutions. These are synthetic approaches on water oxidation, which are not soluble in aqueous
solutions. Promising progress has been done in the last years to evolve an efficient and robust
biological Co-containing catalyst for hydrogen production.

One approach is to modify or extend parts of the Photosystem | (PSl). The modification of PSI
with Co(dmgH),pyCl lead to high turnoverrates of 170 mol of Hy (mol of PSI)~! min—! but is lack-
ing a significant stability. A similar approach is the insertion of Co(dmgH), and Co(dmgBF;),
into apo-sperm whale myoglobin. A big issue here is the catalytic deactivation of this com-
plex after a low number of turnovers. These approaches are quite challenging, because these
molecules are not made to bind synthetic catalysts (Kandemir et al., 2016). Another way to
develop suitable Co-containg catalysts for hydrogen production is to take existing catalysts and
engineer them to desired functions. Co-substituted protoporphyrin IX showed a 4-fold increase
of Hy production than the WT form before activity decreases quickly below a pH of 7. Amino
acid mutations lead to increased activity also at pH 6.5 (Kandemir et al., 2016). This indicates
that in this case mutations can enhance the properties of a catalyst in a positive way. A new
approach is recently succeeded in Co-substituted cytochrome C with promising turnover val-
ues. However, here again a rapid deactivation is limiting this molecule to be an efficient catalyst
(Kandemir et al., 2016).

As biological catalysts with high turnover rates but without significant stability exist, it is very
important to develop suitable catalysts to make Hy production more effective. One important
step in this process is to find a suitable cofactor. Fe—S proteins are potential candidates to
function as catalysts, because of the high electrochemical potential of Fe—S clusters. Our idea
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is to adopt the great versatility of Fe—S clusters to Co—S clusters coming along with less oxy-
gen sensitivity. Another advantage of Co as transition metal in Fe—S proteins is that Co and
Fe share their common oxidation states Co?>*/Fe?* and Co®t/Fe3* (Barceloux & Barceloux,
1999), what makes Co more suitable as a replacement for Fe than any other metal. In addi-
tion, Co is already known as parts of essential cofactors of pro- and eukaryotic proteins, e.g. in
the metalloproteome of P, fusiosus, vitamin B12 coenzymes, and as cobalamin in methionine
synthase (Cvetkovic et al., 2010; Kobayashi & Shimizu, 1999; Koutmos et al., 2009).
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1.4 Multicopper Oxidase Ssl1

Laccases are known as members of the blue multicopper oxidase family. As oxidoreductases
they are able to oxidize several electron-rich substrates such as phenols, aryl diamines, ben-
zenethiols, hydroxyindoles, and inorganic metal ions (Piscitelli et al., 2010). These reactions
can be found in many biological processes, such as lignification of plant cell walls, heavy metal
homeostasis, spore morphology, and lignin degradation (Giardina et al., 2010). The main func-
tional role in this reactions play four Cu ions that are coordinated in two binding sites. One
mono-copper site coordinated by one casteine and two histidines, and one tri-copper site coor-
dinated by eight histidine residues. The cysteine and its charge transfer interaction with Cu?+
are responsible for the deep blue appearance of these enzymes due to electron absorption
at wavelengths in the region of approximately 600 nm (Solomon et al., 1996b). The electron
transport is induced by the oxidation of four substrate molecules by a one-electron abstraction
at the type 1 (T1) Cu site. With the help of a cysteine-histidine bridge the electrons are then
transported to the trinuclear Cu site, where molecular oxygen is finally reduced to water by a
four-electron reduction (Gunne et al., 2014). The redox potential of the T1 Cu of laccases varies
greatly depending on the organism of origin. Organisms in which laccases have been found in-
clude fungi, plants, bacteria, archaea, and insects (Alcalde, 2007; Uthandi ef al., 2010). The
T1 Cu redox potential of laccases in plants and bacteria is around 0.4 V, whereas the T1 Cu
redox potetial of fungi laccases can be 0.8 V (Maté et al., 2011). Other factors that influence the
activity of laccases are the differences in the redox potentials of T1 Cu and the substrate (Saito
etal., 2013; Xu et al., 1996), as well as changes in the substrate binding site leading to altered
substrate binding (Kallio et al., 2011; Toscano et al., 2013). For a long time, only laccases with
three domains (Piontek et al., 2002) were known until a few years ago a new class of laccases
with two domains has been discovered, named Ssl1 (Machczynski et al., 2004). The absence
of the third domain in these laccases leads to the formation of a homotrimer, which forms the
functional domain of the trinuclear site (Endo et al., 2003; Gunne & Urlacher, 2012; Machczyn-
ski et al., 2004; Skalova et al., 2009). Laccases with three domains (SLAC) have already been
well investigated (Durao et al., 2006, 2008; Xu et al., 1999). In contrast, only little is known
about the structure and function of Ssl1. With the introduction of point mutations of amino acids
that are involved in Cu coordination, the knowledge about structural factors and activity should
be further investigated.
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Figure 1.6: Overview and zoom into T1 Cu site of WT Ssl1 crystal structure. Protein shown in grey. Cu shown as
blue spheres. Zoom into T1 Cu site where Cu is coordinated by two histidines and one cysteine as well as the axial
ligand methionine shown as sticks. PDB ID 4M3H ((Gunne et al., 2014))

1.5 Aim

The field of metalloenzymes is one of the most interesting research fields in biochemistry.
Naturally, metalloenzymes already have a great variety of functions. Therefor it is of very high
interest to understand the formation of these multifunctional molecules and use this knowhow
to improve and adapt biomolecular processes for scientific and industrial purposes. In this
thesis, X-ray crstallography, electron absorbtion spectroscopy, circular dichoism spectroscopy,
electron paramagnetic resonance spectroscopy, in vitro reconstitution, and chromatographic
techniques will be applied to obtain a deeper understanding of Fe—S cluster and Cu containing
metalloenzymes. Usually the activity of metalloenzymes in vitro is much lower than in vivo.
This makes them unsuitable to use for large scale applications in science or industry. Therefor
methods and techniques have to be developed to enhance the potential of these multifnctional
proteins. A promising way to reach this is to manipulate the properties or the environment in
close proximity of their active site. However, it is not much known about the enhancement of the
(catalytic) function of metalloenzymes in vitro. In this thesis, two large groups of metalloproteins
are under investigation to enhance their properties and usefulness for scientific and industrial
large scale applications in vitro: Fe—S cluster proteins and Cu monooxigenases. For this
classes the knowledge of methods and techniques to improve their activity and effectiveness
is still lacking with important questions waiting to be answered.
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Chapter 2 (Mielenbrink et al. (2020) Maturation of Fe—S Cluster Containing Proteins) gives
insights into the best way to assemble [4Fe—4S] cluster for different types of [4Fe—4S] pro-
teins to get the best functionality for each class of [4Fe—4S] proteins. The first systematically
investigation of protein type dependent [4Fe—4S] cluster assembly is presented in this Chapter.
An artificial approach to improve the properties and functionality of Fe—S cluster containg
proteins is presented in Chapter 3 (Mielenbrink et al. (2021) Co—S Cluster Assembly in Fe-S
Proteins). The idea is to replace iron with cobalt in Fe—S proteins. In theory, the advabtages
of Co in first mononuclear approaches are very promising. However, nothing is known about
the assembly of multinuclear Co—S cluster in Fe—S scaffold proteins, which could eb a large
step towards "green" hydrogen production using artificial biocatalysts. The approach to make
the Cu monoxigenase Ssl1 useful for large scale scientific and industrial use is presented in
Chapter 4 (Olbrich et al. (2021) Blue Multicopper Oxidases T1 Cu Axial Ligand Mutations).
Here again, little is known about the enhancement of the functionality of this protein in vitro.
The manipulation of the axial ligand of the active sight should expand the understanding of the
catalytic mechanisms of this protein.

The first objective of this thesis is to provide enhanced protocols for the production of Fe—S
clusters in order to improve the accessibility of these highly oxygen sensitive proteins in their
holo form for structural and spectroscopic analyses (Chapter 2 "Mielenbrink et al. (2020) Mat-
uration of Fe—S Cluster Containing Proteins"). Since the isolation of fully loaded Fe—S clus-
ter proteins is a significant bottleneck in the characterization of those macromolecules, their
investigation is often performed on reconstituted protein samples. The subsequent reconsti-
tution, however, can lead to artifacts or even protein degradation. For this purpose, the de-
velopment of improved protocols for the expression and protein isolation by addressing the
special needs of particular proteins is of broad interest for the bioinorganic community. Here,
the formation of Fe—S clusters and the impact of SUF and ISC machinery on cluster formation
in the 4-hydroxy-3-methylbut-2-enyl diphosphate reductase (IspH), the Quinolinate synthase A
(NadA), the Aconitase B (AcnB) from E. coli, and the radical S-Adenosylmethionine protein
ThnB from Bacillus thuringiensis are in the focus of this work.

Based on this, the main objective of this thesis deals with one of the biggest challenges
of mankind: green hydrogen production. One approach on this way is to produce robust and
efficient Co—S biohybrids, which are able to perform photo catalytic water splitting. A first step
is to use the scaffold proteins of Fe—S cluster biosynthesis and adapt them to Co—S cluster
formation (Chapter 3 "Mielenbrink et al. (2021) Co—S Cluster Assembly in Fe—S Proteins").
Consequently, the successful reconstitution of Co-S clusters in the scaffold protein from the
ISC machinery, IscU, is one objectiv of this thesis. This is a great step towards Co-S cluster
formation in order to generate a universally functional Co—S assembly protein for the generation
of artificial Co—S cluster proteins as "green" hydrogen producing biocatalysts.

A third aim of this thesis is in the field of multicopper oxidases. Here the laccase Ssl1 is
also playing an interesting role as a "green" catalyst. The enzyme only requires oxygen as a
co-substrate, while no expensive cofactor is needed, and the protein only produces water as
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a by-product. Ssl1 laccases have a high potential for the use in the detoxification of pollutants
and bioremediation of phenolic compounds and in delignification processes. The axial ligand
at the active site of this molecules plays an important role for their redox potentials. The aim
is to investigate mutants of the axial ligand with structural, spectroscopic and kinetic methods
(Chapter 4 "Olbrich et al. (2021) Blue Multicopper Oxidases T1 Cu Axial Ligand Mutations").
Therefor the crystallization and structure elucidation of the five presented mutants is one
objective, followed by the identification of spectroscopic characteristics in EAS, CD, and EPR
spectroscopy. Together with kinetic assays of stopped flow measurements and spectrophoto-
metric redox titrations the results should underline the importance of the axial T1 Cu ligand in
the functionality of this enzyme.

The [4Fe—4S] assembly protocols should give a systematic overview of which protcol is the
best for successful and correct [4Fe—4S] cluster assembly for certain protein(-classes) (Chapter
2 "Mielenbrink et al. (2020) Maturation of Fe—S Cluster Containing Proteins"). This is a great
step towards the functional and structural investigation of correct assembled multinuclear Fe—S
cluster containing proteins. The results of Chapter 3 (Mielenbrink et al. (2021) Co—S Cluster
Assembly in Fe—S Proteins) will give deep insights into the properties of Co—S cluster assem-
bly in Fe—S proteins. The functionality of Co—S cluster containg Fe—S proteins would be a game
changer in "green" Hy production as light driven energy source for the future. The results pre-
sented in this Chapter are a large step to reach this deep goal. The manipulation of the axial
ligand of Ssl1 in Chapter 4 (Olbrich et al. (2021) Blue Multicopper Oxidases T1 Cu Axial Lig-
and Mutations) gives insights into the role of the axial ligand concerning the redox potential.
This can be used to erase their effectiveness and make them also usable in large scale for
applications like detoxification of pollutants and bioremediation of phenolic compounds and in
delignification processes with great positive effects on environmental issues.

22



2 Maturation of [4Fe—4S] cluster-containing
proteins in vivo and in vitro

This chapter reflects content of the following publication.

2.1 Publication information

Steffen Mielenbrink, Hannah Rosenbach, Melissa Jansing, Sabine Metzger, and Ingrid Span
Submitted to: Metallomics

2.2 Abstract

Fe—S clusters are ubiquitous cofactors that are essential in many biological processes. The
biosynthesis of Fe—S clusters is strictly regulated in all organisms. Several strategies have
been reported for the maturation of recombinantly produced proteins, however, a systematic
comparison of different maturation protocols for the same target proteins has not yet been re-
ported. In this work, we use three well-characterized [4Fe—4S] proteins, including aconitase B,
4-hydroxy-3-methylbut-2-enyl diphosphate reductase (IspH), and quinolinate synthase (NadA),
to investigate the influence of different maturation strategies. These include the maturation of
the apo protein using chemical or semi-enzymatic reconstitution, co-expression with two differ-
ent plasmids containing the iron-sulfur cluster (isc) or sulfur formation (suf) operon, and a cell
strain lacking IscR, the transcriptional regulator of the ISC machinery. Our results show that the
maturation of the Fe—S proteins in vivo is more specific and efficient compared to reconstitu-
tion. Surprisingly, we observed that the differences between the in vivo maturation systems are
pronounced, although ISC and SUF should be capable of maturating the same proteins. We
observed that it is difficult to predict which strategy results in successful maturation, thus, the
optimal cell strain has to be determined experimentally. We also provide a rationale for prefer-
ences for SUF versus ISC pathway. Furthermore, we show that the in vivo strategies can be
extended to more complex enzymes, such the radical SAM protein ThnB, which was previously
only maturated by reconstitution. Our results shed light on the differences of in vitro and in vivo
Fe—S cluster maturation and points out the pitfalls of chemical reconstitution.
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2.3 Introduction

Fe—S clusters are ancient and ubiquitous cofactors in proteins. They are involved in many es-
sential biological processes, including such as oxidative respiration, photosynthesis, hydrogen
production, nitrogen fixation, and DNA replication/repair. The most common species found in
proteins are the rhombic [2Fe—2S] and cubic [4Fe—4S] forms and they are predominantly co-
ordinated by cysteine residues, however, other residues can be involved as ligands as well
(Freibert et al., 2018). Fe-S proteins are predominantly involved in electron transfer reactions.
Furthermore, they also play important roles in providing stability to protein structures, regulation
of gene expression, non-redox catalysis, repair and processing of nucleic acids, regulation of
cellular processes, and iron homeostasis (Beinert, 2000; Beinert et al., 1997; White & Dilling-
ham, 2012).

Fe—S cofactors have played a significant role in the metabolism of the primordial cells, which
were formed in an atmosphere with an extremely low oxygen concentration. Under these condi-
tions, oxidation of Fe?* to Fe3", which is insoluble in water, by molecular oxygen leading to the
degradation of the cluster was not a major issue. The versatility and stability of the cluster lead
to a dominant role in primordial catalysis. With rising oxygen concentration in the atmosphere,
some organisms have evolved to utilize copper proteins instead of Fe—S proteins, since both
oxidation states of copper are soluble in aqueous solutions. Despite the need to protect the
cofactors from oxygen, Fe—S proteins are still wildly used cofactors in nature and their key role
in many biological processes makes them the focus of a large research community.

The sensitivity of Fe—S proteins towards oxygen requires special attention during gene ex-
pression, protein isolation and purification. Gene expression occurs in the cytosol with a re-
ducing environment and virtually no free molecular oxygen, so in most cases the cells can be
cultivated under aerobic conditions without an impact on the Fe—S proteins. However, cultiva-
tion of cells under shaking with low speed as well as expression under anaerobic conditions
have been shown to have a beneficial effect on Fe—S protein production (Kuchenreuther et al.,
2010). Escherichia coli (E. coli) is a facultative anaerobic bacterium, thus, it can also be culti-
vated at low oxygen concentrations. After cell lysis, the Fe—S proteins are exposed to molecular
oxygen and their cofactor decomposes rapidly in most cases due to the insolubility of ferric ions.
Some members of the Fe-S protein family are capable of stabilizing protein-bound ferric ions,
such as rubredoxins, or the clusters are protected from the environment by the protein, such as
some ferredoxins, resulting in no or slow degradation of the cluster under aerobic conditions.
In most cases though, isolation and purification of Fe—S proteins lead to protein in apo form or
with partial cluster loading.

Another important consideration is the assembly and transfer of the cofactors to recombi-
nantly produced proteins using the Fe—S bioassembly machinery of the host (Figure 2.1) for a
schematic representation of the components of Fe—S assembly machineries in general). While
the recombinant gene is expressed to an abnormally and excessively high level, the level of
the Fe—S assembly proteins remains unchanged and the machinery is not capable of keeping
up with the production of the cofactor. The Fe-S cluster content in partially loaded proteins
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Figure 2.1: Schematic representation of iron sulfur cluster assembly machineries such as the ISC and SUF ma-
chinery. Adapted from Lill (2009).

can be enhanced by chemical reconstitution, which is performed by treating the protein with an
inorganic iron and sulfide source in the presence of a reductant (Malkin & Rabinowitz, 1966).
A more sophisticated variation of the reconstitution reaction is a semi-enzymatic approach that
involves the protein cysteine desulfurase and L-Cysteine instead an inorganic sulfur source
(Figure 2.2A) (Gao et al., 2013).

In cases where the nature of the native Fe—S cluster has not been ascertained, chemical
reconstitution can result in incomplete cluster formation or assembly of artifacts (Archer et al.,
1994; Leartsakulpanich et al., 2000). Biosynthesis of the Fe—S clusters in vivo by co-expression
of the genes encoding for the Fe—S cluster assembly machinery ensures the incorporation of
biologically relevant cluster forms. While the Iron Sulfur Cluster (ISC) machinery is used for
housekeeping cluster assembly under standard growth conditions in bacteria and eukaryotic
mitochondria (Lill, 2009), the Sulfur Formation (SUF, also termed Sulfur Utilization Factor) ma-
chinery is used under stress conditions in bacteria and chloroplasts of eukaryotes (Bai et al.,
2018). SUF is the sole machinery for Fe—S cluster biogenesis in archaea, cyanobacteria, and
many Gram-positive, thermophilic and pathogenic bacteria (Pérard & de Choudens, 2018).
Additional machineries responsible for Fe—S cluster assembly are the Nitrogen Fixation (NIF)
system that plays a specialized role in the maturation of Fe—S cluster proteins in nitrogen fixing
organisms such as Azotobacter vinelandii (Pérard & de Choudens, 2018), the Cysteine Sulfi-
nate Desulfinase (CSD) from E. coli that has components similar to the ISC or SUF system, but
lacks a scaffold protein (Loiseau et al., 2005), and the Cytosolic Iron-Sulfur Cluster Assembly
(CIA) system, that is responsible for cytosolic and nuclear Fe—S cluster assembly in eukaryotes
(Sharma et al., 2010)). All Fe—S biosynthesis pathways follow the same pattern and include
enzymes with similar function (Figure 2.1). The cysteine desulfurase converts the substrate
L-Cysteine into L-Alanine and provides the sulfur to the scaffold protein. The requirement of an
iron donor protein or the specific iron source are not clear (lannuzzi et al., 2011; Layer et al.,
2006; Roche et al., 2015). For the bacterial pathway, it has been shown that a complex of cys-
teine desulfurase and scaffold protein is formed that assembles [2Fe—2S] and possibly also
[4Fe—4S] clusters in the presence of an electron source (Agar et al., 2000a,b; Marinoni et al.,
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2012). Previous studies have shown that co-expression of genes encoding for Fe—S proteins
with the isc or suf operon have resulted in higher protein yields and increased cofactor content
(Figure 2.2B) (Grawert et al., 2004; Hanzelmann et al., 2004). Furthermore, it was reported
that the deletion of the gene encoding for the transcriptional regulator of the ISC machinery,
iscR, in E. coli BL21(DES3) cells results in an enhanced expression of the isc operon provid-
ing as an alternative to plasmid-based overexpression (Figure 2.2B) (Schwartz ef al., 2001).
Each method has been successfully used for one or several proteins (Akhtar & Jones, 2008;
Gao et al., 2013; Grawert ef al., 2004; Hanzelmann ef al., 2004; Malkin & Rabinowitz, 1966),
however, systematic studies comparing several different strategies for the same protein have
not been reported. The obvious approach would be to use the biosynthesis machinery that is
biological relevant, which is only possible for prokaryotic proteins. In addition, the co-expression
of two plasmids may result in an additional stress for the host cells and, therefore, reduce the
productivity of protein synthesis.
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Figure 2.2: Assembly of Fe—S clusters in proteins. (A) Schematic overview on the workflow for chemical and semi-
enzymatic in vitro reconstitution of Fe—S cluster into the apo form of a protein. While for chemical reconstitution
an inorganic sulfur source is required, semi-enzymatic reconstitution requires the cysteine desulfurase IscS and
L-Cysteine as an organic sulfur source. Both methods require an inorganic iron source. (B) Schematic overview
of in vivo assembly for the isolation of Fe cluster proteins in their holo form using the co-expression of the target
protein with the plasmids pSUF or pISC in BL21(DE3) as well as the expression of the target protein in BL21(DES3)
AiscR. Cells are cultivated in growth media supplemented with inorganic iron and L-Cysteine as a sulfur source.

In this study, we investigate six different strategies for the production of [4Fe—4S] proteins
using four different target proteins. Our study shows that selection of the appropriate strategy
for cluster incorporation not only influences the cofactor content in proteins, but also signif-
icantly alters the expression levels of the recombinant genes. We use electronic absorption
spectroscopy (EAS) and circular dichroism (CD) spectroscopy to assess the amount of Fe—S
cluster bound to the proteins as well as the specificity of the method. In addition, we quantified
the Fe-S cluster content of the samples using inductively coupled plasma mass spectroscopy
(ICP-MS).
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We chose E. coli aconitase B (AcnB), E. coli 4-hydroxy-3-methylbut-2-enyl diphosphate re-
ductase (IspH), E. coli quinolinate synthase A (NadA) and Bacillus thuringiensis Thurincin B
(ThnB) as target proteins, since all proteins bind [4Fe—4S] clusters that are coordinated by
three cysteine residues. ThnB harbors a second [4Fe—4S] cluster that is coordinated by four
cysteines. We have chosen three proteins that have previously been studied extensively and
the properties of their cofactor is well established. In addition, we included a radical SAM en-
zyme in our study, where we have observed a dramatic impact of the expression system.

In the presence of iron, AcnB from E. coli functions as an enzyme in the essential citric
acid cycle and the glyoxylate cycle which assembles a [4Fe—4S] cluster. Under oxidative stress
conditions and iron starvation, the Fe—S cluster disassembles and the enzymatically inactive
apo protein functions as a nucleic acid binding protein, that binds to its own mRNA for positive
regulation (Beinert & Kennedy, 1993; Tang & Guest, 1999; Williams et al., 2002). The crystal
structure of an inactive porcine heart mitochondrial aconitase hosting a [3Fe—4S] cluster re-
veals that the cluster is ligated by three cysteine residues (Robbins & Stout, 1989). The fourth
coordination partner in the active form of the aconitase with a [4Fe—4S] cluster is proposed to be
the citrate substrate (Beinert & Kennedy, 1993). IspH from E. coli produces the universal pre-
cursors of terpenes in the methylerythritol phosphate isoprenoid biosynthesis using its 2H* /2e”
reductase activity (Span et al., 2012). The protein hosts a [4Fe—4S] cluster (Span et al., 2012),
but enzymatic activity has also been discovered in the presence of a [3Fe—4S] cluster (Grawert
et al.,, 2009). In both cases, the cluster is coordinated by three cysteine residues, as known
from the aconitase. NadA from E. coli plays an important role in the synthesis of nicotinamide
adenine dinucleotide (NAD), an essential cofactor in numerous important redox reactions (Be-
gley et al., 2001). It harbors a [4Fe—4S] cluster coordinated by 3 cysteine residues (Cicchillo
et al., 2005). The protein ThnB from B. thuringiensis is a member of the so-called radical SAM
enzymes, that are reported to be involved in the maturation process of sactipeptides (Wieck-
owski et al., 2015). Sactipeptides represent a new class of natural products featuring promising
antimicrobial activities. However, the role of these peptides within the producer strain remains
unknown (Flihe & Marahiel, 2013). The first step in the biosynthesis of these sactipeptides
is the formation of the characteristic cysteine-sulfur to a-carbon thioether linkage in the pre-
cursor peptide (Flihe & Marahiel, 2013; Lohans & Vederas, 2014). It has been shown that
this reaction is catalyzed by enzymes that incorporate two Fe—S clusters and a SAM cofac-
tor. These enzymes share a characteristic CX3CX2C motif, which is capable of binding one
catalytic [4Fe—4S] cluster that is required for the reductive cleavage of SAM into methionine
and a 5’-deoxyadenosyl (5’-dA) radical (Broderick et al., 2014; Roach, 2011). The function of
a second [4Fe—4S] cluster, hosted by radical SAM enzymes and studied for example in the
radical SAM enzyme family members subtilisin A (AlbA) and sporulation killing factor (SkfB) is
supposed to be electron transfer during the process of thioether bond formation (Flihe ef al.,
2013, 2012; Flihe & Marahiel, 2013).

The proteins AcnB, IspH and NadA studied in that work were all taken from E. coli, whereas
the radical SAM enzyme ThnB was taken from B. thuringiensis. While E. coli hosts both the
ISC and the SUF machinery (Mettert & Kiley, 2014), in for Gram-positive bacteria such as B.
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subtilis, only the SUF machinery is thought to be the sole prevalent pathway (Selbach et al.,
2014). Therefore, we set special focus on how the co-expression with the ISC or SUF machinery
from E. coli influences the expression of the radical SAM protein from B. thuringiensis.

Several spectroscopic techniques, including the optical absorption methods EAS and CD
spectroscopy, can be used for the biophysical characterization of Fe—S cluster containing pro-
teins. Among the broad variety of spectroscopic methods including electron paramagnetic res-
onance (EPR) (Jasniewski et al., 2019), Mdssbauer (Dunham et al., 1994), X-ray absorption
(Ward et al., 2014) or resonance Raman spectroscopy (Spiro & Czernuszewicz, 1995), EAS
and CD spectroscopy are the most widespread techniques that require only uM protein con-
centrations and small volumes of the samples.

Fe—S clusters usually show broad but characteristic absorption bands in the EAS These
characteristic features can be used to roughly estimate the type of Fe—S cluster present in
the protein. Generally spoken, proteins containing a [2Fe—2S] show more complex absorption
bands between 410 nm and 430 nm, in the range of 470 nm, as well as a relatively broad
maximum between 550 nm and 600 nm, while proteins containing a [4Fe—4S] cluster show a
characteristic peak between 400 nm and 420 nm (Freibert et al., 2018).

2.4 Material and Methods

2.4.1 Gene Expression and Protein Isolation

For gene expression in E. coli BL21(DE3) overnight starting cultures containing one of the
plasmids hosting the genes acnB, ispH, nadA or thnB were used to inoculate 2x Yeast ex-
tract (2YT) medium at 1% (v/v). 2YT medium was supplemented with a final concentration of
100 pg/ml ampicillin and the cells were cultivated under shaking at 37°C and 160 rpm until
the optical density measured at 600 nm (ODggg) reached 2. Gene expression was induced by
adding 0.5 mM Isopropyl-3-D-thiogalactopyranosid (IPTG). For the gene expression supported
by the operons of the Fe-S cluster assembly machineries, overnight starting cultures of E.
coli BL21(DE3) AiscR (Akhtar & Jones, 2008) containing the plasmids encoding for the target
protein as well as E. coli BL21(DE3) containing one plasmid encoding for the target protein
as well as a second plasmid pACYCiscS-fdx (pISC) (Grawert et al., 2004) or pACYC-Duet-
1-suf (pSUF) (Hanzelmann et al., 2004) were used to inoculate 2YT medium at 1% (v/v). TB
medium was supplemented with kanamycin (50 pg/ml), ampicillin (100 pg/ml) or chlorampheni-
col (25 pg/ml) as needed, as well as ferric ammonium citrate (2 mM final concentration). Cells
were cultivated aerobically at 37°C and 160 rpm until the ODggg reached 2. Subsequently, the
gene expression was induced using 0.5 mM IPTG. To facilitate Fe—S cluster assembly 2 mM
L-Cysteine were added. All cultures were incubated at 25°C and 140 rpm for 20 h following
induction. Cells were harvested by centrifugation for 10 min at 6,000 x g and 4°C. For cell lysis
cells were resuspended in 50 mM Tris pH 8.0, 150 mM NaCl containing EDTA-free cOmplete ™
Protease Inhibitor Cocktail Tablets (Roche, Basel, Switzerland) were added according to the
manufacturer’s instructions. After stirring at room temperature (RT) for 20 min under anaerobic
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conditions, the samples were covered with argon to maintain anaerobic conditions and the cell
suspension was sonicated for 20 min with an amplitude of 60% and a pulse of 1 s every 3 s
using VS70/T sonotrode (Bandelin electronic, Berlin, Germany). Argon covered lysates were
clarified by centrifugation at 40,000 x g.

2.4.2 Anaerobic Protein Purification

Protein purification and all following procedures were carried out under strictly anaerobic con-
dition in an anaerobic chamber with < 2 ppm O,. Isolation and purification of the protein was
performed using immobilized metal affinity chromatography. Therefore, protein lysates were
applied to a Protino Ni-NTA Agarose column (Macherey-Nagel, Diren, Germany) that was
equilibrated in wash buffer (50 mM Tris pH 8.0, 150 mMNaCl) using an AKTA start system
(GE Healthcare, Little Chalfont, UK). The column was then washed with wash buffer containing
50 mM imidazole to remove unspecifically bound proteins and the target protein was eluted
with 250 mM imidazole. Fractions containing the target protein were pooled, dialyzed against
wash buffer, and their purity was analyzed by SDS-PAGE. Protein concentrations of the protein
samples were determined using the Bradford method (Bradford, 1976).

2.4.3 Chemical Reconstitution

For the first step of the chemical reconstitution reaction, the reduction of the as-isolated protein
with dithiothreitol (DTT), 100 uM protein solution were incubated with 1 mM DTT for 1 h on
ice and then supplemented with 600 pM ferric ammonium citrate (FAC) and 600 uM Li>S for
the proteins with one [4Fe—4S] cluster. In case of ThnB, which contains two [4Fe—4S] clusters
600 uM FAC and 900 uM Li>S were added. After an incubation time of 1 h the protein was
applied to a PD-10 Desalting Column (GE Healtthcare, Little Chalfont, UK) that was equilibrated
with 50 mM HEPES, pH 7.5; 100 mM KCI to separate the protein from excess iron and sulfide.
Finally, the volume of the protein solution was adjusted to 500 pl.

2.4.4 Semi-enzymatic Reconstitution

For the semi-enzymatic reconstitution reaction 100 uM protein solution were incubated on ice
with 1 mM DTT for 1 h. Then 20 uM E. coli cysteine desulfurase IscS, 5 mM L-Cysteine, and
600 uM FAC were added to the protein followed by an incubation of 1 h at RT. Subsequently,
excess reagents were removed using a PD-10 Desalting Column (GE Healtthcare, Little Chal-
font, UK) equilibrated with 50 mM HEPES, pH .5; 100 mM KCI. Finally, the volume of the protein
solution was adjusted to 500 pl.

2.4.5 Determination of Metal Content

To obtain the metal-to-monomer ratio of the isolated samples, we determined the protein con-
centration using the Bradford method (Bradford, 1976) and measured the iron content using
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inductively coupled plasma mass spectroscopy. Samples were prepared by precipitating 10 uM
of freshly, anaerobically isolated protein with 3% trace-metal grade nitric acid. Precipitate was
removed by centrifugation for 30 min at 15,000 x g and the sample was then transferred to
a metal-free centrifugation tube (VWR, Radnor, PA, USA). Measurements of the iron content
were performed using an Agilent 7700 ICP-MS (Agilent Technologies, Waldbronn, Germany)
in the Biocenter MS-Platform at the University of Cologne. The measurements were done by
strictly following the manufacturer’s instructions using He in the collision cell mode to minimize
spectral interferences. Measurements were performed in technical triplicates and the presented
data has an r? value of 0.999.

2.4.6 Electronic Absorption Spectroscopy (EAS)

Electronic absorption spectra were collected using a Cary-60 spectrophotometer (Agilent Tech-
nologies, Ratingen, Germany) with 1 nm bandwidth, a scanning speed of 120 nm/min and a
1-cm-path-length quartz cuvette at RT.

2.4.7 Circular Dichroism (CD) Spectroscopy

CD spectra were collected using a Jasco J-815 Circular dichroism spectrometer (Jasco Ger-
many, Pfungstadt, Germany) with a scanning speed of 100 nm/min and a bandwidth of 5 nm in
a 2 mm path length quartz cuvette. An average of 20 scans was collected at 20°C with 1 nm
resolution. The spectra were processed with the Spectra Analysis software using the Adaptive-
Smoothing function with the following parameters: convolution width 15, noise deviations 1. CD
spectra of HEPES and Tris buffer (Figure S2.3) were subtracted from protein spectra prior to
the calculation of the molar ellipticity and plotting the data. Samples for CD spectroscopy were
in a concentration range between 150 and 300 uM.

2.5 Results and Discussion

The production of correctly assembled Fe—S cluster proteins is a major challenge in the field.
We have compared six different strategies for protein production in this work: (i) expression
in BL21(DES); (ii) expression in BL21(DE3) and chemical reconstitution; (iii) expression in
BL21(DE3) and semi-enzymatic reconstitution; (iv) co-expression in BL21(DE3) with pISC; (v)
co-expression in BL21(DE3) with pSUF; and (vi) expression in BL21(DE3) AiscR. Hereby, gene
expression was always performed under aerobic conditions, cell lysis and all further steps under
anaerobic conditions. The target proteins E. coli AcnB, E. coli IspH, and E. coli NadA contain
one [4Fe—4S] cluster ligated by three cysteine residues. We also studied cluster incorporation
into the radical SAM enzyme B. thuringiensis ThnB that contains two Fe—S clusters, one of
them with an open coordination site for the SAM cofactor. We studied the impact of the protocol
on expression levels, Fe—S cluster content, and specificity of cluster incorporation.
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2.5.1 Expression Levels

We compared the protein levels obtained in different cell lines, including XL1-Blue, BL21(DE3),
and BL21 (DE3) AiscR utilizing SDS-PAGE and Western blot analysis (Figure 2.3). Common
BL21(DE3) cells harbor both, the ISC and SUF Fe-S pathways (Barras et al., 2005; Johnson
et al., 2005). However, when expressing genes to an abnormally high level, the endogenous
enzymes involved in biosynthesis are not capable of producing and transferring a sufficient
amount of Fe—S clusters. BL21(DE3) cells containing an additional plasmid encoding for the
Fe—S assembly machineries ISC or SUF produce an increased level of ISC or SUF proteins,
respectively, which may result in increased levels of Fe-S cluster content in the target pro-
tein. XL1-Blue cells are routinely utilized for cloning, yet they have been successfully applied
for co-expression of IspH with the ISC proteins (Grawert et al., 2004), therefore, we included
expression tests with XL1-Blue cells harboring pISC or pSUF in our study. Another approach
to increase the level of Fe—S biosynthesis proteins is to delete the regulator of the ISC path-
way, IscR, which is responsible for the attenuation of the ISC proteins. The E. coli BL21(DES3)
AiscR cell strain shows an upregulation of isc operon expression, leading to higher levels of
the ISC proteins and the ability to maturate abnormally high levels of Fe—S proteins. Notably,
recent studies indicate a more general role of IscR in the regulation of Fe—S cluster biogenesis,
therefore the deletion of IscR may also influence the SUF protein levels (Giel et al., 2006).
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Figure 2.3: Analysis of ispH, nadA and acnB expression in different systems. The cell lysate was analyzed by SDS-
PAGE on a 15% Tris-Glycine gel and proteins were visualized by Coomassie staining (top) and the corresponding a
Western blot analysis using a conjugated anti-Histidine antibody (bottom).

The constructs for IspH, NadA, and AcnB were designed to result in proteins with an N-
terminal Histidine affinity tag followed by the recognition site for the TEV protease to allow for
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cleavage of the Histidine affinity tag. In addition, we have also investigated the expression of
the constructs pQE30-ispH (Grawert et al., 2004) with a Histidine affinity tag and no protease
recognition site as well as pET46-nadA with a Histidine affinity tag and an enterokinase cleav-
age site. These constructs were previously used for protein production, however, the Histidine
affinity tag enhances the purity after the first purification step and is, thus, more suitable for our
study. We expressed the five different constructs in six different cell lines, except pQE30-ispH,
which did not co-transform with neither the pISC, nor the pSUF plasmid.

Western blot analysis indicated that pQE30-ispH does not express in either cell strain, which
is surprising, as previous studies report high protein yields for pQE30-ispH using the XL1-Blue
cells harboring the pISC plasmid (Grawert et al., 2004). The pISC plasmid used for protein
biosynthesis in this study is different from the one previously used, since it was discovered that
the originally used pISC plasmid contained three point mutation in the iscS and iscU genes
(Span, 2012). Interestingly, correction of these mutations resulted in a dramatic reduction of
ispH expression in E. coli XL1-Blue cells. SDS-PAGE analysis shows protein bands for expres-
sion in BL21(DE3) and BL21(DE3) AiscR, suggesting that IspH protein is synthesized. The
Histidine affinity tag of this construct is shorter, which could influence the Western blot analy-
sis. Another possibility is that the Histidine affinity tag is not accessible, possibly due to dimer
formation, which was also observed in the crystal structure (Grawert et al., 2009).

We also observe no detectable expression of either protein in the XL1-Blue cell line indepen-
dent of the co-transformed plasmid. Furthermore, we obtained high amounts of protein for all
other samples and Western blot analysis confirmed that the proteins carry a Histidine affinity
tag and are most certainly our target proteins. Notably, the intensity of the signal on the Western
blot does not necessary correspond to the amount of protein, since there are several factors
that influence staining. Thus, we base our decision of which expression system to select for
protein production not fully on SDS-PAGE or Western blot analysis, but on the resulting protein
yield after the initial purification step.

The protein AcnB from E. coli is a [4Fe—4S] cluster protein that plays a key role in the citric
acid cycle under conditions in which sufficient iron is present, whereas in the absence of iron,
the protein loses its enzymatic activity and functions as a nucleic acid binding protein, stabilizing
its own mRNA (Beinert & Kennedy, 1993; Tang & Guest, 1999; Williams et al., 2002). Western
blot analysis of cell lysates after the expression of the protein in E. coli BL21(DE3) provide
evidence that additional co-expression of the acnB gene with genes encoding for the SUF or
ISC machinery do not have an influence on the protein levels of AcnB. The same is true for
the expression of acnB in BL21(DE3) AiscR (Figure 2.3). In all cases, expression was directed
from a pET16bTEV expression plasmid resulting in a target protein with an N-terminal Histidine
affinity tag .

Purification of AcnB has only slightly been influenced by the choice of the expression system.
Isolation of AcnB from BL21(DE3) with the additional plasmid pSUF and from BL21(DE3) AiscR
resulted in 500 pl protein solution with a concentration of approximately 300 uM (75 nmol, 7 mg)
obtained from 1 | expression culture using immobilized metal affinity chromatography (IMAC).
Isolation of AcnB from BL21(DE3) with and without the additional plasmid pISC resulted in
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500 pl protein solution with a slightly lower concentration of 250 uM (63 nmol, 6 mg) (Table 2.1,
Figure S2.1).

The protein IspH from E. coli is an enzyme catalyzing the conversion of 1-hydroxy-2-methyl-
2-(E)-butenyl diphosphate into isopentenyl diphosphate and dimethylallyldiphosphate in the
nonmevalonate isoprenoid biosynthesis pathway. The protein hosts a [4Fe—4S] cluster (Span
et al., 2012), but enzymatic activity can also be discovered in a variant hosting a [3Fe—4S]
cluster (Grawert et al., 2009). In this study, we expressed the ispH gene fused to an N-terminal
Histidine affinity tag from a pET16bTEV expression vector in BL21(DE3) and BL21(DE3) AiscR
cells in the presence and absence of the plasmids pSUF and pISC and compared our results
with previously reported spectroscopic data on IspH. Previous studies on IspH used either the
E. coli strain M15[pREP4] or XL1-Blue with the ispH gene hosted in a pQE30 expression vector
(Grawert et al., 2004; Wolff et al., 2003). In the latter study using E. coli XL1-Blue cells for gene
expression, the pISC plasmid was co-expressed with the pQE30 expression vector hosting the
target protein, however the growth medium was not supplemented with additional iron or sulfur
sources. Isolation of the protein was carried out under strictly anaerobic conditions resulting in
a protein fraction that shows a significant peak at 410 nm with a molar extinction coefficient of
11.9 mM" cm™ for a monomeric protein structure (Grawert et al., 2004). Purification of IspH
isolated from E. coli M15[pREP4] was performed aerobically and the Fe—S cluster was then
anaerobically reconstituted using Na,S, FeClz and DTT. Here, a molar extinction coefficient at
410 nm with a value of 18.75 mM™' cm™ has been observed for a dimeric protein structure
(Wolff et al., 2003). In this study, we explored that the co-expression of the ispH gene with the
plasmids pSUF and pISC had a positive effect on the protein level in BL21(DE3) (Figure 2.3).
For Expression in BL21(DE3) in the absence of pSUF and pISC as well as the expression
in BL21(DE3) AiscR reduced protein levels have been observed. Additionally, we tested the
expression of ispH directed from the expression vector pET16bTEV in E. coli XL1-Blue with
the additional plasmids pISC and pSUF respectively, but Western blot analysis revealed that
the protein production using these expression systems was not successful. The same is true
for the expression of ispH directed from the expression vector pQE30 in BL21(DE3) with and
without the plasmids pSUF and pISC as well as in BL21(DE3) AiscR (Figure 2.3). The protein
yields obtained after the purification process are in agreement with the observations for the
expression levels of ispH. After the IspH isolation from BL21(DE3) with pSUF or pISC 500 pl
with a concentration of 150 uM (38 nmol, 1.4 mg) were obtained, while the concentrations were
higher in samples obtained from the expression in BL21(DE3) and from BL21(DE3) AiscR
(500 pl with a concentration of 250 pl, i.e. 63 nmol, 2.3 mg) (Table 2.2 and Figure S2.1).

Quinolinic acid is an intermediate in the synthesis of NAD that is an important cofactor in
numerous redox reactions (Begley et al.,, 2001). E. coli and most other prokaryotes gener-
ate quinolinic acid via a condensation reaction between dihydroxyacetone phosphate and imi-
nosuccinate. For this purpose, two proteins are required: the quinolinate synthetase, NadA,
and the aspartate oxidase, NadB (Begley et al., 2001). In this study we are focusing on the
[4Fe—4S] cluster protein NadA. In a previous study, the presence and nature of the Fe—S clus-
ter has been explored after the expression of nadA on the expression plasmid pET-28A in E. coli
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with an additional arabinose-inducible plasmid pDB1282 harboring the genes encoding for the
proteins of the ISC machinery (Cicchillo ef al., 2005). Spectroscopic analysis to verify the pres-
ence of the [4Fe—4S] cluster was carried out either on the as-isolated protein using EAS and
EPR spectroscopy or with a chemically reconstituted sample using Méssbauer spectroscopy.
In the present study, we tested two constructs for the expression of the gene nadA: In analogy
to our studies on AcnB, IspH and ThnB we generated a construct in which the gene was in-
corporated into the expression plasmid pET16bTEV. However, using Western blot analysis, we
could not detect any recombinant protein production neither in E. coli BL21(DE3), BL21(DES3)
AiscR, nor XL1-Blue (Figure 2.3). Interestingly, the NadA protein levels could be significantly
increased using a pET46-nadA construct that also allows for the expression of a fusion protein
with an N-terminal Histidine affinity tag. Here, the highest expression levels could be detected
in BL21(DES3) in the presence of pSUF in BL21 AiscR, while the expression levels were mod-
erate when the genes encoding for the ISC machinery were co-expressed in BL21(DE3) as
well as in BL21(DE3) without co-expression. Purification via IMAC resulted in highly pure pro-
tein samples. In a reduced volume of 500 pl after the isolation process a concentration of
250 uM (63 nmol, 2.5 mg) was detected for the samples obtained from BL21(DE3) AiscR,
and BL21(DES3) with the additional plasmid pSUF, while a significantly lower concentration of
150 uM (38 nmol, 1.5 mg) has been detected in the sample obtained from BL21(DE3) without
the co-expression of Fe—S cluster assembly machineries and with additional co-expression of
pISC (Table 2.3 and Figure S2.1).

2.5.2 Analysis of Iron Content

The first protein that we investigated in terms of Fe—S cluster maturation is E. coli AcnB, which
contains an [3Fe—4S] cluster in the inactive form that can be activated by conversion to the
[4Fe—4S] form. Our spectroscopic analysis of AcnB produced using the previously mentioned
strategies reveals significant differences in the cluster occupancy of the different samples. Ex-
pression in BL21(DE3) cells in the absence or presence of an additional plasmid encoding for
the genes for the ISC or SUF machinery led to the isolation of the apo protein without sig-
nificant amounts of iron as indicated by an electronic spectra (Figure 2.4A). The absorption
bands at 325 nm and in the range of 400—420 nm with low intensities and molar extinction
coefficients below 3 mM'ecm™ (Table 2.1) are a strong indicators for low Fe—S cluster con-
tent. Protein obtained from E. coli BL21(DE3) AiscR cells shows a molar extinction coefficient
of 7.6 mM'ecm™ at 420 nm, suggesting an improved incorporation of Fe-S clusters into the
protein. According to the literature, values of 10 mM"'cm™ are common for fully loaded Fe-S
proteins (Jacquot, 2017), leading to the conclusion that the majority of AcnB protein obtained
from E. coli BL21(DE3) AiscR cells contains an Fe—S cluster. We were able to increase the
amount of Fe—S cluster in protein isolated in the apo form from E. coli BL21(DES3) cells using
chemical or semi-enzymatic reconstitution. Both protocols led to samples with a molar extinc-
tion coefficient of > 18 mM-'cm™ for the major absorption band. Surprisingly, the molar extinc-
tion coefficients of the major signal are significantly higher than previously reported for E. coli
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AcnB obtained by expression in the E. coli strain W3110 and reconstituted with (NH4)>Fe(SOy),
Na,S, and DTT after (8 mMcm™ to 10 mM™ cm™) (JORDAN et al., 1999). Interestingly, we
also observe a shift of the most prominent signal from 420 nm to 400 nm in the protein sam-
ple obtained by chemical reconstitution. Furthermore, we observe a large absorption feature
at wavelengths higher than 650 nm, indicating impurities that are not bound to the protein but
cannot be separated using a desalting column.

To investigate the sample in more detail, we measured CD spectra in the visible region
(Stephens et al., 1978). The ciral nature of Fe—S clusters inside proteins makes Fe—S pro-
teins amenable for CD spectroscopy. While all Fe—S proteins exhibit characteristic CD signals,
the CD spectra of [4Fe—4S] cluster containing proteins are less defined compared to [2Fe—2S]
proteins and often of low intensity (Freibert et al., 2018). Low intensity of absence of a signal in
the CD spectrum is an indicator of either low concentration of a species or a highly symmetric
environment. The advantage of CD spectroscopy over EAS is that the absorption bands split
up to maxima and minima, therefore, facilitating the detection of subtle changes, and bands
deriving from absorbing impurities do not contribute to the spectrum. The latter includes metal
ions in solution, as well as metal complexes formed with buffer substances or other reagents,
such as reducing substances.

The electronic spectra of the AcnB samples show bands at 325 nm and in the region of
400-420 nm, which are characteristic for protein-bound [4Fe—4S] clusters, however, all absorp-
tion features are quite broad with a high background. The bands in the CD spectra show minima
at 325 nm and 400 nm as well as maxima at 310 nm, 360 nm, 450 nm, 590 nm, and 640 nm.
When taking a closer look at the 400—450 nm range of the CD spectrum it becomes evident that
the absorption bands for both reconstituted samples are at 410 nm, whereas the predominant
band of the samples from the BL21(DE3) AiscR cells is located at 450 nm. This shift most likely
indicates differences in the oxidation states of the [4Fe—4S] cluster, similar to the observations
for the [4Fe—4S] ferredoxin from Bacillus stearothermophilus (Mullinger et al., 1975). The elec-
tronic spectrum of the oxidized cluster in ferredoxin resembles the spectrum of AcnB protein.
The maximum at 410 nm in the ferredoxin spectrum was assigned to the oxidized form of the
[4Fe—4S] cluster, whereas the maximum at 450 nm corresponds to the reduced form. These
findings suggest that the [4Fe—4S] cluster is in a different oxidation state when matured in vitro,
which has a dramatic impact on the characterization of proteins by spectroscopy.

Absorption features in CD spectra can be more easily distinguished from each other than
in electronic spectra, especially the features beyond 550 nm. The baseline was corrected for
the buffer used for the samples, however, the baseline of some of the AcnB samples is unex-
pectedly high above 600 nm. In addition, the noise levels increase significantly beyond 600 nm.
Therefore, it is difficult to compare the molar ellipticity values analogous to molar extinction
coefficients. Despite the shifted baselines, the CD spectra indicate that the samples obtained
by chemical and semi-enzymatic reconstitution do not contain significantly more Fe—S clusters
than the in vivo maturated samples isolated from E. coli BL21(DE3) AiscR cells. In addition,
the broad features at 590 nm and 640 nm support the presence of impurities consisting most
likely of Fe—S aggregates.
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Figure 2.4: Analysis of Fe—S content of AcnB protein obtained by different strategies. (A) Electronic absorption
spectra reveal the Fe—S content of the AcnB protein. Corresponding CD spectra are shown in Figure S2.2A. (B) Iron
content per monomer of the samples in (A) determined by ICP-MS measurements. AcnB protein as-isolated from
E. coli BL21(DES3) is shown in grey, samples obtained by subsequent chemical or semi-enzymatic reconstitution are
displayed in pink or orange, respectively. Samples co-expressed with either pISC or pSUF are shown in green or
blue, respectively, and protein isolated from BL21(DE3) AiscR is presented in purple.

To determine the amount of iron bound to the AcnB protein, we adjusted the protein con-
centration of all samples and measured the iron content utilizing ICP-MS. Hence, we were
able to determine the iron per monomer ratio for AcnB obtained by different protocols. Our re-
sults show that the samples isolated form E. coli BL21(DE3) contain approximately one iron
per monomer, while the samples isolated from E. coli BL21(DE3) co-expressed with either the
plSC or pSUF plasmid contain up to two iron per monomer (Figure 2.4B). AcnB as isolated from
E. coli BL21(DE3) AiscR binds close to four iron per monomer, pointing to a fully loaded Fe-S
protein. In line with the spectroscopic results, the protein obtained by chemical reconstitution
binds more than five irons per monomer, suggesting adventitious metal binding. Surprisingly,
the samples obtained by semi-enzymatic reconstitution show an iron content lower than 3,
which is significantly lower than expected based on the high absorption at 420 nm in the EAS.
We speculate that the discrepancy between this ICP-MS result and the EAS may be caused by
inaccuracy during determining the protein concentration, which has previously been reported
to be the most error-prone step (Galle et al., 2018). In summary, our results show that reconsti-
tution of Fe—S cluster using the chemical or semi-enzymatic approach lead to high amount of
Fe—S cluster content, however, these samples contain also a larger amount of impurities, pre-
sumably consisting of Fe—S aggregates. Assembly of Fe—S clusters in vivo is more specific and
efficient, as the reconstitution step as well as subsequent purification steps are not required.
The best result for AcnB protein was achieved by isolating the protein from BL21(DE3) AiscR.

The ISC machinery is responsible for the housekeeping Fe—S cluster production in E. coli.
In contrast, the SUF machinery is responsible for the production of Fe—S clusters under stress
conditions. Under oxidative stress or iron depletion condition, AcnB enhances its own produc-
tion by binding to its own mRNA and inducing a positive regulation mechanism (Tang & Guest,
1999). AcnB plays a key role in the citric acid cycle as well as the glyoxylate cycle. Neverthe-
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Table 2.1: Overview on different expression strategies and reconstitution methods for the Fe—S cluster protein AcnB.

Expression Significant Extinction Fe/monomer Yield [nmol] Purity [%]

strategy band [nm] coefficient per liter cell
[mM1cm 1] culture

BL21(DES3) 420 1.6 1.1 60 >90

BL21(DES3) 400 18.9 5.5 53 —

chemic.

reconst.

BL21(DES3) 420 18.3 2.8 55 —

semi-enzym.

reconst.

BL21 AiscR 420 7.6 3.9 76 >90

BL21(DES3) 420 2.0 2.1 63 >90

w/pISC

BL21(DES3) 420 2.9 1.2 75 >90

w/pSUF

less, deletion of this important protein in E. coli can be compensated by a second aconitase,
AcnA (Gruer et al., 1997), although the sequence identity between both proteins is only 17%
(Bradbury et al., 1996). Whereas AcnB is adapted for the major catabolic function (JORDAN
et al., 1999), AcnA is responsible for maintenance of the citric acid cycle activity during oxida-
tive stress (Cunningham et al., 1997). A previous study has shown that the SufBC,D complex
is capable of inserting an Fe—S cluster into AcnB, however, we speculate that the interaction of
AcnB with the SUF machinery is not biological relevant, since the function of AcnB is compen-
sated by AcnA during oxidative stress conditions. Therefore, the ISC machinery is most likely
responsible for the maturation of AcnB inside the cell, which is in line with our observation that
the E. coli BL21(DE3) AiscR cells lead to the highest yield of Fe—S containing AcnB protein.

Surprisingly, the co-expression of the acnB gene with the additional plasmid pISC in E. coli
BL21(DES3) cells leads to incomplete cluster assembly in the as-isolated protein. This effect may
be a result of additional stress for the host cell caused by the expression of a second plasmid.

The second protein that we investigated is the [4Fe—4S] cluster containing protein IspH. The
EAS of the protein samples obtained by different methods are dominated by an absorption
band at 415 nm (Figure 2.5A), which is in agreement with previous studies (Grawert et al.,
2004; Wolff et al., 2003). In general, we observe similar trends as for AcnB, even though the
differences between as-isolated a reconstituted samples are not as pronounced as for AcnB.
IspH protein isolated from E. coli BL21(DE3) cells that was then maturated using the semi-
enzymatic method shows a lower Fe—S content compared to AcnB, while the co-expression
in presence of the pSUF plasmid yields a larger portion of Fe—S containing protein. As for
AcnB, we observe a shift of the band at 410 nm to 400 nm for the chemically reconstituted
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Figure 2.5: Analysis of Fe—S content of IspH protein obtained by different strategies. (A) EAS of IspH protein from
different cell strains and after Fe—S reconstitution reactions. Corresponding CD spectra are shown in Figure S2.2B.
(B) Iron content per monomer of the samples in (A) determined by ICP-MS measurements. IspH protein as-isolated
from E. coli BL21(DE3) is shown in grey, samples obtained by subsequent chemical or semi-enzymatic reconsti-
tution are displayed in pink or orange, respectively. Samples co-expressed with either pISC or pSUF are shown in
green or blue, respectively, and protein isolated from BL21(DE3) AiscR is presented in purple.

IspH sample in addition to a broad feature at 650 nm. The large feature beyond 600 nm in
the electronic spectrum of chemically reconstituted IspH indicates again the presence of large
amount of Fe-S aggregates, which is also supported by the CD spectra (Figure S2.2B). In
line with these observations, ICP-MS measurements show that this protein sample contains an
average of seven iron per monomer (Figure 2.5B). Overall, the molar extinction coefficients of
all IspH samples are higher compared to AcnB (Table 2.2), but the iron per monomer ratios
follow the same trend as for AcnB (Figure 2.5B). The absorption feature at 415 nm in the CD
spectrum shown for the protein samples obtained by chemical reconstitution and as-isolated
from E. coli BL21(DE3) AiscR cells (Figure S2.2B) indicates that the majority of the protein is
in the oxidized form.

The amount of iron per monomer is similar for the protein isolated from E. coli BL21(DE3) in
absence or presence of an additional plasmid encoding for the ISC or SUF machinery. While the
yield of IspH protein obtained in BL21(DES3) cells is similar to AcnB, 61 nmol/l and 60 nmol/l cell
culture, respectively, the yields of IspH protein obtained from co-expression with the plasmids
encoding for the biosynthesis pipelines is reduced by approximately 50% (Tables 2.1 and 2.2).
Semi-enzymatic reconstitution results in an iron/monomer ratio of 3, which is consistent with the
molar extinction coefficient. The highest Fe—S cluster content of as-isolated protein was again
achieved in E. coli BL21(DE3) AiscR cells, with a molar extinction coefficient of 15 mM'cm™
at 415 nm and 4 Fe/monomer.

Several expression strategies have been reported previously for IspH from E. coli as well as
Aquifex aeolicus. For this purpose, expression was performed in E. coli M15, E. coli TOP10,
and E. coli BL21(DES3) cells (Rekittke et al., 2008; Wang et al., 2010; Wolff et al., 2003). These
studies reported by three different groups all reported very low Fe—S content, with very low
Aogo/A410 ratios, which they increased by chemical reconstitution. A different study reported the
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Table 2.2: Overview on different expression strategies and reconstitution methods for the Fe—S cluster protein IspH.

Expression Significant Extinction Fe/monomer Yield [nmol] Purity [%]

strategy band [nm] coefficient per liter cell
[mMM'em -] culture

BL21(DES3) 415 8.1 2.4 31 >95

BL21(DES3) 400 24.6 7.2 23 -

chemic.

reconst.

BL21(DES3) 415 15.2 3.2 30 —

semi-enzym.

reconst.

BL21 AiscR 415 17.2 4.0 63 >90

BL21(DES3) 415 8.0 2.0 63 >95

w/pISC

BL21(DES3) 415 11.5 2.2 38 >95

w/pSUF

co-expression of E. coli IspH protein with the pISC plasmid in E. coli XL1-Blue cells (Graw-
ert et al., 2004). As mentioned previously, these experiments were carried out using a pISC
plasmid with three point mutation that were only discovered afterwards (Span, 2012). We have
tried to reproduce these results using a pISC plasmid that was corrected using site-directed
mutagenesis, however, no expression was detectable by Western Blot analysis. IspH protein
obtained by chemical reconstitution results in a molar extinction coefficient of 2 mM'cm™ at
410 nm and 7 Fe/monomer. The broad absorption feature at 650 nm and the high iron content
suggest that significant amounts of impurities have been formed during the chemical recon-
stitution reaction. To investigate if the excess iron is specifically bound to the protein or if the
impurities consist of Fe—S aggregates, we performed size exclusion chromatography (SEC) on
this sample (Figure S2.4). The electronic spectrum of the IspH protein after the SEC reveals
that the absorption feature at 650 nm is completely removed by this additional purification step.
The Agso/A410 ratio is reduced from 0.50 to 0.16 by SEC, showing that these impurities consist
of Fe—S aggregates, which can be separated from the protein. The additional purification step
improves the purity and homogeneiety of the protein sample significantly, however, it requires a
fast protein liquid chromatography (FPLC) system in an anaerobic chamber. If this instrumental
setup is available, then isolation of the mature Fe—S protein under anaerobic conditions is the
more efficient method to obtain active protein, since chemical reconstitution followed by SEC
are more time-consuming. Taken together, our results show that expression and maturation
in E. coli BL21(DE3) AiscR cells is the most efficient strategy to obtain [4Fe—4S] IspH, as
previously observed for AcnB.
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The third [4Fe—4S] protein that was studied here is the quinolinate synthetase NadA. Our
spectroscopic analysis of the proteins reveals that the trends observed for AcnB and IspH are
not reproduced in these experiments. As previously observed for AcnB and IspH, protein mat-
urated by chemical reconstitution using FAC and Li>S in the presence of DTT yields a high
absorption band at 415 nm and a broad feature beyond 600 nm (Figure 2.6A). In combination
with the high iron content determined by ICP-MS (Figure 2.6B), the data indicate the formation
of unspecific Fe—S aggregates, which is consistent with our previous observations. Unlike AcnB
and IspH, the expression of nadA (vector pET22b+) in E. coli BL21(DE3) AiscR resulted in the
isolation of protein with insufficient cluster loading as shown by the EAS and low Fe/monomer
ratio. Expression in E. coli BL21(DE3) as well as E. coli BL21(DE3) AiscR result in molar ex-
tinction coefficients of 4—6 mM'cm™ for the band at 415 nm, which indicate that the majority
of the protein is in the apo form (Figure 2.6A). NadA protein obtained by semi-enzymatic re-
constitution or by co-expression with the isc operon yield slightly better results, but overall a
low amount of Fe—S cluster containing protein (Table 2.3). The most promising result for NadA
protein was obtained by co-expression with the pSUF plasmid in E. coli BL21(DE3) cells. The
CD spectra of chemically reconstituted NadA and protein obtained by co-expression with the
SUF plasmid (Figure S2.2C) show a maximum at 415 nm, supporting an [4Fe—4S] cluster
in the oxidized form. The spectroscopic results are in good agreement with the Fe/monomer
ration obtained by ICP-MS (Figure 2.6B). The Fe/monomer rations for proteins isolated from
E. coli BL21(DE3) as well as E. coli BL21(DE3) AiscR are below 1, proteins obtained by semi-
enzymatic reconstitution and co-expression with pISC yield a value of approximately 2, and
co-expression with pSUF results in 4 Fe/monomer. As previously mentioned, chemical recon-
stitution leads to excess iron binding to NadA. These results are in good agreement with the
presence of an [4Fe—4S] cluster in NadA protein and show that specific and efficient maturation
of NadA was achieved using the co-expression strategy with the pSUF plasmid (Rousset et al.,
2008).

Our results on the biosynthesis and maturation of AcnB and IspH show that expression in
the BL21(DE3) AiscR cells yields the highest Fe—S cluster content, as observed by EAS, with-
out the binding of excess iron or formation of Fe—S aggregates, as deducted from the ICP-MS
analysis. This lead to the initial conclusion that the deletion of the IscR regulator is a superior
approach compared to introducing an additional plasmid into the cells, which may result in ad-
ditional stress for the host cell. The maturation of NadA demonstrates that the co-expression
with the SUF plasmid leads to increased Fe—S cluster incorporation. This raises the question
whether NadA interacts specifically with the SUF machinery inside the cell. To our knowledge,
the interaction of NadA with the SUF proteins have not yet been investigated in detail. Pre-
vious studies of E. coli NadA with an E. coli strains lacking the iscS gene have shown that
NAD biosynthesis is impaired, leading to the conclusion that iscS is essential for the matura-
tion of NadA (Ollagnier-de Choudens et al., 2005). Apparently, sufS was not able to replace
iscS in these experiments and maturate NadA protein. This hypothesis has not been further
investigated on a molecular level. Controversially, another study reports a specific connection
between NadA and a potential new system for Fe—S assembly in E.coli referred to as CSD
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Figure 2.6: Analysis of Fe—S content of NadA protein obtained by different strategies. (A) EAS of NadA samples
as-isolated from different cell strains or obtained by different reconstitution methods. Corresponding CD spectra are
shown in Figure S2.2C. (B) Iron content per monomer of the samples in (A) determined by ICP-MS measurements.
NadA protein as-isolated from E. coli BL21(DES3) is shown in grey, samples obtained by subsequent chemical or
semi-enzymatic reconstitution are displayed in pink or orange, respectively. Samples co-expressed with either pISC
or pSUF are shown in green or blue, respectively, and protein isolated from BL21(DE3) AjscR is presented in purple.

(Bolstad et al., 2010; Kurihara et al., 2003; Loiseau et al., 2005). The role of this system in
Fe—S cluster biosynthesis has not been established yet and recent review articles on this topic
only mention two Fe—S biosynthesis pathways in E. coli (Lill, 2009). The only evidence for the
interaction of NadA and a member of the SUF machinery was provided in Arabidopsis thaliana
(UM et al., 2007). Hereby, a characterization of two novel chloroplast SufE-like proteins from A.
thaliana was reported and the results revealed that the mature SufE3 contains two domains,
one SufE-like and one with similarity to the bacterial quinolinate synthase, NadA. They showed
that SufES displayed both SufE activity and quinolinate synthase activity, thus, they concluded
that SufE3 is the NadA enzyme of A. thaliana. Our results on the maturation of E. coli NadA
protein corroborate a close relation of NadA and the SUF machinery. These findings are par-
ticularly interesting, since in E. coli both systems are co-existing and supposedly responsible
for the maturation of the same set of proteins under different conditions. While the ISC path-
way is predominantly used for Fe—S biosynthesis under standard growth conditions, the SUF
pathway is essential under stress conditions. As a consequence, both systems should be able
to maturate the same proteins with a high efficiency. The different preferences of the proteins
for one system versus the other may be related to the role of the protein in the cell, or possibly
relevance of the protein for the survival of the organism.

Taken together our results from the systematic analysis of six different strategies for the mat-
uration of three different [4Fe—4S] proteins, we observe that in vivo maturation results in more
specific and effective maturation of [4Fe—4S] proteins. For each protein one of the in vivo mat-
uration strategies yielded fully assembled Fe—S clusters without excess iron species. However,
the suitable biosynthesis method has to be determined for each protein. In all three cases,
chemical reconstitution leads to high Fe—S cluster contents in the protein, but also to the for-
mation of high amounts of Fe—S aggregates, which require an additional SEC purification step
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Table 2.3: Overview on different expression strategies and reconstitution methods for the Fe—S cluster protein
NadA.

Expression Significant Extinction Fe/monomer Yield [nmol] Purity [%]

strategy band [nm] coefficient per liter cell
[mM'em 1] culture

BL21(DES3) 415 3.5 0.7 19 >95

BL21(DES3) 415 36.4 5.6 17 —

chemic.

reconst.

BL21(DES3) 415 10.1 2.7 18 —

semi-enzym.

reconst.

BL21 AiscR 415 5.5 1.0 63 >95

BL21(DES3) 415 12.2 2.4 38 >95

w/plSC

BL21(DES3) 415 20.2 4.2 63 >95

w/pSUF

to separate them from the protein sample. In one case, we have also observed that maturation
by reconstitution results in a different oxidation state of the [4Fe—4S] cluster compared to in vivo
maturation. CD spectroscopy has been a very useful tool to obtain more detailed information
about the Fe-S cluster and provided insights on the oxidation states of the cluster. So far, we
have investigated three proteins, AcnB, IspH, and NadA, which contain only one [4Fe—4S] clus-
ter and have previously been characterized. Next, we aimed at transferring the new insights on
Fe—S cluster maturation on the radical SAM enzyme ThnB, which has not yet been maturated
in vivo.

2.5.3 Maturation of the radical SAM enzyme ThnB

The radical SAM enzyme ThnB from B. thuringiensis has been reported to host two [4Fe—4S]
clusters and is required for thioether bond formation during the maturation of the sactipeptide
ThnH (Wieckowski et al., 2015). Previous spectroscopic analyses of the enzyme were per-
formed on samples obtained from recombinant production in E. coli BL21(DE3) directed from
the expression plasmid pET28a(+) resulting in a fusion protein with an N-terminal Histidine
affinity tag. Using this construct, ThnB could be isolated with high purity by IMAC. EAS and
EPR spectroscopy on the chemically reconstituted sample provide evidence for the presence
of at least one [4Fe—4S] cluster. Characteristic signals have been detected at 413 nm with a
molar extinction coefficient of approximately 30 mM'cm™ and at 325 nm with a molar extinc-
tion coefficient of approximately 40 mM-'cm'. However, determination of the iron and metal
content indicate the presence of more than one [4Fe—4S] cluster (Wieckowski et al., 2015). In
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the present study, we directed the expression of the thnB gene from the expression plasmid
pET16bTEV in E. coli BL21(DES3) in the presence and absence of the plasmid pISC or pSUF
as well as in BL21(DE3) AiscR. Analysis of the protein levels using Western blot show that
the co-expression of thnB with the pSUF plasmid results in the highest amount of protein (Fig-
ure S2.5). A slightly lower expression level has been detected for the co-expression with pISC
and the expression in BL21(DE3) AiscR. The lowest expression level has been detected for
the expression in BL21(DE3) in the absence of pISC or pSUF. These results show that specific
expression systems tailored for Fe—S proteins not only increase the fraction of holo protein,
but also lead to higher protein levels. In some cases where expression has not resulted in
detectable protein levels in common BL21(DE3), using BL21(DE3) AiscR cells improved the
expression levels dramatically and large amounts of Fe—S proteins could be isolated (unpub-
lished data).

The electronic spectra show that co-expression with pISC, expression in BL21(DE3) AiscR
cells and BL21(DE3) cells leads to a large fraction of apo ThnB. This is in line with a low
metal content of < 1.0 Fe/monomer (Figure 2.7B, Table 2.4). Maturation of ThnB by chemi-
cal reconstitution was previously reported to result in considerable amounts protein containing
two correctly assembled [4Fe—4S] clusters (Wieckowski et al., 2015). Unfortunately, we were
not able to reproduce the high Fe—S content in ThnB. The absorption band at 413 nm in the
electronic spectrum of the ThnB protein has a molar extinction coefficient of 12 mM'ecm™,
which is considerably lower than in the earlier study. Controversially, these samples contain
13.6 Fe/monomer, which is much higher than expected for a protein binding two [4Fe—4S] clus-
ters. The additional iron most likely corresponds to excess reagent that was not removed by the
desalting column or Fe—S aggregates that are often observed for this method.

When using IscS and L-Cysteine as sulfur source, the reconstituted ThnB protein reveals a
higher Fe—S content compared to the chemical reaction with a molar extinction coefficient of
24 mM'ecm™ at 413 nm. ICP-MS measurements shows that the protein binds 2.5 Fe/monomer.
The most efficient Fe—S cluster assembly was achieved by co-expression of the thnB gene
with the pSUF. The electronic spectra show a high absorption feature at 413 nm with a molar
extinction coefficient of 32 mM-'cm™ (Figure 2.7A, Table 2.4), which is similar to the previously
reported values for chemically reconstituted ThnB protein. The metal content was determined
by ICP-MS and reveals that the protein binds 5.3 Fe/monomer (Figure 2.7B, Table 2.4). The
lower metal content could derive from incomplete cluster assembly or an inaccurate protein
concentration determination, as reported previously (Galle et al., 2018). The protein concen-
tration was performed using the Bradford method, which so far has resulted in reliable values,
however, the purity of the ThnB samples was lower compared to AcnB, IspH, and NadA. Based
on SDS-PAGE analysis we estimate the purity of the samples to be between 60% and 80%
(Figure S2.1). While the impurities do not seem to interfere with the spectroscopic analysis, the
values for the concentration of ThnB are overestimated, resulting in a lower Fe/monomer ratio.

Another possible explanation would be that the protein contains one [2Fe—2S] cluster in addi-
tion to a [4Fe—4S] cluster. The electronic spectrum of the sample obtained from co-expression
contains additional absorption bands at 515 nm and 615 nm. A previous study of the antivi-
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Figure 2.7: Characterization of Fe—S cluster bound to ThnB in different samples. (A) EAS of ThnB samples as-
isolated from different cell strains or obtained by different reconstitution methods. Corresponding CD spectra are
shown in Figure S2.2D. (B) Iron content per monomer of ThnB proteins shown in (A) determined by ICP-MS mea-
surements. Protein as-isolated from E. coli BL21(DES3) is shown in grey, samples obtained by subsequent chemical
or semi-enzymatic reconstitution are displayed in pink or orange, respectively. Samples co-expressed with either
pISC or pSUF are shown in green or blue, respectively, and protein isolated from BL21(DE3) AiscR is presented in
purple.

ral radical SAM enzyme viperin has assigned the feature at 615 nm to a [2Fe—2S]?* cluster
(Duschene & Broderick, 2010). Similar bands have been observed in the electronic spectrum
of the active spore photoproduct lyase, a member of the radical SAM superfamily from Bacillus
(Buis et al., 2006). However, these features have not been analyzed in detail. The Fe content
(Figure 2.7B) would be consistent with one [4Fe—4S] and one [2Fe—2S] cluster in ThnB. The
CD spectra of ThnB protein obtained by co-expression of the thnB gene with the pSUF plas-
mid and semi-enzymatic reconstitution show a maximum at 450 nm, which indicates that the
two [4Fe—4S] clusters are isolated in the reduced form (Figure S2.2D). However, since a CD
signal at 450 nm is also characteristic for an oxidized [2Fe—2S] cluster, we cannot exclude the
presence of a [2Fe—2S] cluster in ThnB.

Our results show that the presence of the SUF machinery is required for efficient maturation
of the radical SAM protein ThnB. This raises the question whether the SUF pathway is the
biologically relevant biosynthesis machinery? To our knowledge the Fe—S biosynthesis in B.
thuringiensis has not yet been investigated. However, B. subtilis does not harbor any protein
of the ISC machinery (Albrecht et al., 2010; Yokoyama et al., 2018). We used BLAST (Altschul
et al., 1990) to perform sequence alignments in order to determine whether B. thuringiensis
contains the isc operon and we were not able to find any member of the ISC pathway, suggest-
ing that B. thuringiensis relies on the SUF pathway for Fe—S cluster biosynthesis.
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Table 2.4: Overview on different expression strategies and reconstitution methods for the Fe—S cluster protein ThnB.

Expression Significant Extinction Fe/monomer Yield [nmol] Purity [%]

strategy band [nm] coefficient per liter cell
[mM'em -] culture’

BL21(DES3) 413 4.2 0.2 31 60

BL21(DES3) 413 11.7 13.6 27 —

chemic.

reconst.

BL21(DES3) 413 241 2.5 29 -

semi-enzym.

reconst.

BL21 AiscR 413 9.9 0.9 63 70

BL21(DES3) 413 10.5 1.0 61 60

w/pISC

BL21(DES3) 413 31.9 5.3 63 80

w/pSUF

" The yield refers to the total amount of protein within the sample not to the exclusive amount of target
protein.

2.6 Conclusion

In this study we investigate the maturation of recombinantly produced Fe-S proteins in great
detail. We compare six different strategies for protein biosynthesis, including the common ex-
pression strain BL21(DES3), three specific cell strains tailored for the maturation of high levels
of Fe—S proteins, and two in vitro reconstitution methods. The biosynthesis of Fe—S proteins in
nature has been studied extensively, however, the maturation of recombinantly produced Fe-S
proteins has only been investigated for highly complex systems, such as hydrogenases or ni-
trogenases. We have, for the first time, systematically evaluated the most common maturation
protocols for three well-characterized [4Fe—4S] proteins. The pitfalls of chemical reconstitution
pointed out here, such as the formation of Fe—S aggregates, unspecifically bound iron, and
different oxidation states of the cluster, have previously led to conflicting results in different
studies. These strategies are not limited to proteins containing one [4Fe—4S] cluster. We have
previously shown that the same strategies can be applied for the maturation of a [2Fe—2S] pro-
tein. In addition, we have demonstrated that this approach can be also used for a radical SAM
enzyme. Therefore, we consider the presented methods to be applicable for a large variety of
Fe—S cluster-containing proteins. As a consequence, our results will contribute to improve the
maturation of Fe—S proteins and obtain samples with correctly assembled cofactors, allowing
for understanding the function of the proteins. Maturation of the proteins in vivo also leads to
more homogeneous samples, which are more amenable for structure determination.
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SUPPORTING DATA

Supplementary Tables

Table S2.1: Plasmids used in this study.

Plasmid Reference
pACYCiscS-fdx (pISC) Grawert et al.
pACYC-Duet-1-suf (pSUF) Hanzelmann et al.
pET16bTEV-acnB This work
pET16bTEV-ispH This work
pQE30-ispH Grawert et al.
pET46-nadA This work
pET16bTEV-nadA This work
pET16bTEV-thnB This work
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Figure S2.1: SDS PAGE (15%) to analyze the purity of the different proteins after Ni-NTA-column. The fractions
containing the target protein were pooled and the volume was reduced to 500 pl, before 5 pl were applied to the gel.
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Figure S2.2: CD spectra of the Fe—S cluster containing proteins AcnB (A), IspH (B), NadA (C), and ThnB (D). The
concentrations of the protein samples were in the range of 150 uM and 300 pM.
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Figure S2.3: CD spectra of HEPES and Tris buffer that have been subtracted from the protein spectra prior to the
calculation of the molar ellipticity and plotting the data.
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Figure S2.4: EAS of chemically reconstituted IspH after SEC.
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Figure S2.5: Analyzation of the expression of thnB and the production of the corresponding protein. (A) Sodium
dodecyl sulfate (SDS) polyacrylamide gel (PAGE) (15%) and (B) Western blot using a conjugated anti-His antibody
of cell lysates after gene expression.
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3 Evidence for the formation of artificial
cobalt-sulfur clusters in proteins

This chapter reflects content of the following publication.

3.1 Publication information

Steffen Mielenbrink, Sabine Metzger, and Ingrid Span
To be submitted to: Journal of American Chemical Society

3.2 Abstract

Hydrogen can be used as energy source to protect the environment from pollution and manifest
sustainability in energy generation. Therefor green biocatalysts can be used to functionalize the
process of water splitting. One important factor in this process is the development of suitable
cofactors fulfilling essential requirements. Several approaches of Co-containing cofactors in
biocatalysts could show that Co is suitable to be used for this purpose. However, the effective-
ness of these catalysts is still lacking. In this study our approach is to use Fe—S scaffold proteins
for the assembly of robust Co—S cluster. We used IscU from three different bacterial organisms
and applied different strategies to reconstitute the Co—S cluster. Our results were analyzed by
several techniques and compared to characteristics of Fe—S clusters. The combination of our
spectroscopic data, quantitative determination of cobalt content, and chromatographic exper-
iments provide evidence for the presence of the first ever reported Co—S cluster in a protein
environment. This marks a great step towards the development of effective water splitting bio-
catalysts and sustainability in energy supply.
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3.3 Introduction

Hydrogen gas (H2) can be used as green fuel source in the future to improve sustainability in
energy generation. Microorganisms are capable of producting Hy from light (Lubitz & Tumas,
2007). This process can be devided into two separate half-reactions: (1) the oxidation of water
to generate molecular oxygen, electrons, and protons and (2) proton reduction to molecular
hydrogen. Both half-reactions require metal-containing proteins that enable the transfer of elec-
trons. In nature, the first half-reaction, water oxidation, is catalyzed by a manganese complex
consisting of 4 Mn, 4 O, and 1 Ca ion (Sozer et al., 2011). Nature has evolved a set of enzymes
for the reduction of protons to Hy, which are called hydrogenases. Based on the composition
of the cofactors of hydrogenases, these can be divided into three different classes: [Fe], [NiFe],
and [FeFe] hydrogenases (Lubitz et al.,, 2014). In addition to a carbonyl (CO) ligands, the
[Fe] hydrogenases contains an iron atom in an unusual coordination. The [NiFe] and [FeFe]
hydrogenases are containing a cubic [4Fe—4S] cluster next to a dinuclear metal center. The
[FeFe] hydrogenases are the most active Hs-producing biocatalysts; however they are highly
oxygen-sensitive. These biocatalysts enable the production of Hy with high efficiency, are stable
in their native environment, and perform catalysis in water. However, their lack of stability and
sensitivity towards oxygen hinders their biotechnological application.

Recently, artificial synthetic or semi-synthetic catalysts containing Co have attracted the in-
terest of many researchers focusing on artificial photosynthesis and biological hydrogen pro-
duction. Examples of synthetic and semi-synthetic catalysts for both half-reactions are shown
in Figure 3.1. One approach was the generation of an artificial Co-containing metalloenzyme
based on the biotin-streptavidin technology (Figure 3.1A). In this study electro- and photo-
chemical water reduction to hydrogen could be enhanced by the incorporation of Co leading to
a lower overpotential and higher production and turnover rates (Call et al., 2019). In another
study Co is part of a synthetic cubane [4Co-40Q] cluster (Figure 3.1B), which shows catalytic
activity on water oxidation, the first half-reaction of water splitting (McCool et al., 2011). Similar
to the first approach, a third study combined biological and synthetic approaches, which ended
in the incorporation of synthetic cobaloxime derivates into the heme pocket of myoglobin (Fig-
ure 3.1C). This construct was able to show H, production with low overpotential but with a low
turnover number of ten (Kandemir ef al., 2016). Each of these studies shows that Co is suitable
to function as transition metal in each half-reaction of artificial photosynthesis, although we are
focusing on proton reduction. The major drawback of synthetic catalysts is that they are not
soluble in water, which would be highly beneficial for sustainable catalysts. The disadvantage
of the protein-based systems is their lack of stability and efficiency. Therefore, they strategies
are required for the generation of biocatalysts catalyzing the production of H, and paving the
way to a society relying on green energy.

We aim at generating artificial Co—S cluster-containing metalloenzymes that function as Hs-
producing catalysts. Co is already known as parts of essential cofactors of pro- and eukaryotic
proteins, e.g. in the metalloproteome of P, fusiosus, vitamin B12 coenzymes, and as cobalamin
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Figure 3.1: Co in catalysts performing reactions of water splitting. (A) Co loaded biotin-streptavidin molecule
catalyzing water splitting in metalloenzymes (B) tetranuclear synthetic Co—oxo cluster performing water oxidation
(C) cobaloxime derivate catalyzing proton reduction in the heme pocket of myoglobin.

in methionine synthase (Cvetkovic et al., 2010; Kobayashi & Shimizu, 1999; Koutmos et al.,
2009). Our idea is to adopt the great versatility of iron-sulfur (Fe—S) clusters to Co—S clus-
ters coming along with less oxygen sensitivity. Another advantage of Co as transition metal in
Fe-S proteins is that Co and Fe share their common oxidation states Co?*/Fe?* and Co3t/Fe3*
(Barceloux & Barceloux, 1999), what makes Co more suitable as a replacement for Fe than any
other metal. First successful incorporation of Co into the iron site of a protein has been done
with the rubredoxin like protein AlkG (Galle et al., 2018). There is evidence, that Co—S cluster
can be assembled in the specific microenvironment of iron sulfur proteins, as they are perfectly
made to bind and use Fe—S clusters, which is e.g. not the case for the biotin-streptavidin tech-
nology. Another open question, if Co—S cluster can be assembled was already answered with
a [4Co—4S5] cluster, at least on a synthetic level (Deng et al., 2009). Further reasons to use
Fe-S proteins are, that the incorporation of Co into Fe—S scaffold proteins was shown to be
possible in vivo and in vitro resulting in hybrid Co—Fe—S clusters of varying stoichiometry in
IscU from E. coli, what shows that Co is competing for the iron binding site in Fe—S clusters. All
these previous studies encourage us that we can assemble [2C0—2S] and [4Co-4S] clusters
on Fe—S scaffold proteins, which are transferable to apo target proteins.

In this study, we focus on the assembly of a Co—S cluster using the bacterial Fe—S cluster
scaffold protein IscU. IscU is a well-studied scaffold protein for Fe—S cluster biosynthesis in the
ISC machinery (Agar et al., 2000a; Raulfs et al., 2008; Tokumoto & Takahashi, 2001). The initial
step of bacterial Fe—S biosynthesis the apo form of IscU servs as scaffold protein in dimeric
form (Figure 3.2). The iron source in bacterial Fe—S cluster biosynthesis is still under discus-
sion. In contrast, the pyridoxal phosphate (PLP) dependent cysteine desulfurase IscS has been
identified as sulfur source. It reduces cysteine to alanine and carries sulfur to the cluster site
of IscU for incorporation into the Fe—S cluster, which is coordinated by four cysteines. After the
assembly of the first [2Fe—2S] cluster on one of the two monomers a second [2Fe—2S] cluster
can be assembled the same way the first was. Subsequently the two [2Fe—2S] cluster can then
be fused to one [4Fe—4S] in a dimeric IscU. The exact mechanism is still under investigation,
but the chaperone system HascAB is known to be involved in [4Fe—4S] cluster formation. The
electrons required for this reaction are provided by ferredoxin. The final step of this process is
the transfer of the cluster to the target protein in its apo form leading to the maturation of the
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Figure 3.2: The assembly of Fe—S cluster in IscU. The scaffold protein of the Iron-Sulfur Cluster assembly ma-
chinery, is shown in dimeric form (grey). The desulfurase step is done by PLP-dependent (red) IscS (light blue).
Fdx (salmon) provides electrons for the cluster fusion from dinuclear to tetranuclear Fe—S clusters. In the last step
cluster transfer is done to an apo target protein (blue). Iron (dark red) and sulfur (yellow) are shown as small circles.

protein (Agar et al., 2000a; Lill, 2009). Although IscU in most cases cannot be isolated as holo
protein, the [2Fe—2S] cluster can be reconstituted under anaerobic conditions in vitro (Agar
et al., 2000a). As scaffold protein the role of IscU is to bind and transfer the clusters, which
implies that the cluster is not bound very strongly to the protein. While this property is desir-
able for its biological function, it is hindering the assembly and characterization of the artificial
Co-S clusters. To overcome this challenge, point mutations in the proximity of the cluster bind-
ing site have been studied to identify IscU variants with increased cluster stability. Therefor the
D35A variant of Archaeoglobus fulgidus IscU is under investigation concerning Co—S cluster
assembly in vitro. The mutation was introduced in close proximity to the coordination site, which
stabilizes the cluster environment and enhances the longevity of [2Fe—2S] cluster from minutes
up to several days (Marinoni et al., 2012). In addition, the crystallization conditions of this vari-
ant are well known, what could help to solve the structure of a Co—S reconstituted species. This
mutated scaffold protein will help us to assemble and investigate Co—S cluster extensively.

In this study, we present an approach for the assembly of Co—S clusters using the protein
IscU as a scaffold, as well as the spectroscopic characterization of these unprecedented artifi-
cial metalloproteins. Metal binding titration studies, chemical and semi-enzymatic reconstitution
could show, that Co can bind to coordinating cysteines of the Fe—S scaffold protein IscU. In ad-
dition, the results of semi-enzymatic reconstitution indicate the presence of polynuclear Co-S.
These clusters are very O, stable and are transferable to apo E. coli [2Fe—2S] ferredoxin. This
outcome expands the understanding of the assembly of Co—S clusters and their transfer to tar-
get proteins, which extends the knowledge about artificial cofactors and pushes the exploration
and creation of powerful catalysts for "green" Hy production.
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3.4 Material and methods

All experiments are performed with AflscU D35A if not stated otherwise.

3.4.1 Gene Expression and Protein Isolation

For gene expression 2x Yeast extract (2YT) medium was inoculated with E. coli BL21 (DE3)
overnight culture (1% v/v) containing plasmids hosting the iscU gene from three different source
organisms: Escherichia coli, Aquifex aeolicus, and Archaeoglobus fulgidus and a D35A mutant
of iscU from A. fulgidus. For selectivity of the cells, ampicillin was added to the medium at a
final concentration of 100 pg/ml. Cells were cultivated at 37°C until they reached exponential
cell growth, measured by optical density at 600 nm (ODgg), and then the gene expression
was induced by adding 0.5 mM Isopropyl-B-D-thiogalactopyranosid (IPTG). After inducing gene
expression, the cells were cultivated at 30°C and 120 rpm for 20 h. Subsequently, the cells were
harvested by centrifugation for 15 min at 6,000x g and 4°C. For protein isolation, cells were
resuspended in 50 mM Tris pH 7.6, 150 mM NaCl containing EDTA-free cOmplete™Protease
Inhibitor Cocktail Tablets (Roche, Basel, Switzerland). Then the resuspension was stirred at
4°C until it reaches a homogenous appearance. Cell lysis was performed by sonication for 20
min with an amplitude of 60% and a pulse of 1 s every 3 s using a VS70/T sonotrode (Bandelin
electronic, Berlin, Germany). Lysate was clarified by centrifugation at 40,000x g and 4°C for
40 min.

Lysate containing wildtype IscU was then isolated by immobilized metal affinity chromatog-
raphy (IMAC). For this purpose, protein lysates were applied to a "HiTrap Excel" column
(Macherey-Nagel, Duren, Germany) which was equilibrated with wash buffer (50 mM Tris pH
7.6, 150 mM NaCl) using Akta prime chromatography system (GE Healthcare, Little Chalfont,
UK). After application of the lysate, the column was washed with 25 mM imidazole containing
wash buffer to remove loosely and unspecifically bound protein before eluting IscU with 250 mM
imidazole containing wash buffer. IscU containing fractions were pooled and dialyzed against
wash buffer to remove imidazole. Prior to a second IMAC the poly-histidine tag was removed by
cleaving it from the protein with very specific tomato etch virus (TEV) protease. Therefore 1 mM
EDTA and 1 mM DTT together with TEV protease (1:100 ratio) were added and incubated for
24 h at 4°C. To remove small components of the reaction the mixture was dialyzed against
2 | wash buffer. The second IMAC was then performed to remove both the histidine tag and
the protease from the target protein. Protein purity was determined by SDS-PAGE. Protein
concentration was determined using electron absorption spectroscopy (EAS).

As the D35A mutant of IscU from A. fulgidus was cloned without an affinity tag, the isolation
has to follow another protocol. Because A. fulgidus is a hyperthermophilic organism its proteins
are very thermostable. To isolate IscU D35A, after cell harvest and sonication, the lysate was
heated to 90°C for 20 min. To remove the target protein from denaturated E. coli proteins
the mixture was centrifuged for 45 min at 15,000x g. Protein purity of the supernatant was
determined by SDS-PAGE. Protein concentration was determined using EAS.
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3.4.2 Metal Binding Studies

For titration experiments the coordinating cysteine residues of 100 uM apo protein were re-
duced with 1 mM DTT. Then CoCl, was added stepwise until up to 10 eq compared to the apo
protein. The binding of cobalt to cysteines was monitored by recording EAS in the range of
300—800 nm.

3.4.3 Chemical Reconstitution

For chemical reconstitution 100 uM apo IscU were transferred to an anaerobic chamber and
incubated overnight (o/n) to get rid of oxygen. Then 1 mM DTT was added to reduce the coor-
dinating cysteine residues and the mixture was incubated for 1 h on ice. Subsequently, 400 uM
CoCly and 400 uM Li>S were added to start reconstitution of [2C0—-2S] cluster. After 3 h of
incubation the protein was desalted using a PD-10 Desalting Column (GE Healthcare, Little
Chalfont, UK). The column was equilibrated beforehand with 50 mM Tris pH 7.6 and 150 mM
NaCl. The desalted protein was then analyzed via EAS.

3.4.4 Semi-enzymatic Reconstitution

For semi-enzymatic reconstitution 100 uM apo IscU were transferred to an anaerobic chamber
and incubated o/n. Then 1 mM DTT was added and incubated for 1 h on ice to reduce the
coordinating cysteine residues. As cobalt source 400 uM CoCl, were added. In contrast to the
chemical reconstitution, the sulfur source is different: To make sulfur accessible in the semi-
enzymatic reconstitution 2.5 uM pyridoxal phosphate (PLP) loaded IscS was added together
with 5 mM L-Cysteine. IscS is a PLP dependent cysteine desulfurase which reduces cysteine
to alanine and provides the resulting sulfur to the reconstitution. The reaction mixture was
incubated at room temperature (RT) for at least 3 h. Then excess reagents were removed
either using a PD-10 Desalting Column (GE Healthcare, Little Chalfont, UK) or size exclusion
chromatography (Chapter 3.4.5). Both columns were equilibrated with 50 mM Tris pH 7.6 and
150 mM NaCl. After desalting the volume of the protein solution was reduced to ensure high
quality of further measurements.

3.4.5 Determination of Oligomerization State

To get more information about the oligomerization state in the reconstitution mixture in solution,
a size exclusion chromatography was performed with a HiLoad Superdex Prepgrade 75PG (GE
Healthcare, Chicago, Il, USA) column. This column was pre calibrated with a mixture of proteins
(Aprotinin 6500 M,., Ribonuclease A 13700 M,, Carbonic Anhydratase 29000 M,., Ovalbumin
44000 M,., and Canalbumin 75000 M,.), of which the retention volume is known for this column.
The retention volumes of the proteins of the calibration mixture were used to determine the M,
of the protein containing fractions of the reconstitution mixture SEC run.
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3.4.6 Quantification of Metal Content

To determine the metal-to-monomer ratio of the reconstituted protein samples, the total metal
content of the protein solution was detected using inductively coupled plasma mass spec-
troscopy (ICP-MS). Therefore, the samples were adjusted to a protein concentration of 10 uM,
which were then precipitated in a 1:1 ratio with 6% trace-metal grade nitric acid. Precipitate
was removed by centrifugation for 30 min at 15,000 x g and the supernatant was transferred to
a metal-free reaction tube (VWR, Radnor, PA, USA). The measurements of the metal content
were performed using an Agilent 7700 ICP-MS (Agilent Technologies, Waldbronn, Germany)
in the Biocenter MS-Platform at the University of Cologne. The measurements were done by
strictly following the manufacturer’s instructions using He in the collision cell mode to minimize
spectral interferences. Measurements were performed in technical triplicates and the presented
data has an r? value of 0.999.

3.4.7 Electronic Absorption Spectroscopy

The electronic absorption spectra were collected using a Cary-60 spectrophotometer (Agilent
Technologies, Ratingen, Germany) with 1 nm bandwidth, a scanning speed of 600 nm/min and
a 1-cm-path-length quartz cuvette at room temperature.

3.4.8 Circular Dichroism (CD) Spectroscopy

The CD spectra were collected using a Jasco J-815 Circular dichroism spectrometer (Jasco
Germany, Pfungstadt, Germany) with a scanning speed of 100 nm/min and a band width of
5 nm in a 2-mm-path-length quartz cuvette. An average of 20 cans was collected at 20°C with
1 nm resolution.

3.4.9 Cluster Transfer Experiments

The cluster transfer experiments were performed anaerobically o/n at 4°C in a 3:1 ratio of
holo Co-S IscU D35A from A. fulgidus and apo Fdx-6His from E. coli in buffer containing
50 mM Tris, 150 mM NaCl and 1 mM DTT. Holo IscU was reconstituted using semi-enzymatic
reconstitution and PD-10 desalting column. Apo Fdx was formed using TCA precipitation after
isolation in holo form. Therefor 1.5% TCA were added to the protein solution to precipitate the
protein. After centrifugation the supernatant was discarded and the protein was resolubilized in
buffer containing 50 mM Tris, 150 mM NaCl and 1mM DTT. After cluster transfer an IMAC was
performed and EAS spectra were taken from the separated fractions.
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3.5 Results

3.5.1 Selection and Generation of the Scaffold Proteins

To investigate the formation of [2C0—2S] clusters we selected the scaffold protein IscU from
three different organisms. The organisms were selected according to the availability of crystal
structures to increase the chances of obtaining crystals for structural characterization. Crys-
tal structures of IscU from E. coli, Aquifex aeolicus, and Archaeoglobus fulgidus have been
reported (Kim et al., 2012; Marinoni et al., 2012; Shimomura et al., 2008) (Figure 3.3). A. aeoli-
cus and A. fulgidus are extremophilic organisms living at high temperatures of up to 95°C. The
structures of A. aeolicus and A. fulgidus harbor reconstituted Fe—S clusters while the E. coli
structure shows apo protein. The scaffold protein IscU binds the cluster transiently, however,
it was selected for the assembly of the artificial cofactor for three reasons: (i) it has previously
been shown to bind Co at the Fe-binding site; (ii) single point mutations have been reported
that stabilize the cluster; and (iii) IscU has the ability to transfer the cluster subsequently to tar-
get proteins, thus, enabling the maturation of a variety of proteins. The wild type constructs we
used were linked to a histidine tag for purification using immobilized metal affinity chromatog-
raphy (IMAC), which could be cleaved to get the native protein. Heterologous expression of
the iscU gene from the thermophilic organisms A. fulgidus and A. aeolicus in E. coli could be
performed very specific using a fast and easy heat shock protocol (Chapter 3.4.1). The pro-
tein solution has purity of approximately 98% without any chromatographic step in the isolation
process (Figure S3.1). The electronic absorbtion spectrum (EAS) of the isolated protein only
shows a minor band at around 410 nm, indicative of small amounts of remaining Fe—S cluster
(Agar, Zheng, et al., 2000). The majority of the protein, however, was isolated in its apo form
and can be used without further purification steps. The presence of mainly apo protein is not
surprising, as the life time of Fe—S cluster is highly oxygen sensitive and the isolation was per-
formed under aerobic conditions. Further, the function of IscU as a scaffold protein (Agar et al.,
2000a) makes it very likely that the cluster is only weakly bound to the protein, which most likely
contributes to the isolation of the protein in the apo form. All wild type IscU consist of at least
3 coordinating cysteines. In addition to the wild-type proteins, we have generated the AflscU
D35A variant. It has previously been shown, that replacing aspartic acid at position 35, which is
located two amino acids away from one of the coordinating cysteines, by alanine stabilizes the
cluster and increases its lifetime from hours to days. Concerning the mutations we focused on
the variant of the most promising wild type. A. fulgidus IscU D35A, what is the fourth construct
we investigated in this work. The wild type constructs were made before this work. IscU D35A
was generated via site directed mutagenesis using the quik change protocol from Takara Bio
Inc. and the wild type construct as source plasmid.
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Figure 3.3: Structural view of cluster stabilizing IscU mutations (orange sidechain) close to the cluster binding site
and its coordinating residues: (A) apo E. coli IscU D39A, PDB ID 2KQK ((Kim et al., 2012)) (B) holo A. fulgidus IscU
D35A (grey), PDB ID 4EBS ((Marinoni et al., 2012)) and parts of IscS (blue), which provides a histidine for cluster
coordination (C) holo A. aeolicus IscU D38A, PDB ID 2Z7E ((Shimomura et al., 2008)).

3.5.2 Co replaces Fe in E. coli, A. aeolicus, and A. fulgidus wt IscU

To evaluate the ability of IscU to bind Co, titration experiments were carried out and monitored
using EAS. The titrations were performed using wild type IscU from E. coli, A. aeolicus, and A.
fulgidus (Figure 3.4). The addition of a Co solution to IscU from all organisms give rise to new
absorption bands between 460 nm and 700 nm, as it was previously shown for E. coli IscU by
Ranquet et al. (2007).

The electronic spectra of E. coli IscU after the addition of 10 eq. Co shows bands at 460 nm,
575 nm, and a shoulder between 675 nm and 700 nm. Also for A. fulgidus IscU new occurring
bands at 460 nm and 575 nm, as well as a shoulder between 675 nm and 700 nm could be
obtained. A. aeolicus IscU shows bands at 550 nm and 675 nm upon the addition of 2—10 eq
of CoClo. While the bands at 575 nm and 675 nm are in the range of what has been described
to be characteristic for Cys coordinated Co?* species (Petros et al., 2006). Our observations
are in line with previous Co-binding studies to E. coli apo IscU (Ranquet et al., 2007). This
indicates, that Cys can bind Co in wt IscU from all three different organisms. The differences in
the shape of the three spectra could be due to the slightly different structural properties of the
IscU scaffold proteins and varying amino acid composition. The coordinating cysteines of these
organisms are not all at the same position. Analogue cysteines can be shifted several positions
between IscU from these organisms. Furthermore A.a. and A.f. IscU is from thermophilic or-
ganisms surviving temperatures of up to 95°C. This indicates a strong difference in biochemical
properties which might also have an effect on the spectra. Yet, no data about bi-nuclear Co-
Cys bindings are known. In comparison to Co-substituted rubredoxin with absorption bands at
623 nm, 662 nm, 690 nm, and 753 nm (Galle et al., 2018), which are indicative of d-d ligand
field (LF) transitions of the distorted tetrahedral symmetry of high-spin Co?* (Sugiura, 1978)
and have also been similarly observed for Co-binding to an unfolded tetrathiolate peptide (Pet-
ros et al., 2006), the bands of Co-substituted IscU are partially shifted to higher energies. The
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Figure 3.4: Metal-binding studies of IscU from (A) E. coli, (B) A. aeolicus, and (C) A. fulgidus with different amounts
of CoCl, (0—10 eq.) in the presence of DTT as a reducing agent.

absorption band at 460 nm, which was observed during Co-titration to IscU suggest a differ-
ent binding than in rubredoxin-type sites. This could indicate a bi-nuclear Co-Cys species but
needs further validation experiments.

3.5.3 Reconstitution of [2C0-2S] Clusters in wild-type IscU

After the Cys-Co interaction was verified, the formation of Co—S cluster in the active site was
investigated. Therefore, a Co-S cluster should be assembled in the active site. To reach this
goal we focused on chemical and semi-enzymatic reconstitution protocols for Fe-S cluster. To
incorporate [2C0—-2S] cluster into the scaffold protein IscU we established a new protocol for
the in vitro assembly of metal-sulfur clusters based on reconstitution protocols for the incorpo-
ration of [2Fe—2S] clusters (Freibert et al., 2018). The results of reconstitution experiments can
be monitored by using EAS and circular dichroism (CD) spectroscopy. The chemical reconsti-
tution involves the apo protein, dithiothreitol (DTT) as a reducing agent, Li>S as an inorganic
sulfur source, and CoCly as a cobalt source (Freibert et al., 2018). We first tested chemical re-
constitution for wt IscU from three different organisms: Escherichia coli (E.c.), Archaeoglobus
fulgidus (A.f.), and Aquifex aeolicus (A.a.) (Figure S3.2). The results for this approach show no
clearly detectable absorption bands in the range of 300-800 nm (Figure S3.2), where signals of
poly-nuclear, cysteine-coordinated metal-sulfur cluster should be observed (Petros et al., 2006;
Ranquet et al., 2007). For IscU from E.c. and A.f. a higher background can be observed than for
IscU from A.a., however, no well-founded statement can be given for the incorporation of [2Co—
25] cluster into IscU using chemical reconstitution. For the semi-enzymatic reconstitution we
used apo protein, DTT, CoCl,, L-Cysteine and the cysteine desulfurase IscS from E. coli. In Fig-
ure S3.4 the results show better signals in EAS spectroscopy than for chemical reconstitution.
A lower background can be detected coming along with higher resolved bands for each of the
three wild-type IscU. However, the spectrum of A. aeolicus IscU shows very high background
covering the signals, which cannot clearly be distinguished in the polynuclear metal-sulfur clus-
ter range. In contrast to that, the spectrum of E. coli IscU shows distinct signals around 350 nm
and 450 nm. The band at 350 nm is characteristic for polythiolate Co?* species (Petros et al.,
2006), which is not in agreement with correctly assembled Co—S clusters. The most interesting
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results are represented by the spectrum of wild type IscU from A. fulgidus. Here we see better
resolved signals around 400 nm and 480 nm, which is indicating a polynuclear metal-sulfur
cluster. That means that we see signals of a Co—S cluster as there is no significant amount
of any other metal than Co in this solution. In addition to that, we tried the semi-enzymatic
reconstitution on the wild type apo form of [2Fe—2S] ferredoxin from E. coli, to see, if we can
assemble a Co-S cluster directly in a protein, which is not a scaffold protein for Fe—S clus-
ters. In Figure S3.5 the electronic absorption spectrum after semi-enzymatic reconstitution and
desalting using PD-10 columns is presented. Interestingly the outcome is most similar to IscU
from A. fulgidus. Two less distinct signals can be observed around 400 nm and 480 nm. This is
a hint for Co—S cluster formation, but again the signals here a too diffuse to determine, whether
this is clearly a Co—S cluster or not. Next, we investigated the suitability of the IscU variant
D35A from A. fulgidus, whose E. coli analogue has been previously reported to show an in-
creased stability of its [2Fe—28S] cluster when exposed to oxygen (Adrover et al., 2015), to be
semi-enzymatically reconstituted with a [2C0o—2S] cluster, although metal-binding studies with
wt IscU from A. fulgidus revealed less pronounced bands compared to wt IscU from E. coli
(Figure 3.4). However the semi-enzymatic reconstitution for the wild type IscU shows more dis-
tinct bands in the right range for Co—S cluster. The electronic absorption spectrum in Figure 3.5
shows absorption bands at 404 nm and 479 nm and a broad shoulder at 600 nm (extinction co-
efficients in Table S3.1), which is in the range of polynuclear, cysteine-coordinated metal-sulfur
cluster between 300 nm and 600 nm (Petros et al., 2006; Ranquet et al., 2007). This observa-
tion is supported by a high-resolution CD spectrum. CD spectroscopy can be used to detect
chiral molecule environments. In the range of 300 nm to 800 nm the metal to protein bindings
are the only detectable features of our construct. In this energy range, CD spectroscopy can
be used to characterize the metals of clusters in proteins and provides information that are
similar to those obtained by EAS spectroscopy, with peak minima and maxima correlating to
those of the EAS spectra. In contrast to EAS spectra, shape and intensity of CD spectra of
metalloproteins in the range between 300 nm and 800 nm cannot be easily predicted. The lack
of a signal in a CD spectrum does not necessarily indicate the lack of the cofactor, but can
also be indicative for a cluster that is bound to the protein in a highly symmetric arrangement
(Freibert et al., 2018). The molar extinction coefficients for the bands at 404 nm and 479 nm
in the EAS are in the lower range of what is usually reported for [2Fe—2S] proteins (Freibert
et al., 2018; Jacquot, 2017), suggesting that either only a minor fraction of the semi-enzymatic
reconstituted protein was successfully reconstituted with a [2Co—28S] cluster or that IscU binds
its cluster in an oligomeric state. The presence of different IscU oligomers has previously been
suggested (Agar et al., 2000a; Shimomura et al., 2008). The CD spectra obtained from semi-
enzymatic reconstituted IscU D35A from A. fulgidus shows maxima around 350 nm, 420 nm,
and 500 nm, as well as minima at 400 nm, 450 nm, and 550 nm, which correspond to the ob-
served bands in the EAS spectrum (Figure 3.5A). To determine the amount of incorporated Co,
we performed inductively coupled plasma mass spectrometry (ICP-MS) measurements. These
measurements revealed the presence of 1.34 cobalt atoms per IscU monomer after desalting of
the reconstitution mixture, which is in good agreement with what we propose for the presence
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Figure 3.5: Co-content of IscU D35A from A. fulgidus after semi-enzymatic reconstitution prior to SEC: (A) EAS of
the proteins sample and (B) CD spectrum.

of a [2C0—285] cluster. Nevertheless, the obtained results do not allow for a detailed prediction
of the oligomerization state of the protein as well as the amount of holo protein.

3.5.4 IscU can be Reconstituted in Different Oligomerization States

Although the properties and functions of IscU as a scaffold protein have been investigated for
several decades, the oligomerization state of the functional protein in vivo is still under debate
and can vary under different conditions (Galeano et al., 2017).

In order to obtain more detailed information about the properties of the semi-enzymatically
reconstituted IscU sample, we analyzed the reaction mixture using size exclusion chromatog-
raphy (SEC) followed by SDS-PAGE (Figure 3.6). The SEC chromatogram (Figure 3.6A) shows
the retention volumes of the semi-enzymatic reaction mixture. Three different species of IscU
can be observed between a retention volume of 50 ml to 80 ml, which corresponds to sizes
between 75 kDa and 13,7 kDa. The positions of the first green peaks correspond to the size of
an IscU trimer, dimer, and monomer respectively. The large green peak between 110 ml and
120ml corresponds to very small molecules like excess DTT, PLP or CoCl,. This observation
of oligomeric states of Co-reconstituted IscU from A. fulgidus is contradictive to results found
for different apo IscU variants from E. coli (Kim et al., 2012), allowing for the assumption that
cluster binding to IscU may trigger oligomerization. SDS-PAGE analysis (Figure 3.6B) indicates
that all fractions between 55 ml and 75 ml elution volume contain IscU of high purity. Oligomer-
ization cannot be observed as the molecules were denaturated during SDS-PAGE analysis.
Furthermore, no protein containment for the fractions between 100 ml and 120 ml can be ob-
served.

To go more into detail of the analysis of semi-enzymatic reconstitution, the protein-containing
fractions were—in addition to SDS-PAGE—analyzed using EAS (Figure 3.7A) and ICP-MS (Fig-
ure 3.7B). The electronic absorption spectra show that the largest molar extinction coefficients
(Figure 4A and Table S3.1) in the range of 300 nm to 800 nm can be observed for the dimeric
fraction, followed by the trimeric and monomeric fraction. However, it has to be mentioned, that
the bands of the samples after SEC are slightly shifted and significantly broader compared to
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Figure 3.6: Analysis of the oligomerization state of AflscUD35A (A) SEC chromatogram of the semi-enzymatically
reconstituted protein and (B) SDS-PAGE analysis of the collected SEC fractions.

the protein sample prior to SEC (Table S3.1). This might be due to the removal of excess DTT
and remaining IscS during SEC or due to the fact, that mixtures of IscU monomers, dimers, and
trimers with different cluster geometries (distorted geometry in oligomeric fractions) may lead
to overlapping spectra within the EAS of the semi-enzymatically reconstituted sample prior to
SEC. ICP-MS data of the different fractions revealed that the dimeric form is the most likely
form to assemble [2C0o-2S] cluster. The trimeric fraction shows almost 1 Co/monomer, which
results in 3 Co/trimer. This is not in agreement with successful formation of [2Co—2S] cluster,
which is also supported by a lower extinction coefficient than for the dimeric fraction. In this
fraction the Co-S cluster might not be formed correctly or incomplete. The monomeric fraction
shows 0.27 Co/monomer in the ICP-MS results. As no part of an atom can be coordinated, just
1/37? of the IscU monomers is occupied with just one Co atom, which means that the formation
of [2C0o—2S] might have failed in monomeric IscU. Another option is that just 1/6!" of the IscU
is loaded with complete formed [2C0—2S] cluster. The low extinction coefficient is supporting
the low occupancy, whereas the shape of the spectrum suggests correct cluster formation. The
best results are observable for the dimeric fraction, where 0.6 Co atoms are corresponding to
one monomer of IscU. Assuming again, that no parts of an atom can be coordinated, 60% of
IscU is occupied with one Co atom. As this is the dimeric fraction, 60% of the dimeric molecules
are occupied with 2 Co atoms. This is in total agreement with the formation of [2C0—2S] clus-
ters. As the [2Fe—2S] dimeric IscU is proposed to me most likely the physiological form of holo
IscU (Agar et al., 2000a), we are convinced that also [2C0o—2S] dimeric IscU is the most likely
form in [2C0—2S] cluster formation.
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Figure 3.7: Analysis of different AflscUD35A fractions after SEC (A) Electronic absorption spectra of each peak,
(B) ICP-MS of each fraction.

3.5.5 Oxygen Stability and Redox Activity

Co-S clusters are believed to be less oxygen sensitive than Fe-S clusters, which has not
been clearly proven yet. Therefor we analyzed the oxygen sensitivity using EAS (Figure 3.8).
For this purpose, we actively purged the protein solution in a quartz cuvette with oxygen at
room temperature and observed the shape of the electronic absorption spectra over time. One
spectrum was recorded before exposition to oxygen (0 h), followed by spectra recorded after
0.5h,1h,2h, 24 h, and 72 h. Compared to the spectrum prior to oxygen exposition, no
significant changes in the spectra can be observed after each time point. The signals in the
range of 370-480 nm are very stable over time under active oxygen addition to the protein
solution. For the [2Fe—28S] IscU variant D39A from E. coli, which has been reported to be more
oxygen stable, the cluster remains stable for 20 hours, while the [2Fe—2S] cluster in wt IscU
from E. coli degrades after 20 min (Adrover et al., 2015).

A prerequisite for metal-sulfur clusters to participate in redox reactions is the capability of
the cluster to switch between different oxidation states. For this purpose, we analyzed whether
semi-enzymatically reconstituted [2Co—2S] IscU can be reduced using sodium dithionite as a
reducing agent. Electronic absorption spectra after the addition of 1, 2, 4, and 10 equivalents
reveal that the cluster is not stable upon the addition of reducing agents and therefore, it is not
possible to reduce this cluster without degrading it (Figure S3.3).

62



3.5 Results

5.0 —— 0h
] —— 05h
4.0 — 1h
_ 2 h
"© 3.0 24 h
S 72 h
=
£ 2.0-
w _
1.0-
0 | | | | | | | | | |

300 350 400 450 500 550 600 650 700 750 800
wavelength [nm]

Figure 3.8: O,-Sensitivity of IscU in EAS (sample: 63 ml retention time)

3.5.6 Cluster Transfer and Interaction between IscU and Fdx

After the characterization experiments of reconstituted Co-S IscU, the interaction with potential
apo protein candidates was investigated. Therefor the apo form of [2Fe—2S] ferredoxin was
isolated and incubated o/n at 4°C together with Co—S IscU. Then the proteins were separated
using IMAC and EAS spectra were measured. Figure 3.9 displays the EAS spectrum of semi-
enzymatically reconstituted Co—S IscU, apo Fdx as well as IscU and Fdx after a tranfer time
of 12 h. Prior to the transfer process, the Fe—S cluster was removed from Fdx by treating the
protein with Trichloroacetic acid (TCA).

After an incubation of the different components for 12 h, Fdx shows pronounced bands
at 350 nm and approximately 475 nm that were not present in apo Fdx. Absorption bands
at 350 nm have previously been reported to be indicative of ligand-to-metal-charge-transfer
(LMCT) between Cys-S— and Co?* (Curdel & lwatsubo, 1968; Drum & Vallee, 1970; McMillin
et al., 1974). This observation highly indicates the transfer of Co to apo ferredoxin by the semi-
enzymatically reconstituted [2C0—2S] IscU variant AflscU D35A.

Surprisingly, also the spectrum of IscU changes during the transfer process. Here, the broad
and overlapping bands between 350 and 600 m, transform to a significant band at 475 nm
and a shoulder in the range of 350 nm. This can be due to a shift of Co during the transfer
process. As for Fdx at 350 nm a polythiolate Co?* species is likely, also the IscU could change
its conformation to mononuclear Co?* species. This would indicate that in this case the cluster
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Figure 3.9: EAS of Cluster transfer (proteins were separated using affinity chromatography).

transfer does not happen in one step without degrading the cluster. The spectra reveal that
there is an equilibrium-like state of IscU and Fdx harboring polythiolate bound Co?* species.

3.5.7 Aconitase as [4Fe—4S] Cluster Protein in Co-S Cluster Assembly

At the end of these approaches to assemble [2C0—2S] cluster in [2Fe2S] proteins we were
convinced to try the same semi-enzymatic assembly in a [4Fe—4S] protein. Therefor we chose
E. coli aconitase B (AcnB), which is a [4Fe—4S] cluster protein in its active form. In the presence
of iron, AcnB functions as an enzyme in the essential citric acid cycle and the glyoxylate cycle
that assembles a [4Fe—4S] cluster. Under oxidative stress conditions and iron starvation, the
Fe-S cluster disassembles and the enzymatically inactive apo protein functions as a nucleic
acid binding protein, that binds to its own mRNA for positive regulation (Beinert & Kennedy,
1993).

The results in Figure 3.10 show clear detectable absorption bands in the electronic absorp-
tion spectrum at around 400 nm and 470 nm and a broad shoulder at 600 nm, which is again
in the range of poly-nuclear, cysteine-coordinated metal-sulfur cluster between 300 nm and
600 nm (Petros et al., 2006). This is in agreement with the results for IscU D35A from A.
fulgidus. The characteristics of this bands at around 400 nm and 470 nm in the EAS are still
usually reported for [2Fe—2S] proteins (Freibert et al., 2018; Jacquot, 2017), suggesting that
either only [2C0—2S] clusters could be assembled in AcnB or that [4Co—4S] clusters bound
to cysteines have very similar EAS characteristics to [2C0-2S] clusters in IscU. However, it is
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Figure 3.10: Co-content of AcnB from E. coli after semi-enzymatic reconstitution shown in EAS.

of high interest that signal of polynuclear Co—S cluster can be detected in a Co reconstituted
[4Fe—4S] protein.

3.6 Discussion

The assembly of Co-S cluster in Fe—S proteins made great progress in this study, although it
is still quite challenging to identify the nuclearity and geometry of the assembled clusters. The
idea to choose different Fe—S scaffold proteins for the assembly of Co—S cluster turned out to
be a suitable strategy for successful cluster formation. IscU from different organisms revealed
that different properties of the scaffold protein lead to different results in cluster formation. The
most likely Co-S cluster formation could be done in the scaffold protein of A.fulgidus. Both,
the wild type and the D35A mutant show two distinct bands in the EAS in a range, where also
characteristic bands of Fe—S clusters are located (Ranquet et al., 2007). This is an almost
undefeatable hint for Co—S cluster formation, because there is not any other significant amount
of metal in this solution than Co. The two other IscU candidates show either two diffuse bands
in the right range or distinct bands in the wrong range. In case of IscU from A.aeolicus we
observed diffuse bands in the right range. From literature we know that the holo protein exists in
trimeric form, partially loaded with [2Fe—2S] cluster, what makes it hard to identify characteristic
spectroscopic properties (Shimomura et al., 2008). Without crystallographic data IscU from A.
aeolicus is an unsuitable candidate for spectroscopic analysis of Co—S cluster formation. In
the case of E. coli IscU we saw distinct bands in EAS at 350 nm and 450 nm. The 450 nm
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band is in the range of what we expect but no characteristic properties are known about it
in this context. The 350 nm band is also still in the range of what we expected but from this
band we know that it is a typical band for polythiolate mononuclear Co?* species (Petros et al.,
2006). This leads to the conclusion that in this case the assembly of Co-S clusters was not
successful. Coming back to the most likely Co—S assembly scaffold IscU from A. fulgidus. Here
we observed the most distinct bands for Co—S cluster in the same area, where also Fe-S
cluster can be detected in EAS. Because of this we focused our further analysis only on this
D35A mutant from A. fulgidus IscU. In addition to the EAS analysis a CD spectrum of the
EAS sample was recorded in the range of 300 nm to 800 nm, which supports the presence of
Co-S clusters. Further analysis of these samples concerning homogenicity and oligomerization
revealed that the reconstituted sample contains monomeric, dimeric, and trimeric IscU D35A.
Subsequently, ICP-MS measurements show that the dimeric form is the most likely species,
in which Co—S cluster can be assembled. One important property, which has to be checked
concerning hydrogen production, is oxygen sensitivity. Here we observed no significant oxygen
sensitivity for at least 72 hours. That shows that reconstituted Co—S cluster are stable for longer
time in IscU, what makes extensive investigations possible without any time limiting factors.
Building on that we did first cluster transfer approaches to apo Fdx from E. coli. Here we observe
changes in the EAS before and after cluster transfer experiments leading to the conclusion that
holo Co—S IscU can interact whith apo Fdx. The results need deeper investigation, although
Fdx seems to take Co from IscU, because of occurring absorption bands at 350 nm and 450
nm, what we observed also for semi-enzymatic reconstitution of wild type IscU from E. coli.
The semi-enzymatic Co—S cluster reconstitution approaches on proteins, which have other
functions than being a scaffold protein, gave different results. On the one hand the Fdx from E.
coli shows same diffuse signals as IscU from A. aeolicus, which makes it hard to determine the
existence of a Co-S cluster. On the other hand the [4Fe—4S] protein AcnB shows very similar
signals like both IscU types from A. fulgidus, which is a strong hint for the existence of Co—-S
clusters.

Compared to the previous studies, where only mononuclear Co was present in catalysts
taking part at water splitting reactions, we present multinuclear Co-S clusters. Only one previ-
ous study is known yet, where multinuclear Co-S cluster could be generated and investigated
(Deng et al., 2009). However, this study generated a synthetic Co—S cluster to investigate re-
dox series and magnetic ground states. In our work, we present the first ever assembled Co—-S
cluster in a protein. This marks a great step in the development of artificial biocatalysts, which
can be used in water splitting reactions to produce “green” hydrogen.
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Supplementary Tables

Table S3.1: Molar extinction coefficients and metal ion content of Co—S IscU

sample

g1 [MM~tem~1]

g0 [MM~tcm~1]

Co/monomer IscU

Prior to SEC, after de-

salting

Monomer, after SEC
Dimer, after SEC
Trimer, after SEC

After transfer

After transfer (Fdx)

1.85 (404 nm)

2.86 (390 nm
3.50 (377 nm

6.55 (344 nm

( )
( )
2.12 (378 nm)
( )
7.67 (344 nm)

2.01 (479 nm)

2.13 (477 nm
2.79 (477 nm

5.75 (458 nm

( )
( )
1.58 (477 nm)
( )
6.84 (457 nm)

1.34

0.27
0.58
0.94
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Figure S3.1: Purification of AflscU D35A EAS after isolation/prior to reconstitution and gel prior to reconstitution.
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Figure S3.2: Electronic absorption spectra of chemically reconstituted wt IscU from E. coli, A. fulgidus, and A.
aeolicus.
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Figure S3.3: Electronic absorption spectra of AflscU D35A after treatment with 0-10 eq. DTH.
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Figure S3.5: Electronic absorption spectrum of semi-enzymatic Co reconstituted Fe—S protein Fdx from E. coli.
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4 Influence of the T1 Cu axial ligand on
Kinetic, spectral, and structural properties
of the laccase Ssl1 from Streptomyces
sviceus

This chapter reflects content of the following publication.

4.1 Publication information

Anna Olbrich, Steffen Mielenbrink, Vivian P. Willers, George E. Cutsail Ill, James A. Birrel,
Ingrid Span and Vlada Urlacher
To be submitted to: International Journal of Biological Macromolecules

4.2 Abstract

Laccases are multicopper oxidases which couple the oxidation of substrates at a type 1 (T1)
copper site to the reduction of O, to H,O. The T1 Cu in bacterial two-domain laccases has four
ligands, a cysteine, two histidines and a methionine as the axial ligand. The axial ligand of the
T1 Cu has a major influence on the reduction potential which affects the substrate scope and
catalytic activity of laccases. To explore the impact of the ligand on the T1 Cu of the two-domain
laccase Ssl1 from Strepfomyces sviceus we analyzed spectral and structural characterizatics of
Ssl1 variants in which the axial methionine was replaced by valine, isoleucine, alanine, pheny-
lalanine, threonine, and tyrosine. All these variants displayed perturbed spectral features with
an increased absorption of the N(His) — Cu charge transfer at 430 nm and a more rhombic sig-
nal in EPR spectroscopy. These are typical for T1 Cu sites with an axial oxygen ligand. Indeed,
the crystal structures of the Ssl1 variants M295A/V/I/Y/F revealed a water molecule coordinat-
ing the T1 Cu. The influence of the mutations on reorganization energy and/or substrate-T1 Cu
electronic coupling became apparent from kinetic measurements of the T1 Cu reduction.
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4.3 Introduction

Laccases (EC 1.10.3.2) are multi-copper oxidases that catalyze the one-electron oxidation of
various aromatic compounds (Thurston, 1994; Xu, 1996; Xu et al., 1996) coupled to the reduc-
tion of molecular oxygen to water. Laccases are widely distributed in nature and were found
in fungi (Baldrian, 2006), higher plants (Mayer & Staples, 2002), insects (Dittmer & Kanost,
2010), and bacteria (Claus, 2003). Their physiological functions include lignification in plants
(Schuetz et al., 2014) and delignification in white-rot fungi (Thurston, 1994), cuticle sclerotiza-
tion in insects (Arakane et al., 2005; Dittmer & Kanost, 2010), and spore pigmentation (Hullo
et al., 2001) and copper homeostasis (Outten et al., 2001) in bacteria. Laccases are consid-
ered attractive “green” catalysts (Riva, 2006) since they do not rely on expensive cofactors,
only need oxygen as co-substrate, and only produce water as a by-product. Due to their broad
substrate scope they are potential candidates for various biotechnological applications like the
detoxification of pollutants and bioremediation of phenolic compounds (Singh et al., 2011; Zerva
et al., 2019), the delignification of lignocellulose in biorefineries (Osma et al., 2010) and pulp
bio-bleaching (Mate & Alcalde, 2017).

Typically, laccases consist of three cupredoxin-like domains (Figure 4.1). Each domain con-
tains two beta-sheets with seven B-strands arranged in a Greek-key-B-barrel. This architecture
is closely related to that of small copper proteins like azurin or plastocyanin and typical for all
multi-copper oxidases (Giardina et al., 2010). Laccases contain a total of four copper ions, orga-
nized in one mononuclear type 1 copper site in domain 3 and an interdomain trinuclear cluster
(TNC) with one type 2 (T2) and two type 3 (T3) copper ions which is located at the interface
between domain 1 and 3. Domain 2 assists in the positioning of the two other domains and is
involved in formation of the substrate pocket (Hakulinen & Rouvinen, 2015). In addition, bacte-
rial two-domain laccases where identified (Endo et al., 2002; Lawton et al., 2009; Machczyn-
ski et al., 2004) which lack domain 2. To compensate for the lack of domain 2, two-domain
laccases require trimerization to form a functional TNC between two neighboring monomers.
These two-domain laccases contain the required characteristics of a common ancestor in the
evolution of multicopper oxidases with three and six domains (Komori et al., 2009; Nakamura
et al., 2003). The type 1 (T1) Cu is strongly coordinated by at least three ligands, one cysteine
and two histidine residues in a pseudo-trigonal manner (Warren et al., 2012). The variations in
T1 Cu sites that are observed in different proteins arise from different axial interactions. Me-
thionine is a common axial ligand, e.g. in azurin and bacterial laccases, while fungal laccases
have non-coordinating leucine or phenylalanine in the axial position instead. Stellacyanin has
a glutamine axial ligand and azurin has an additional ligand beneath the S(Cys)-N(His)-N(His)
plane, a backbone carbonyl oxygen. Valine (Dennison et al., 2003; Yanagisawa & Dennison,
2005) and arginine (Hosseinzadeh et al., 2016) were also found in the position of the axial lig-
and. The arginine residue was found to rotate away from the Cu so that a water is bound in the
axial position of the T1 Cu (Hosseinzadeh et al., 2016). The T1 Cu is responsible for electron
shuttling between the reducing substrate and the TNC where oxygen is reduced to water. Thus,
it participates in two electron transfer (ET) steps, the intermolecular ET from the substrate to the
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Figure 4.1: Overview of homotrimeric structure of Ssl1. The cartoon of the three different monomers is shown in
three different colors. Each of the two domains in one monomer is shown in a different shade.The T1 Cu is shown
as blue spheres, all other Cu are shown in brown spheres. The black box presents a zoom on the T1 Cu, which is
the substrate binding site. The Cu-coordinating residues are shown as sticks. Black dashed lines show the bond
between the Cu and the coordinating atoms. At the bottom right a reaction scheme of the phenolic substrate is
presented via a curved arrow connected to the T1 Cu zoom box. PDB ID 4M3H ((Gunne et al., 2014))

T1 Cu and the intramolecular ET from the T1 Cu to the TNC. It has an intense charge transfer
(CT) transition at 600 nm in the ultraviolet-visible (UV/Vis) spectrum and a small parallel hy-
perfine coupling constant in electron paramagnetic resonance (EPR) (A; = 40-90 x 10-4 cm-1)
(Solomon, 2006). These spectroscopic characteristics are a result of the high covalency of
the Cu''-S(Cys) bond (Solomon et al., 2004) which provides strong electronic coupling into the
superexchange pathway to the TNC (Lowery et al., 1993).

The three copper ions of the TNC are coordinated by eight histidine residues from two differ-
entdomains. The T2 Cu has a square planar coordination by two histidine residues and one wa-
ter molecule (Enguita et al., 2003). It has no absorption feature and a parallel hyperfine coupling
constant which is characteristic for tetragonal copper centers (A = 140-200 x 10~* cm~1)
(Solomon, 2006). The T3 Cu pair is coordinated by six N. atoms of histidine side chains in two-
domain laccases. The T3 Cu’s are antiferromagnetically coupled through a bridging hydroxide
ligand, thus not observable in EPR spectroscopy. They contribute to the absorption spectrum
with charge transfer (CT) transition from the bridging OH™ ligand at ~300 nm. Each of the
copper ions in the TNC has an open coordination position oriented into the cluster resulting in
an unsaturated coordination that is necessary for the bridged intermediates in the reduction of
O, to HLO (Solomon et al., 2008). Fungal laccases exhibit high activities and a broad substrate
spectrum attributed to the high reduction potentials of up to 800 mV of the electron accepting
T1 Cu. However, their activity is restricted to acidic conditions and they are inhibited by a very
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wide range of compounds, which has prevented its applications in biotechnological applications
(Baldrian, 2006). Due to their higher stabilities, bacterial laccases including two-domain lac-
cases like "small laccase" (SLAC) from Streptomyces coelicolor and Ssl1 from Streptomyces
sviceus have gained research interest. Ssl1 displays phenol oxidation activity at alkaline pH
and tolerance towards detergents, organic co-solvents, and elevated temperatures (Gunne &
Urlacher, 2012). The reduction potential of Ssl1 (375 mV) (Gunne et al., 2014) is comparable
to other bacterial laccases but low compared to fungal laccases. In our previous studies axial
ligand was mutated to increase the T1 Cu reduction potential for increasing oxidation rates
and extending substrate spectra (Gunne et al., 2014; Olbrich et al., 2019). To this end, the
axial ligand of the T1 Cu in Ssl1 was mutated to leucine, phenylalanine, alanine, threonine,
valine, isoleucine, and tyrosine. The mutation of an axial methionine to phenylalanine, leucine,
and alanine were previously reported to increase the reduction potential (Durao et al., 2006;
Ellis et al., 2002; Farver et al., 2004; Marshall et al., 2009). Due to their structural similarity
to leucine and phenylalanine the amino acids valine, isoleucine, and tyrosine were identified
as additional promising candidates to increase the reduction potential. On the other hand,
threonine was chosen because it was expected to decrease the reduction potential and the
methionine to threonine mutation in nitrite reductase led to great changes in the electronic
structure of the T1 Cu site (Basumallick et al., 2003). Our previous results demonstrated that
the hydrophobicity of the axial ligand was determining the reduction potential changes in axial
ligand mutants(Olbrich et al., 2019). To gain a deeper understanding of how these various
axial ligands influence the T1 Cu reduction rate (kgr) as well as the spectral and structural
properties of a two-domain laccase, herein we systematically investigated a series of Ssl1
mutants. To the best of our knowledge a systematic spectroscopic and structural investigation
of a two-domain laccase where different axial ligands were introduced at the T1 Cu site is still
missing. For this purpose, we used electronic absorption, circular dichroism (CD) and electron
paramagnetic resonance (EPR) spectroscopy and X-ray crystallography. The kinetics of the T1
Cu reduction were measured using a stopped-flow method.
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4.4 Material and Methods

4.4.1 Mutagenesis

T2 copper depleted (T2D) Ssl1 variants were created by introducing the H99Y mutation us-
ing the QuikChange mutagenesis protocol (Stratagene, San Diego, CA, USA). The primer se-
quences were 5-GG GCG AGC CTG TAC GTC CAC GGC CTG-3 and 5-CC GTG GAC GTA
CAG GCT CGC CCG GAC-3'. Mutated ss/1 sequences were confirmed by Sanger sequencing.

4.4.2 Expression and Purification of Ssl1 and Spectrophotometric Redox
Titrations

Expression and purification of Ssl1 and variants thereof as well as the spectrophotometric re-
dox titrations were performed as described previously (Olbrich et al., 2019). Briefly, Ssl1 laccase
from S. sviceus (UniProtKB B5HSR1) and Ssl1 variants carrying a N-terminal hexahistidine tag
were expressed in E. coli BL21-CodonPlus(DE3)-RP. The soluble fraction obtained after son-
ication of the cells was incubated with CuSQ4 at room temperature for 2 h or until no further
increase in activity was observed to increase copper loading. Purification was carried out using
heat precipitation at 65°C and immobilized metal ion affinity chromatography (IMAC). Finally,
the buffer was exchanged to 50 mM potassium phosphate buffer (pH 7.5) and the protein con-
centrations were determined using the Bradford method (Bradford, 1976). The reduction poten-
tials were determined by spectrophotometric redox titrations using the redox couple potassium
hexacyanoferrate(lll)/potassium hexacyanidoferrate(ll) as mediator. The oxidation of the T1 Cu
was followed spectrophotometrically using the increase in absorption at ~600 nm and plot-
ted against the reduction potential established by the mediator. The midpoint potential of the
laccase was obtained from fitting the data to the Nernst equation.

4.4.3 Stopped-Flow Measurements

The reduction of the T1 Cu by hydroquinone (Benzene-1,4-diol, HQ) under anaerobic conditions
was measured using a SX20 Stopped-Flow System (Applied Photophysics Limited, Leather-
head, United Kingdom) equipped with a photodiode array detector. To ensure an anaerobic en-
vironment a constant flow of nitrogen was maintained at the sample handling unit and through
the thermostat water. Additionally, 1 g of sodium dithionite were added to the thermostat water
to eliminate any adsorbed or dissolved oxygen. All samples and buffers were prepared in a
Glovebox under nitrogen atmosphere and contained 180 mU glucose oxidase and 100 mM glu-
cose to maintain oxygen free conditions. Equal volumes of 20 uM laccase in 50 mM potassium
phosphate buffer (pH 7.5) and 20 mM HQ in water (both solutions also containing glucose and
glucose oxidase) were rapidly mixed. The exponential decay rates were obtained by fitting the
absorbance decrease at the ~592 nm to a first order exponential decay using Origin pro 9.0G
(OriginLab Corporation, Northampton, MA, USA).
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4.4.4 Electronic Absorption Spectroscopy

Electronic absorption spectra of Ssl1 were recorded on a Lambda35 spectrophotometer (Perkin
Elmer, Rodgau, Germany) in 1 nm intervals in the range of 300-1000 nm with a slit width of
1 nm and a scan speed of 480 nm/min. For each variant three cycles were accumulated. The
solution contained purified Ssl1 variants in 50 mM potassium phosphate buffer (pH 7.5). Molar
extinction coefficients for Ssl1 variants were calculated using the Lambert-Beer law and protein
concentrations determined by the Bradford method (Bradford, 1976).

4.4.5 Circular Dichroism Spectroscopy

Circular dichroism (CD) spectroscopy was performed on a Jasco J-815 CD Spectrometer
(Jasco Germany, Pfungstadt, Germany). An average of 20 scans was collected at 20°C with a
scanning speed of 100 nm/min and a bandwidth of 5 nm in a quartz glass high precision cell
with a 1 mm path length. Samples contained 500 uM Ssl1 WT or M295I/V/F, 1148 uM Ssl1
M295A, ,1189 uM Ssl1 M295T, or 287 uM Ssl1 M295Y in 50 mM potassium phosphate buffer
(pH 7.5).

4.4.6 Electron Paramagnetic Resonance

Continuous-wave (CW) X-band (~9.63 GHz) EPR spectra were collected on a Bruker E500
spectrometer equipped with an Oxford liquid helium flow cryostat operated at 30 K. The spectra
were collected with 100 kHz field modulation at 6 G amplitude, a 163.84 ms time constant, and
a 40.96 ms conversion time for the 4096 point spectrum. Data were simulated in Matlab 2017a
using the EasySpin software package (v 5.2) (Stoll & Schweiger, 2006).

4.4.7 Crystallization

Crystals were obtained using sitting drop vapor diffusion method with a 1:1 mixture of the
protein solution at a concentration of 10 mg/ml in 50 mM potassium phosphate buffer (pH 7.5)
and a reservoir solution at room temperature. M295A crystals were obtained with a reservoir
solution consisting of 50 mM HEPES at pH 7.0, 1.1 M (NH4)2SO4, and 5 mM [Co(NH3)s]Cls.
M295F crystals were obtained with a reservoir solution consisting of 50 mM HEPES at pH 7.0,
1.1 M (NH4)2S04, and 20 mM [Co(NH3)6]Cls. M295I crystals were obtained with a reservoir
solution consisting of 50 mM HEPES at pH 7.0, 1.4 M (NH4)2SO4, and 10 mM [Co(NH3)6]Cls.
M295V crystals were obtained with a reservoir solution consisting of 50 mM HEPES at pH 7.0,
1.3 M (NH4)2S0Oy4, and 20 mM [Co(NH3)s]Cls. M295Y crystals were obtained with a reservoir
solution consisting of 50 mM HEPES at pH 7.0, 1.2 M (NH4)2S0O4, and 15 mM [Co(NH3)s]Cls.
Blue-colored and rod-shaped crystals were observed within 14 days, flash frozen immediately
after soaking for 60 s in cryo-protecting solution (saturated LiSO4), mounted into MiTeGen
MicroMounts/MicroLoops, and stored in liquid nitrogen.
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4.4.8 Data Collection and Structure Determination

Data sets were collected at 100 K using synchrotron radiation at P11 beamline, PETRA III,
Hamburg, Germany. High-resolution native data sets for structure refinement were collected at
12.4 keV. For the anomalous scattering contribution of copper atoms, a second, high-multiplicity
data set was collected at 9 keV for each Ssl1 variant. The data was processed using the pro-
gram package XDS (Kabsch, 2010). Molecular replacement and structure refinement were per-
formed using the software package ccp4 (Winn et al., 2011) starting from Streptomyces sviceus
Ssl1 (PDB ID 4M3H) as the starting model. More detailed, data reduction was performed with
AIMLESS (Evans & Murshudov, 2013), phasing was done by PHASER (McCoy et al., 2007).
Coot (Emsley & Cowtan, 2004) was used for model building and validation, and REFMAC5
(Murshudov et al., 2011) was employed for structure refinement. Maps were calculated using
FFT (Immirzi, 1966). PyMOL (Schrédinger, 2017) was used to prepare the figures and to calcu-
late the root-mean-square deviation (RMSD) of the Ca atoms using the align command with the
number of cycles set to 0, thus, not including outlier rejection. The structures were visualized
using PyMol and the atomic coordinates have been deposited with the Protein Data Bank, Re-
search Collaboratory for Structural Bioinformatics at Rutgers University (PDB ID: 6YZD, 6YZY,
6YZF, 6Y4A, 6YOS5). The final models of M295A, M295F, M295I1, and M295Y contained 98.00%
in the favored region and 0.00% in outlier regions of the Ramachandran plot as defined by Mol-
Probity (Chen et al., 2010). The final model of M295V has 94.00% in the favored and 0.00% in
the outlier regions of the Ramachandran plot.
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4.5 Results and Discussion

4.5.1 Reduction Potentials of Ssl1 Variants

To disrupt the intramolecular electron flow from the T1 Cu to the TNC we constructed the
corresponding T2 Cu depleted Ssl1 variants. The T2 Cu coordinating His99 was mutated to
glutamine to prevent T2 Cu coordination as previously described in the production of T2 copper
depleted Fet3 (Blackburn et al., 2000). Further, the T2 copper depleted variants (T2D) bearing
various axial residues at the T1 Cu site were analyzed regarding their reduction potentials
(Figure 4.2). In our previous work, we have shown that the axial ligand influences the T1 Cu
reduction potential (Olbrich et al., 2019). In this work, we first investigated the relation between
ker and E? in Ssl1 variants differing in their axial ligands and reduction potentials. Exchange
of the axial ligand Met295 with the less hydrophobic amino acids alanine and threonine led to
a decrease of the reduction potential, M295Y shows no significant effects, while the variants
M295V, M295I, and M295F possess increased reduction potentials (Figure 4.2).
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Figure 4.2: Reduction potentials of T2D Ssl1 variants (dark grey) and reduction rates kg for the reduction of the
T1 Cu by HQ (light grey). Values are given as mean =+ standard deviation of at least triplicates.

The first reaction step in Ssl1, the transfer of one electron from the common low potential
laccase substrate hydroquinone (HQ) (Steenken & Neta, 1982) to the T1 Cu was analyzed
using a stopped-flow approach (Figures S4.2-S4.8). The kg values varied over two orders of
magnitude between the fastest reduction in the T2D variant with the wild-type axial methionine
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with kg = 2.01 s~! and the slowest measured with Ssl1 T2D M295A (0.02 s—1) (Figure 4.2).
While decreased T1 Cu reduction potentials indeed resulted in smaller kg, increased T1 Cu
reduction potentials did not necessarily lead to increased values for kgp. This underlines the
importance of further contributions, i.e. from changes in the reorganization energy \. To as-
sess those contributions, the spectroscopic and structural properties of the Ssl1 variants were
investigated.

4.5.2 X-ray Crystallography

To obtain high-resolution structural information of the T1 Cu site in Ssl1, we set up crystallization
trials for several Ssl1 variants and were able to obtain crystals for the five Ssl1 variants M295A,
M295F, M2951, M295V, and M295Y. The structure of the wild-type and the variant Ssl1 M295L
were previously reported (PDB ID 4M3H and PDB ID 4WTO, respectively). All crystals showed
an intense blue color, indicating the presence of copper at the T1 Cu site (M295V and M295F as
representatives in Figure S4.1). The Ssl1 variants crystallized in the orthorhombic space group
P2:2,2,, and the asymmetric unit contains one biological assembly consisting of a protein
trimer. The poor diffraction of the Ssl1 M295T variant did not lead to high quality data suitable
for structure solution. Native and anomalous data for all Ssl1 variants were collected and their
crystal structures were solved using molecular replacement with the structure as a starting
model published by Gunne et al. (2014) (PDB ID 4M3H). A summary of the data collection and
refinement statistics can be found in the crystallographic table (Table S4.2).

The overall architecture of all Ssl1 variants is very similar to the wild-type structure (Gunne
et al., 2014) with root mean square deviations (RMSD) in the range of 0.330-0.599 A (cal-
culated for all Ca atoms of residues 43—-311 without outlier rejection). The electron density
at the T1 Cu site reveals that none of the amino acids introduced as axial ligand at position
295 is directly interacting with the copper (Figure 4.3). However, we observe an effect of the
amino acid exchange on the residues in the vicinity of position 295 and the residues 203—205.
The side chains of alanine, isoleucine, and valine in their respective variants (M295A, M295I,
M295V) are well-defined, which is probably due to the short side chain of this residues. The
electron density of the larger residues Phe295 and Tyr295 is not well defined. This indicates
that these Ssl1 variants have a higher degree of flexibility in the vicinity of the larger residues
at position 295. Notably, the residues 203—205 that are located close to residue 295 could
also be affected in their flexibility. The disorder in the region 203—205 may be caused by the
disorder of large residues at position 295. Both the phenylalanine and tyrosine residues are
flipped away from the Cu coordination site towards the region of residues 203—205 while the
alanine, isoleucine, and valine residues point towards the Cu coordination site. Met295 in the
wild-type protein reaches far into the metal-binding site of Ssl1 and coordinates to the T1 Cu,
while all introduced mutations are not capable of filling this space and interacting with the cop-
per. We assume that the side chains of phenylalanine and tyrosine are too large to reach into
the pocket, while isoleucine, valine, and alanine are smaller than methionine and do not occupy
the entire space in the pocket. As a result, water molecules can occupy the open coordination
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Figure 4.3: Structure of the T1 Cu sites of the Ssl1 variants (A) M295A (purple), (B) M295F (red), (C) M295I (dark
red), (D) M295V (orange), and (E) M295Y (green). T1 Cu is shown in brown spheres. Red spheres show oxygen
atoms representing water molecules. Dashed black lines show bonds between atoms of Cu-coordinating molecules.
The coordinating amino acid residues and the side chain of the axial ligand of T1 Cu are shown as sticks. The blue
mesh in the top row shows the native electron density map measured at 12 keV (contoured at 1.0 o). The brown
mesh in the bottom row shows the Cu electron density map measured at 9 keV (contoured at 1.0 o).

site in the variants. The number of well-defined water molecules in the first and second coordi-
nation sphere of the T1 Cu varies in each variant. Additionally, the number of water molecules
can vary in the different protomers of the protein, which may correlate with the observation that
not all amino acid chains of Ssl1 are equally well defined. The T1 Cu site from the protomer
that is best defined is shown in Figure 4.3. We observe two well-defined water molecules in
the structures of the variants M295A, M295I, and M295F. The active site of the variant M295Y
harbors three water molecules in close proximity to the T1 Cu. The variant M295V shows one
water molecule directly coordinated to the T1 Cu. The absence of additional water molecules in
this variant may also be a result of the low resolution of this structure as compared to the other
structure.

4.5.3 Electronic Absorption Spectroscopy and Circular Dichrosim

Wild-type Ssl1 is characterized by a deep blue color and its absorption spectrum in the UV/Vis
region is characteristic for laccases (Figure 4.4) (Gunne et al., 2014). During isolation of the
mutants we recognized that the colors of Ssl1 in solution can differ from the so far known
color of the wild type (Figure S4.1). In order to investigate the effects of the mutations on the
spectroscopic characteristics, we captured electronic absorption spectra as well as circular
dichroism spectra between wavelength of 300 - 800 nm (Figure 4.4) and compared them with
the spectra of the wild type. Due to the high Cu-S(Cys) bond covalency there is an intense
S(Cys)r — Cu'' 3d,2_,2 CT transition at 592 nm. The shoulder at 330 nm corresponds to the
T3 Cu site and originates from an OH~ — Cu'" CT. The d-d transitions form a shoulder to the
592 nm maximum and are centered around 730 nm in the wild-type’s spectrum. The T2 Cu
does not contribute to the absorption spectrum.

80



4.5 Results and Discussion

The most intriguing effect of the mutation of Met295 on the absorption spectrum (Figure 4.4)
is the presence of an additional band at ~430 nm assigned to the His(N) — Cu' charge transfer
based on its negative feature in the CD spectrum. This band is usually weak for multicopper
oxidases (Sakurai & Kataoka, 2007) and also not recognized from the absorption spectrum
of wild-type Ssl1. The increase in absorption indicates an increased overlap of the N(His)x-
orbitals with the Cu d,»_,» orbital and is indicative of a tetrahedral distortion. The intensity of
the 430 nm transition varies between mutants (Figure 4.4 and Table S4.3) and is always less
intense than the ~590 nm feature in the absorption spectra. The strongest absorption at ~430
nm was observed in the M295F mutant (.4o7 = 1.454 mM~'cm~'). The S(Cys)r — Cu'' CT
transition at ~590 nm is the most prominent feature in the absorption spectrum whereas the
S(Cys)o — Cu" CT (500-530 nm) is only resolved in CD spectroscopy. The intensity of the
600 nm absorption decreased in all mutants except for M295A (.590 = 3.158 mM~! cm~1!). The
S(Cys)c — Cu'' CT forms a pronounced shoulder to the ~600 nm transition in CD spectra
of M295Y, M295V, M295F, M295A, and M295T. In spectra of M295I and wild-type Ssl1 the
S(Cys)oc — Cu'" CT is more intense and there is one broad intense feature between 500 and
600 nm.

The transition at 330 nm that is observed both in the absorption and CD spectrum is a
OH — Cu'' CT from the T3 Cu site. Compared to the wild-type (1.835 mM~'cm~1) the intensity
of the absorption at 330 nm increased in the M295A variant (2.245 mM~'cm~1) (Table S4.3).
In spectra of M295V, M295Y and M295I a transition at 330 nm is not resolved, but it is present
in the CD spectra of the respective mutants.

Mutation of the T1 Cu axial ligand impacted the d-d transitions (mostly d,../d,. — dz2_,2 from
the T1) between 700 and 800 nm. They are shifted to higher wavelength/lower energy and are
less intense in the M295F, M295V, M295Y, M295A, and M295T mutants as compared to the
wild-type (Table S4.4) reflecting a weaker ligand field and indicating tetrahedral distortion of the
T1 Cu site. For the M2951 mutant the d-d transition feature shifted to lower wavelength/higher
energies compared to Ssl1 wild-type. This would indicate a larger ligand field splitting, increas-
ing the energy of the d,»_,2, possibly reflecting a tetragonal distortion relative to the T1 site
with an axial methionine.
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Figure 4.4: Electronic absorption & Circular dichroism spectra (top & bottom) of wild-type Ssl1 (black curves) and
the variants M295V (orange), M295F (salmon), M295I (red), M295A (puple), M295T (dark green), and M295Y (lime).
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4.5.4 EPR

Continuous wave (cw) X-band (9.64 GHz) EPR spectra were measured for wild-type and all
mutants. Experimental spectra along with spectral simulations are shown in Figure 4.5 and the
simulation parameters are shown in Table S4.5. The EPR spectrum of the wild-type protein is
reminiscent of typical laccases with two components. The first is an axial spectrum (g; = g =
2.230 and g2 = g3 = g1 = 2.046) with a small anisotropic Cu hyperfine coupling (A = 221.8 MHz
and A, = 35 MHz) that splits the g into four lines. This is typical for distorted tetrahedral T1
copper sites where the singly occupied molecular orbital (SOMO) has d.._,» character, where
a large amount of covalency lowers the hyperfine coupling relative to that observed for the
square planar CuCls?~ complex. The second component is also axial (9 =2215and g, =
2.05) but with a much larger anisotropic Cu hyperfine (A = 599.6 MHz and A = 3 MHz). This
is typical of tetragonal T2 copper sites with a highly ionic Cu center (low covalency).

Interestingly, the methionine variants all show drastically different EPR spectra where the
characteristic T1 copper site is significantly altered with higher g, -values (ca. 2.3), much smaller
A values (ca. 100 MHz), and a slightly rhombic line shape (i.e. g2 # g3). The hyperfine cou-
pling has three components: 1) The Fermi contact interaction relates to the s-electron density
at the nucleus, which is indirectly affected by the d-electrons (through spin polarization of 3s
and 2s electrons) and contributes to the isotropic part (A;so = (A + 2A1)/2) of the hyperfine
coupling tensor, 2) spin dipolar coupling between the electron spin and the nuclear spin, which
contributes to the anisotropic part. This A is usually large and negative. Lastly, the orbital dipo-
lar coupling, between the magnetic field experienced by the electron as it orbits the nucleus
and its intrinsic spin, is also anisotropic, and is proportional to the g-values. Components 1
and 2 are reduced by covalency — electron delocalization from the d,2_,2 onto the ligands.
The small values of A and A;;, are both due to the high covalency of the T1 site with Cu-S/N
bonding. Interestingly, removing the axial Met ligand generally gives even smaller A indicating
increased covalency (stronger Cu-S/N bonding). In general, the rhombicity of the EPR spec-
trum is increased in the mutants, indicative of some d., mixing into the d,2_,2 ground state, in
agreement with the lower energy ligand field transitions observed in UV/Vis. Also, the g; value
increases, indicating larger spin-orbit coupling through mixing of excited states into the d,2_»
ground state.
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Figure 4.5: Experimental EPR spectra of Ssl1 variants.
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4.6 Discussion

The T1 or blue copper sites in numerous proteins have been extensively studied including mu-
tants of the axial ligands due to the major influence of the axial ligand on the reduction potential
and electronic structure. One of the best studied proteins in this regard is azurin. The axial
methionine of azurin has been mutated to every other natural amino acid (Clark et al., 2010;
Karlsson et al., 1989, 1991; Kroes et al., 1996; Pascher et al., 1993) as well as non-natural
amino acids (Berry et al., 2003; Clark et al., 2010; Garner et al., 2006). Axial ligand mutations
have also been studied in other cupredoxins (Carrell et al., 2007; DeBeer George et al., 2003;
Hall et al., 1999; Kataoka et al., 2000) and multicopper oxidases, including nitrite reductase (Ba-
sumallick et al., 2003; Ellis et al., 2002; Kataoka et al., 2003) bilirubin oxidase (Kamitaka et al.,
2007; Kataoka et al., 2008) and laccases (Durao et al., 2006; Gunne et al., 2014; Kurose et al.,
2009; Olbrich et al., 2019; Osipov et al., 2014; Palmer et al., 2003; Prins et al., 2015; Xu et al.,
1998, 1999). Thus, there are already detailed descriptions of the electronic structures available
for many T1 Cu containing proteins and variants thereof with different axial ligands of the T1 Cu.
Herein we provide structural and spectroscopic data for axial ligand variants of a two-domain
laccase, Ssl1 from S. sviceus. Ssl1 WT has spectral characteristics of a classic blue Cu/T1
Cu site like plastocyanin with two N(His), a highly covalent S(Cys), and an axial S(Met) ligand
(Gewirth & Solomon, 1988; Solomon et al., 1996a). There is an intense S(Cys)r — Cu'" CT at
591 nm and only little absorption at ~450 nm in the absorption spectrum. Additionally, there is
the contribution of a OH™ — Cu'' CT from the T3 Cu pair in the TNC. A contribution from the
S(Met) — Cu'' CT transition at 390 nm that is observed e.g. in nitrite reductase (Basumallick
et al., 2003) and is sometimes noticeable when performing curve analysis (Sakurai & Kataoka,
2007) was not recognized from the UV/Vis and CD spectra of wild-type Ssi1.

The overall architecture of all Ssl1 variants is very similar to the wild-type structure and there
were no significant effects on the TNC observed in the crystal structures. Removing the axial
methionine in Ssl1 resulted in a water molecule occupying the open axial coordination site of the
T1 Cu and perturbed spectroscopic features. Both the increased covalency of the N(His) — Cu"
bond and the decreased ligand field strength indicate a tetrahedral distortion of the T1 Cu site
(LaCroix et al., 1998). The weak S(Cys) pseudo-o CT in all Ssl1 variants investigated in this
study also indicates that there is no tetragonal distortion of the T1 Cu site but instead a tetrahe-
dral geometry (DeBeer George et al., 2003). This distorted tetrahedral geometry is characteris-
tic for T1 Cu sites with an oxygen bound to the T1 Cu in the axial position such as stellacyanin
(LaCroix et al., 1998) and the M121Q mutant of azurin (Romero et al., 1993). Analogous to
the Ssl1 wild-type, the Q99M mutant of stellacyanin has no tetragonal distortion and a more
trigonal site (DeBeer George et al., 2003). Even though the origin of the coordinating oxygen
differs the effects on the T1 Cu site are similar. Spectroscopic perturbations consistent with
oxygen coordinating the axial position of the T1 Cu (increased absorption of the His(N) — Cu'"
CT at 450 nm, red-shifted d-d transitions) were also observed in the E. coli CueO mutants
Met510GiIn/Ala/Thr (Kurose et al., 2009). This led the authors to the conclusion that the axial
position in these three mutants is occupied by an oxygen ligand, presumably originating from
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the respective side chains in the Met510GIn and Met510Thr mutants and a water molecule
in Met510Ala (Kurose et al., 2009). In bilirubin oxidase from Myrothecium verrucaria the open
coordination site in the axial ligand mutants Met467Phe and Met467Leu became occupied by
the amide oxygen of an adjacent asparagine (Kataoka et al., 2008). This resulted in spectral
features similar to the Met467GIn mutant of bilirubin oxidase (Kataoka et al., 2005a,b; Shimizu
et al., 1999).

EPR data supports the crystallographic results and gives further insights into effects of the
mutations on the geometry of the T1 Cu site. Unsurprisingly, the mutations have an effect on
the covalency in the active site, as the loss of the axial donor might be compensated by in-
teractions to His(N) and Cys(S), which is supported by the presence of a 430 nm band in the
UV/Vis spectrum. Also the strength of the axial ligand interaction influences the Cu-S(Cys) co-
valency (DeBeer George et al., 2003) and is thereby also influencing the electronic coupling
into the superexchange pathway to the TNC (Yanagisawa & Dennison, 2005). On the other
hand, values for the electronic coupling matrix element (Hpa) for the superexchange pathway
in different MCOs are not significantly different (Hadt et al., 2014; Sekretaryova et al., 2019;
Solomon et al., 2004). Interestingly this is underlined by our results for Cu-N(His) interactions.
The His(N) — Cu'' band is considerably stronger for blue copper proteins showing the rhombic
EPR signal (Sakurai & Kataoka, 2007) which we also observed in the M295Y, M295F, M295T
(w/o structure), M295V, and M295A mutants of Ssl1 inferring an increased rhombicity for this
mutants. An interesting feature of the axial position of the T1 Cu in the mutants is that water is
occupying this space and takes the role of the axial ligand, which also influences the geometry,
supported by the EPR spectra, considering a small parallel hyperfine coupling constant (A =
40-90 x 10~%cm~1!) of the T1 Cu. Due to more space at the axial position of the T1 Cu the co-
ordination site can form a more tetrahedral geometry. This is also reported for a Cu-containing
nitrite reductase. In this Cu-containing nitrite reductase from Achromobacter cycloclastes the
mutation Met150, the axial ligand, to GIn changed the type of Cu coordination geometry and
led to CD and UV/Vis spectral features like stellacyanin, but still axial symmetry in EPR instead
of the rhombic signal observed for stellacyanin, which is in agreement with a symmetrical tetra-
hedron (Kataoka et al., 2003). Considering a parallel hyperfine coupling constant characteristic
for tetragonal copper centers (A = 200 x 10~*cm~!) for the T2 Cu ion, no absorption features
or alterations can be detected for the T2 Cu site.

The side chains of phenylalanine and tyrosine as axial ligands at position 295 flipped away
from the T1 Cu and increased the exposure of the T1 Cu to the solvent. The analogous M502F
mutation of the axial ligand in CotA from B. subtilis only led to a slight movement of the mutated
residue towards the protein surface and the phenylalanine residue was still oriented towards
the Cu ion (Durao et al., 2006). In a purple cupredoxin from Nitrosopumilus maritimus arginine
in axial position rotates away from the T1 Cu and there is a water bound to the Cu (Hossein-
zadeh et al., 2016). Since spectroscopy supports the presence of oxygen bound as the axial
ligand to the T1 Cu in Ssl1 M295Y and M295F, we assume that this movement is not a crys-
tallographic artifact. Unfortunately, we were unable to solve a structure for M295T, but based
on spectroscopy we can assume an oxygen coordinating the T1 Cu in this mutant but cannot
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state if this originates from the threonine hydroxyl group or a water molecule. The spectral per-
turbations observed in Ssl1 mutants need to be distinguished from another type of distorted
T1 Cu sites (green Cu sites), which are present e.g. in Rhodobacter sphaeroides nitrite reduc-
tase with an axial methionine (LaCroix et al., 1998). Relative to the classical blue copper site in
plastocyanin the Cu-S(Cys) bond is longer and weaker, the geometry is tetragonally distorted,
and the Cu 3d,2_,» rotates (Basumallick et al., 2003). This results in intense o and weak =
S(Cys) — Cu'" charge-transfer transitions at ~450 nm and ~600nm, respectively (Basumallick
et al., 2003). These kinds of perturbations are also associated with mutation of the axial ligand
of the T1 Cu. Exchanging the axial Leu513 with His in Myceliophthora thermophila laccase
changed the T1 Cu site to a green Cu site (Palmer et al., 2003). The absorption intensity of the
OH~ — Cu' CT at 330 nm displayed a two-fold decrease in Ssl1 M295V, M295Y, and M295l.
Possible explanations for this are a depletion of T3 Cu, absence of the bridging hydroxide, or
(partly) reduced T3 Cu ions. The M502L and M502F mutants of CotA have a dioxygen and
a peroxide moiety, respectively, bound at the TNC and therefore no absorption shoulder at
330 nm (Durao et al., 2006). The lower absorption intensities of the OH~™ — Cu'' CT in both
Met467Phe and Met467Leu mutants of bilirubin oxidase were due to the TNC being in a partly
reduced state and an unbridged form (Kataoka et al., 2008). Depletion of the T2 Cu as ob-
served in the Ssl1 crystal structures can result in partly reduced T3 Cu sites as it was shown
for T2D Rhus vernicifera laccase, that the T2D variant contains a reduced type 3 site and does
not show significant absorption at 330 nm (Kau et al., 1987; LuBien et al., 1981).

Our previous study revealed that the increase of the T1 Cu reduction potential in Ssl1 was not
necessarily accompanied with an increase in activity towards syringaldazine, indigo carmine,
and alizarin red S (Olbrich et al., 2019). This observation was also confirmed in this study when
T2 Cu depleted Ssl1 variants with various axial ligands to the T1 Cu were investigated in the
stopped-flow experiments with HQ as reducing substrate. Herein we observed no direct corre-
lation between the T1 Cu reduction potential and the rate of reduction of the T1 Cu. Decreasing
the reduction potential led to lower values for kg as expected and increasing the reduction po-
tential from the M295V/F to M295I also increased k7. However, in all three variants kg was
lower than kg measured for the T2 depleted wild-type with a lower reduction potential (Figure
4.2). According to the Marcus theory (Marcus & Sutin, 1985) for electron transfer, the electron
transfer rate k is determined by three contributions: the free energy difference AG® which is
directly related to the reduction potential difference AFE, the reorganization energy (), and the
electronic coupling matrix element Hpa (Hadt et al., 2014). The absence of a direct correlation
between kg and AE implies changes in the reorganization energy and/or electronic coupling
accompanying the mutation of the axial ligand.

An increase in reorganization energy for the Cu?* to Cut reduction is supported by the
spectroscopic data which indicate a tetrahedral distortion of the T1 Cu site in Ssl1 variants
with axial ligands other than methionine. Removal of the axial methionine allows the Cu center
to relax into a state with locally lower energy but with a larger reorganization energy. Follow-
ing the Rack/entatic state (Guckert et al., 1995; LaCroix et al., 1996; Vallee & Williams, 1968)
theory, the protein environment, specifically, the axial ligand enforces a slightly unfavorable
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conformation of the Cu ion, but one that is close to the transition state structure during re-
duction/oxidation. The impact of the axial ligand on the reorganization energy was previously
demonstrated for several T1 Cu sites (Harrison & Dennison, 2004; Wijma et al., 2007; Yanag-
isawa & Dennison, 2005). The reorganization energy of the T1 Cu was 0.3 eV (30 kd mol~1)
higher in the Met150Gly, Met150His, and Met150Thr mutants of nitrite reductase (Met150 is the
axial ligand in the wild-type protein) (Wijma et al., 2007). In umecyanin the introduction of an
axial methionine instead of the wild-type glutamine was also preferable for fast electron transfer
which was attributed to a smaller inner sphere reorganization energy in the GIn95Met variant
(Harrison & Dennison, 2004; Yanagisawa & Dennison, 2005). While this seems indeed to be an
important factor, because it leads to the two-fold lower reduction rates in the case of the Ssl1
M295V and F variants, it is not the dominant factor in the Ssl1 M295A and M295T variants,
which appear to have much lower redox potentials, and consequently up to 100-fold decreases
in reduction rates (Figure 4.2). Structurally, M295A and V are very similar, yet they have huge
differences in both their T1 Cu center redox potentials as well as their reduction rates. It seems
likely that this would be due to electrostatic effects, i.e., differences in the hydrophobicity of the
local T1 Cu environment. Similar observations have been made previously with azurin (Garner
et al., 2006). However, it is noteworthy to mention that the M295A variant shows a much larger
decrease in energy for the ligand-field transition (absorption at 767 nm) than the M295V vari-
ant (absorption at 738 nm), indicating a larger tetrahedral distortion for the former. The crystal
structures also support higher solvent access to the T1 Cu site in M295A compared to M295V
(Figure 4.3). This can be due to more accessible space around the axial position of the T1 Cu
site. Alanine offers more space for the solvent as it is the amino acid with the smallest side
chain pointing towards the T1 Cu. Due to the orientation of the isoleucine side chain there
is space for two water molecules, while valine seems to occupy more space than isoleucine.
Solvent accessibility also influences the reorganization energy as was recently demonstrated
by the correlation between the solvent accessible surface area and the reorganization energy
using a series of engineered T1 Cu sites (Szuster et al., 2020).

For the Ssl1 variant M295A we have previously hypothesized that water might occupy the
axial position of the T1 Cu as its reduction potential is considerably lower (<290 mV) than
anticipated from the correlation between reduction potential and axial ligand hydrophobicity
(Olbrich et al., 2019). Usually, the T1 Cu reduction potential decreases when oxygen binds at
the axial position due to stabilization of the Cu'' state (Lowery & Solomon, 1992). Consequently,
the reduction potential of the T1 Cu sites decreases in going from an axial Met to Gin, e.g. from
240 mV to 113 mV in nitrite reductase (Kataoka et al., 2003) or from 470 to 270 mV in bilirubin
oxidase (Kataoka et al., 2005a). The mutation that led to a water molecule bound to the T1
Cu in CotA also decreased the reduction potential (Durao et al., 2008). Thus, the presence of
a water molecule and the increased reduction potentials of the M295Y/V/F/L/I (Olbrich et al.,
2019) mutants seem to contradict each other. On the other hand, only Met295 was found to be
able to exclude water from the axial T1 Cu position so far in Ssl1 and a more polar environment
of the T1 Cu makes it even more sensitive to the hydrophobicity of the axial ligand. For both
stellacyanin (Nersissian et al., 1998) which has a greater active site solvent exposure and azurin
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with an additional axial carbonyl ligand display a higher sensitivity for the hydrophobicity of the
axial ligand compared to other T1 Cu sites was observed (Garner et al., 2006).

4.7 Conclusion

In this study we provided he structural and spectroscopic description of the T1 Cu site of a
two-domain laccase with various axial ligands. Replacement of the axial ligand methionine by
valine, isoleucine, alanine, phenylalanine, threonine, and tyrosine in Ssl1 influences the T1 Cu
reduction potential and results in perturbed spectral features which are often found in four-
coordinate T1 Cu sites with an axial oxygen ligand, i.e., the carbonyl oxygen of the glutamine
side chain or a water molecule. Indeed, the crystal structures of the Ssl1 variants M295A/V/I/Y/F
contain a water molecule bound to the T1 Cu instead of the methionine thioether in wildtype
Ssl1. Stopped-flow experiments on the T1 Cu reduction kinetics revealed that mutation of the
axial ligand not only influences the T1 Cu reduction potential but also the reorganization energy
and/or the electronic coupling between substrate and the T1 Cu. Changes in reorganization en-
ergy upon mutation of the axial ligand were supported by the observed tetrahedral distortion of
the T1 Cu site which increases the reorganization energy for the Cu''/Cu’ reduction. Addition-
ally, the changes in solvent accessibility of the T1 Cu site in axial ligand mutants might increase
the contribution of the solvent to the reorganization energy. Overall, this work underlines the
importance of the axial ligand for the T1 Cu site in two-domain laccases and the complex in-
teractions between the factors determining electron transfer rates, namely reduction potential,
reorganization energy, and donor-acceptor electronic coupling.
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Table S4.1: Structural parameters of T1 Cu site.

Cu-Ligand distances in A

chain Cu-Cys285 (S,) Cu-His228 (Ns) Cu-His290 (Ns)
d1 d2 d3
WT A 2.30 1.98 1.94
M295A A 2.06 1.95 1.87
M295F A 2.13 1.99 1.92
M295I A 217 1.99 1.98
M295V A 2.08 1.93 1.96
M295Y A 2.20 1.93 1.91
Cu-Ligand angles in °
His228(Ny)- His290(Ny)- Cys285(S.,)-
Cu-Cys285(S,) Cu-His228(Ns) Cu-His290(Ns)
o p Y
WT A 129.35 103.17 123.15
M295A A 135.90 103.15 110.53
M295F A 132.39 102.65 118.02
M295I A 138.66 99.55 107.16
M295V A 138.85 96.1 110.44
M295Y A 134.17 103.44 113.57
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Table S4.2: Data collection and refinement statistics.

M295A M295F M295I M295V M295Y
Data collection
Space group P2,2,2; P2,2,2; P2,2,2, P2,2,2; P2,2,2;
Cell dimensions
abc (A) 51.440, 51.41, 51.38, 51.35, 51.40,
104.100, 104.46, 104.32, 103.96, 104.24,
163.130 162.21 162.33 161.67 162.06
a, 8,7 (°) 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90
Resolution (A) 30.36-1.41 50.00-1.5 50.00-1.79 50.00-2.28 50.00-1.68
(1.43-1.41) (1.59-1.5) (1.89-1.79) (2.42-2.28) (1.79-1.68)
Rmerge 0.093 (1.852) 0.082 (1.160) 0.185(1.910) 0.344 (1.686) 0.1395
(1.913)
liol 13.0 (1.2) 13.05(1.34)  7.64(0.88) 4.96 (0.96) 8.87 (0.90)
Completeness 99.9 (99.9) 99.9 (70.4) 99.8 (99.0) 98.7 (96.8) 99.3 (97.3)
(%)
Redundancy 12.9 (11.8) - - - -
Refinement
Resolution (A) 30.36-1.41 48.06-1.5 48.08-1.79 48.99-2.28 49.00-1.68
No. reflections 168969 138706 83649 39762 98712
Rwork/ Rfree 0.200/0.225 0.176/0.199 0.186/0.228 0.227/0.285 0.191/0.232
No. atoms
Protein 12295 12309 12230 12256 12212
Ligand/ion 24 34 9 30 25
Water 225 516 641 60 675
B-factors
Protein 21 21 26 36 24
Ligand/ion 32,375 28,444 27.556 46.214 31.462
Water - - - -
Rms deviations
_Bond lengths 0.012 0.013 0.009 0.006 0.012
(A)
Bond angles 1.657 1.750 1.559 1.411 1.625

)
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Table S4.3: Electronic absorption transitions and their molar extinction coefficients.

OH™ — Cu" S(Cys)n — Cu" N(His) — Cu"

CT CT CT
Ssl1 variant €330 wavelength e[mM~tcm~!] wavelength e[mM~tecm~1!]

[mMM~tcm~!']  [nm] [nm]
WT 1.835 591 2.785 - -
M295F 1.636 589 2.232 427 1.454
M295V 0.990 594 1.938 428 0.687
M295Y 0.950 597 1.859 438 1.182
M295I 0.830 587 1.451 423 0.927
M295A 2.245 590 3.158 436 1.225
M295T 1.409 585 2.154 425 0.120

Table S4.4: Circular dichroism transitions of Ssl1 mutants. Wavelengths in nm were obtained from Gaussian fits
using MagicPlot. Details and plots for Gaussian fits are given in the supplementary information.

OH™ - Cu'"  N(His) — Cu" S(Cys)s — Cu' S(Cys)r — Cu' d-d ()

CT CT CT CT centered at

Ssl1 variant (-)Inm] (-)Inm] (+)[nm] (+)[nm] [nm]
WT 326 441 535 615 725
M295F 335 434 498 582 761

M295V 328 437 507 589 738
M295Y 321 432 492 577 760
M295I 326 422 523 570 687
M295A 322 435 498 583 767
M295T 322 428 492 576 770
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Table S4.5: EPR parameters of Ssl1 variant.

T T2

Ssl1 gl g2 g3 g- rhomb. A1 A2 A3 g1 g2 g3 A1 A2 A3
vari- perp

ant

WT 223 2.059 2.033 2.046 26 221.8 40 30 2215 205 205 5996 3 3
M295F 2.298 2.108 2.04 2.074 6.8 180 10060 2.216 2.05 2.05 599.6 40 40
M295V 2.298 2.075 2.05 2.06252.5 130 12060 2.214 2.05 205 595 40 40
M295Y 2.3 212 2.05 2085 7 200 40 40 2.215 2.05 2.05 599.6 40 40
M2951 2.255 2.075 2.045 2.06 3 280 90 40 2.215 2.05 2.05 599.6 40 40
M295A 2.298 2.075 2.05 2.06252.5 130 10040 2.215 2.05 205 5996 3 3
M295T 2.298 2.12 205 2.085 7 180 85 40 2.215 2.05 205 599.6 40 40
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Supplementary Figures

M295V M295F

Figure S4.1: Pictures of M295V and M295F variants of Ssl1 in crystalline form (top) and in solution (bottom).
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Figure S4.2: Absorption traces for the reduction of the T1 Cu in Ssl1 H99Y by hydroquinone followed at 592 nm.
The data was fitted to a first order exponential decay using Origin pro 9.0G.
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Figure S4.3: Absorption traces for the reduction of the T1 Cu in Ssl1 H99Y/M295A by hydroquinone followed at

time [s]

592 nm. The data was fitted to a first order exponential decay using Origin pro 9.0G.
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Figure S4.4: Absorption traces for the reduction of the T1 Cu in Ssl1 H99Y/M295I by hydroquinone followed at 592
nm. The data was fitted to a first order exponential decay using Origin pro 9.0G.
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Figure S4.5: Absorption traces for the reduction of the T1 Cu in Ssl1 H99Y/M295V by hydroquinone followed at

absorption [a.u.]
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Figure S4.6: Absorption traces for the reduction of the T1 Cu in Ssl1 H99Y/M295F by hydroquinone followed at
592 nm. The data was fitted to a first order exponential decay using Origin pro 9.0G.
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Figure S4.7: Absorption traces for the reduction of the T1 Cu in Ssl1 H99Y/M295Y by hydroquinone followed at
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592 nm. The data was fitted to a first order exponential decay using Origin pro 9.0G.
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Figure S4.8: Absorption traces for the reduction of the T1 Cu in Ssl1 H99Y/M295T by hydroquinone followed at
592 nm. The data was fitted to a first order exponential decay using Origin pro 9.0G.
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5 Discussion

Metal-ion cofactors can be found in a broad variety of different proteins in all areas of life and
they are catalyzing numerous different reactions. In this thesis, we investigated proteins with
different cofactors harboring iron, cobalt, and copper as metal ions. We addressed questions
dealing with the correct incorporation of recombinantly produced Fe—S cluster proteins (Chapter
2 "Mielenbrink et al. (2020) Maturation of Fe—S Cluster Containing Proteins"), the impact of
point mutations of Cu-containing proteins on their redoxactiviy (Chapter 4 "Olbrich et al. (2021)
Blue Multicopper Oxidases T1 Cu Axial Ligand Mutations"), and the generation of artificial Co—S
proteins with an enhanced suitability for "green" H, production (Chapter 3 "Mielenbrink et al.
(2021) Co—S Cluster Assembly in Fe—S Proteins").

In the first part of this thesis (Mielenbrink et al. (2021) Co—S Cluster Assembly in Fe-S
Proteins) the objective was to provide enhanced protocols for the correct assembly of Fe-S
clusters for structural and spectroscopic characterization. Yet, the investigation of these oxygen
sensitive proteins was quite challenging, because they are either isolated in apo form or their
reconstitution lead to artifacts affecting scientific research. That is why enhanced protocols with
respect to the special needs of different proteins are of broad interest for a reliable analysis and
characterization. The proteins under investigation were AcnB, IspH, NadA, and ThnB. While the
proteins AcnB, IspH, and NadA have already been studied in great detail (Bradbury et al., 1996;
Grawert et al., 2004; JORDAN et al., 1999; Rousset et al., 2008), only little is known about the
radical SAM enzyme ThnB, which consists of two [4Fe—4S] clusters (Wieckowski et al., 2015).
The second part of this thesis (Mielenbrink ef al. (2020) Maturation of Fe—S Cluster Containing
Proteins) deals with the production of artificial Co—S proteins. For this purpose, we used Fe-S
cluster proteins in their apo form and reconstituted those proteins with Co—S clusters. The aim
here was to use the bacterial Fe—S cluster scaffold protein IscU to assemble the Co-S cluster.
In the past, promising progress has been made in the development of a water splitting biocat-
alyst using Co in its cofactor (Kandemir et al., 2016). The assembly of an artificial [2C0o—2S]
cofactor in Fe—S proteins marks the next big step in the research of artificial Co containing
cofactors after the successful incorporation of Co in the rubredoxin protein AIkG (Galle et al.,
2018). In this thesis, we used the Fe—S cluster scaffold protein IscU from E. coli, A. aeolicus,
and A. fulgidus for reconstitution experiments with cobalt and sulfur sources. Since the Co-S
cluster in IscU was not stable enough to investigate the protein properly due to the lose bind-
ing of clusters in scaffold proteins for a later transfer to their target proteins, we introduced the
cluster stabilizing mutation D35A in the most promising IscU candidate from A. fulgidus. This
helped to assemble [2C0o—2S] in IscU D35A from A. fulgidus. The results presented in this part
raise the versatile use of metal-sulfur cluster to an even higher level. Here we present the first
ever [2C0-2S] cluster assembled in Fe—S proteins, which is another decisive step to "green”
hydrogen production. The third part of this thesis (Olbrich et al. (2021) Blue Multicopper Oxi-
dases T1 Cu Axial Ligand Mutations) deals with the enhancement of multi-copper Oxidase Ssl1
by altering the axial ligand of the T1 Cu site. This enzyme catalyzes one-electron oxidation of
aromatic compounds (Thurston, 1994; Xu, 1996; Xu et al., 1996). They can be used as "green"
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Figure S5.1: Summarized graphical abstract of the articles presented in this thesis. The graphical abstract shows
the scheme of the scientific process of each chapter presenting one of the articles. From left to right: maturation of
Fe—S cluster containing proteins, Co-S cluster assembly in Fe—S proteins, blue multicopper Oxidases T1 Cu axial
ligand mutations.

catalysts, e.g. in detoxification of pollutants and biomediation of phenolic substances (Singh
et al., 2011; Zerva et al., 2019). Methionine as the axial ligand of the wt T1 Cu site was mu-
tated to different amino acids, which had different effects on the structural environment of the
T1 Cu site and the catalytic activity of the whole enzyme. The outcome of this part helps to un-
derstand and functionalize the high potential of laccases as undemanding "green" catalysts in
environmental protection. Although different proteins with different cofactors have been inves-
tigated in this thesis, all experiments aim on a better understanding of bioinorganic catalysts
and to improve those catalysts for applications. We used different combinations of isolationd
and reconstitution procedures to obtain the proteins under investigation in a native form and we
applied different spectroscopic methods and structural studies for a reliable characterization of
those proteins. Figure S5.1 summarizes the workflows used in this thesis.

5.1 Special Needs for the Maturation of Different Fe-S Proteins

As mentioned, one of goal of this thesis was to investigate the effects of differnt expression
systems on the Fe—S cluster incorporation in different target proteins that are known to harbor
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5.1 Special Needs for the Maturation of Different Fe—S Proteins

[4Fe—4S] clusters. Our strategy to investigate the incorporation of [4Fe—4S] clusters was to
use well established protocols for the recombinant production of holo Fe—S proteins. These
strategies include (i) the co-expression of the protein together with a plasmid coding for the
proteins of the ISC machinery, (ii) co-expression of the target proteins together with a plasmid
coding for the proteins of the SUF machinery, and (iii) the expression of the target protein in an
E. coli cell strain, in which the transcriptional regulator for the ISC machinery has been removed
(Chapter 2 "Mielenbrink et al. (2020) Maturation of Fe—S Cluster Containing Proteins"). Many
studies have been performed to investigate the biosynthesis of Fe—S proteins. However, these
investigations have not been done in that great detail as we can show in our study. We present
in depth maturation of holo Fe—S proteins in vivo, as we focus on the intracellular expression
conditions using well established expression constructs. These constructs consist of genes
linked to a His6 or His10 affinity tag. We could show that the expression levels highly depend
on the construct, which is used. Intracellular conditions concerning additional plasmids, the
absence of the ISC repressor or the conditions of native BL21(DE3) cells do not show significant
effect on the expression levels, except for IspH. Here we could see a lower expression level in
E. coli BL21 (DE3) with and without pSUF as additional plasmid during expression (Figure 2.3).
In case of correct cluster assembly we could obtain dramatic differences between the different
expression systems. In case of AcnB and IspH only the isolation of the proteins expressed in
E. coli BL21 (DE3) AiscR resulted in high yield and high purity and a correct cluster assembly
indicated by spectroscopic features that are in very good agreement with previous reported
data for their holo forms (Grawert et al., 2004; JORDAN et al., 1999). In addition, ICP-MS data
support this observation with four Fe atoms per monomer on a quantified level (Figure 2.4B and
2.5B). These results can be explained by the lack of additional stress, which could be caused
by an additional plasmid and the fact that without the ISC repressor enough Fe—S assembly
proteins were present to serve the high amount of target protein.

Different results could be obtained for NadA. Here the best results for cluster assembly have
been found for the proteins, which were isolated from expression in E. coli BL21 (DE3) together
with the SUF machinery from the pSUF plasmid (Figure 2.6). Yet, the interaction of NadA with
pSUF has poorly been investigated. Interestingly, previous studies show controversional results
to our study: The expression of NadA in an E. coli cell strain lacking the iscS gene had nega-
tive effects on the cluster assembly leading to the conclusion that SufS seems not to be able
to replace IscS in that study (Ollagnier-de Choudens et al., 2005). Other studies recognized
specific interactions between NadA and a further Fe—S cluster maturation system: Cysteine
Sulfinate Desulfinase (CSD) (Bolstad et al., 2010; Kurihara et al., 2003; Loiseau et al., 2005).
A trace, where NadA could be interacting with proteins from the SUF machinery, can be found
in a study about NadA from Arabidopsis thaliana (UM et al., 2007). In this study SufE3, a SufE
like protein, was characterized with two domains: one SufE like domain and one, which is very
similar to bacterial NadA, also hosting a [4Fe—4S] cluster. This cluster resulted from reconstitu-
tion with a Cysteine desulfurase, L-Cysteine, and Fe?*, which suggests that NadA might also
interact with proteins from the SUF machinery during recombinant expression in E. coli.
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Very new and interesting results have been observed for the expression of the radical SAM
enzyme ThnB. Previously, this protein could only be isolated in its apo form and therefor all
studies on its active holo form were based on less favorable chemically reconstituted protein
(Wieckowski et al., 2015). Comparing the yields after expression and isolation from BL21 (DE3)
and all other expression systems, less protein was obtained from BL21 (DE3), whereas all mod-
ified expression systems lead to similar high amounts (Figure S2.1). Completely new and of
high interest are the results concerning the cluster content of isolated ThnB. The co-expression
of thnB together with the pSUF plasmid is the most successful strategy. Here, we obtained
data by EAS and ICP-MS measurements providing evidence for the presence of a [4Fe—4S]
cluster (Figure 2.7). Also the molar extinction coefficients are in agreement with what was re-
ported in previous studies for radical SAM enzymes (FlUhe et al., 2012). Previously, successful
co-expression of radical SAM enzymes with pSUF has been reported for CteB (Grove et al.,
2017), CofH, and CofG (Decamps et al., 2012). We are convinced that the SUF machinery
is the biological relevant machinery in B. thuringiensis, where the Fe—S biosynthesis is poorly
investigated yet. The SUF machinery as the relevant assembly machinery in Bacillus is sup-
ported by the absence of an ISC machinery in B. subtilis (Albrecht et al., 2010; Yokoyama
et al., 2018). During sequence alignments we wanted to check, if B. thuringiensis is harboring
any genes of the ISC machinery but we could not find any hit for an ISC protein, what confirms
the importance of the SUF machinery for the maturation of radical SAM enzymes (data not
shown).

As already mentioned in the beginning, chemical reconstitution led to artifacts like precipitate,
which as to be removed before any measurements, because it strongly affects EAS or ICP-MS
results. The removal of these artifacts leads to a loss of protein what makes reconstitution
an unfavorable method for the maturation of Fe—S cluster proteins. Therefor we investigated
several strategies to maturate Fe—S proteins in vivo. The general outcome of our work is that
there is no general protocol for in vivo assembly of Fe—S proteins. Once a suitable construct
is found for a specific protein, the expression system has to be adjusted to the specific needs
of the target protein. Supporting CD measurements reveal that the expression system also has
an impact on the oxidation state of the cluster in the isolated protein (Figure S2.2). This makes
it even more important to find the optimal expression strategy which fulfills the needs of the
desired holo Fe—S target protein. Overall, our studies led to the conclusion that the expression
and maturation system should be as close as possible to the native system.

5.2 Co Replacement in Fe-S Scaffolds

Artificial biocatalysts can be used to produce Hs as favorable energy source of the future. One
important factor of the maturation of these catalysts is the development of suitable cofactors
fulfilling essential requirements. Several approaches of Co-containing cofactors in biocatalysts
could show that Co is suitable to use for this purpose (Call et al., 2019; Kandemir et al., 2016).
However, the effectiveness of these catalysts is still lacking. In order to find a suitable cofactor
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of artificial biocatalysts for industrial scale "green" Hy production, we modified well character-
ized Fe-S cluster proteins. Fe—S clusters can fulfill a large variety of functions but are useless
for industrial Hy production due to their high oxygen sensitivity. Cobalt has previously been re-
ported as a cofactor in water splitting catalysts in some systems, however, some disadvantages
such as unsolubility in water, low turnover numbers, and short longevity have been described
(Kandemir et al., 2016; McCool et al., 2011). These biocatalysts are just holding one Co in their
cofactor, what could limit their potential. The tetranuclear Co—oxo cluster described by McCool
et al. (2011) is lacking a certain solubility. Another interesting cluster is the [4Co—4S] cluster
described by Deng et al. (2009), that is not incorporated in any protein or another organic en-
vironment. For our studies, we adapted the idea of using a [4Co—4S] cluster, but in addition
using the biological environment of Fe—S cluster proteins for the assembly of Co—S clusters.
Co and Fe are sharing important chemical and physical properties such as oxidation states
and similar radii. We chose the bacterial Fe—S scaffold protein IscU for our attempts to artifi-
cially reconstitute a protein with a Co-S cluster, as — in case the attempt is successful — the
protein could be used to transfer its cluster on other target apo proteins. That reconstitution of
proteins with cobalt can be achieved has previously been reported. The rubredoxin-like protein
AIkG was already reconstituted with cobalt resulting in a polythiolate Co rubredoxin-like protein
(Galle et al., 2018).

In this part of the thesis (Mielenbrink et al. (2021) Co—S Cluster Assembly in Fe—S Proteins),
we present several important steps towards Co-S cluster assembly in Fe—S proteins. The first
important step is the design and generation of suitable constructs. For our studies we tested
IscU from E. coli, A. aeolicus, and A. fulgidus. While E. coli is a model organism for bacte-
rial protein studies, the other two organisms belong to the family of extremophiles, resulting
in an increased cluster stability of the corresponding IscU proteins. In addition, the crystalliza-
tion conditions for the IscU proteins from these two proteins have known (Adrover et al., 2015;
Marinoni et al., 2012; Shimomura et al., 2008), what could potentially help to study the Co-S
cluster formation more extensively. Unfortunately, we were not able to crystallize the proteins
after the reconstitution with Co—S clusters. However, we demonstrated that the different IscU
proteins from different organisms differ in their capability for a successful reconstitution with
Co-S clusters using two different approaches: chemical and semi-enzymatic reconstitution. In
all cases, chemical reconstitution led to poor results as revealed by electronic absorption spec-
troscopy, including high background signals due to large amounts of precipitate (Figure S3.2).
For semi-enzymatic reconstitution methods with IscS, L-Cystein, and CoCl, analysis by elec-
tronic absorption spectrosocpy revealed that IscU from A. aeolicus and E. coli are less suitable
than IscU from A. fulgidus. We expect, that the spectroscopic features of Co—S cluster are sim-
ilar to the features of the spectra obtained from Fe—S cluster proteins. For binuclear cluster we
would expect two bands between 300 nm and 600 nm (Freibert et al., 2018; Jacquot, 2017). In
case of E. coli IscU we detected two bands and 350 nm and 450 nm (Figure S3.4). The band
at 450 nm is in agreement with what would be expected for a Co—S cluster, but the band at
350 nm is a characteristic signal for polythiolate Co** species (Petros et al., 2006). This is not
in agreement with a correct assembled Co—S cluster. In case of A. aeolicus we could obtain a
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broad shoulder-like band between 370 nm and 500 nm, which might present two overlapping
bands (Figure S3.4). However, this spectrum is too diffuse to determine correct cluster forma-
tion, but this could also be an artifact of the asymmetric trimeric architecture of AalscU reported
in the crystal structure (Shimomura et al., 2008). The spectroscopic analysis of IscU from A.
fulgidus shows results, which are more in agreement with what we would expect from a cor-
rect assembled Co-S cluster (Figure S3.4). We could obtain two distinct bands at 380 nm and
470 nm, which is in agreement with what is known about Fe—S clusters (Freibert et al., 2018;
Jacquot, 2017). This supports the hypothesis, that Co—S cluster can be assembled in bacterial
Fe—S scaffold proteins. This also can enhance the possibilities to find suitable cofactors for the
biocatalytical production of Hs.

5.3 Active Site Mutations in Metalloproteins

Point mutations close to the active site of a protein can strongly affect the properties of a protein.
This offers the opportunity to alter the properties of a protein in a desired way. For example,
such point mutations can have a structure-stabilizing or destabilizing effect of certain regions
within the protein or they can alter the catalytic activity of a protein (Adrover et al., 2015; Olbrich
etal., 2019).

While investigating the Co—S assembly in IscU, we found variants of the IscU proteins which
are structurally stabilized. These variants are EclscU D39A, AalscU D38A, and AflscU D35A
(Marinoni et al., 2012; Ranquet et al., 2007; Shimomura et al., 2008). All three mutations are
two amino acids apart from a cluster coordinatig Cysteine, what is in close proximity to the ac-
tive site (Figure 3.3). Unfortunately we could just clone the D35A variant of A. fulgidus. Luckily,
investigation of the wild-type IscU from this organism previously showed the most promising
results compared to the proteins from E. coli and A. Aeolicus (Figure S3.4). Spectroscopic
analysis of this variant shows even more distinct and intense bands at 400 nm and 480 nm
(Figure 3.5A), which is also supported by CD spectroscopy (Figure 3.5B). This is in total agree-
ment with characteristic bands of what we would expect for Co—S cluster based on the char-
acteristics for Fe—S cluster (Freibert et al., 2018; Jacquot, 2017).To get more information about
the composition of these interesting spectra we performed SEC analysis (Figure 3.6). The
SEC chromatogram reveals that the reconstitution mixture consits of monomeric, dimeric, and
trimeric species of IscU D35A. Together with ICP-MS measurements and further spectroscopic
analysis we came to the conclusion, that the dimeric species is the most likely form to assem-
ble Co—S cluster (Figure 3.7). Based on these results, we performed further experiments to test
the oxygen sensitivity of the sample in order to evaluate whether artificial Co—S proteins are
stable under O, exposure for a long time, as this would be a prerequisite for their application in
industrial Hy production. Figure 3.8 shows that no significant oxygen sensitivity for up to 72 h.
Overall, we were able to show that mutations in close proximity to the active site can have posi-
tive effects on the investigation of metalloproteins and their cofactor. Further, we are convinced
that our results give strong evidence that we were able to artificially produce the first [2Co—-2S]
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cluster protein, which is an important step towards the development of suitable biocatalysts for
"green" hydrogen production.

We also did first experiments on the last step of a typical cluster formation: the transfer to a
target protein. Here we could show that holo Co—S IscU D35A interacts with apo Fdx from E.
coli. Electronic absorption spectra before and after the transfer assays showed new bands for
both IscU and Fdx at 350 nm and 475 nm (Figure 3.9). The band at 350 nm again indicates the
formation of polythiolate Co?>* species (Petros et al., 2006). That is why further investigation
needs to be performed to fully understand the above mentioned results. Another interesting
side kick experiment was the semi-enzymatic reconstitution of a [4Fe—4S] apo protein AcnB.
Spectral analysis shows similar shaped spectra as for IscU D35A, although AcnB is a [4Fe—
48S] protein (Figure 3.10). This is an interesting clue for further investigations of Co—S cluster
formation of [4Fe—4S] proteins.

In another chapter of this thesis (Chapter 4 "Olbrich et al. (2021) Blue Multicopper Oxidases
T1 Cu Axial Ligand Mutations"), we investigated the impact of the active site axial ligand of
T1 Cu in laccase Ssl1 of S. sviceus. Here, | set special focus on the structure elucidation and
the effect of the mutations on the structural properties and their meaning for redox potentials
and catalytic activity compared to the wild type. The wild type crystal structure was already
solved and also the spectroscopic characteristics and redox properties were known (Gunne
et al.,, 2014). Ssl1 is a Cu monooxygenase and can be used as a "green" catalyst, e.g. in the
the detoxification of pollutants and bioremediation of phenolic compounds (Singh et al., 2011;
Zerva et al., 2019), the delignification of lignocellulose in biorefineries (Osma et al., 2010) and
pulp bio-bleaching (Mate & Alcalde, 2017). "Green", because they only need oxygen as co-
substrate, and solely produce water as a by-product. The structural investigations presented in
this thesis include the effect of the mutated axial ligand from methinine to allanine, isoleucine,
valine, phenylalanin, and tyrosine. All mutated variants show a water molecule at the axial
coordination site of the T1 Cu coming along with the perturbation of spectroscopic features.
These spectroscopic features indicate a tetrahedral geometry as in stellacyanin and azurin,
where oxygen is bound to the axial position of T1 Cu (DeBeer George et al., 2003; LaCroix
etal., 1998; Romero et al., 1993). This tetrahedral geometry can also be observed in our crystal
structures (Figure 4.3).The occupation of water at the axial position of T1 Cu can be explained
by more space available, where a methionine fitted perfectly (Figure 4.3). Alanine, Isoleucine,
and Valine are smaller amino acids offering space for the occupying water molecule. In case
of alanine and isoleucine even a second water molecule is occupying open space around the
axial position. This is also the case for the M295F variant, although phenylalanine is larger
than methionine. However, structure elucidation shows that the side chain of phenylalanine is
pointing away from the axial position of T1 Cu (Figure 4.3). Same could be observed for the
M295Y variant, where even two additional water molecules can occupy the space around axial
position. Both variants consist side chains, which are largeer than the methionine of the wild
type indicating, that they could be too large to fit into the axial position of T1 Cu. For the three
smaller variants the electron density is of high resolution indicating a very stable position of
these variants. Electron density of tyrosine and phenylalanine show a very low density showing,
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Discussion

that these residues are adaptable in their orientation (Figure 4.3). These geometric results can
be supported by EPR data, which gives even more information about the chemical properties of
the T1 Cu site (Figure 4.5). The loss of the axial donor affects the covalency of the other ligands
and thereby also influencing the electronic superexchange pathway to the trinuclear Cu site of
all mutants, supported by strong rhombic EPR signals. Together with further investigations like
stopped-flow measurements and redox titrations this study reveals the importance of the axial
ligand of the T1 Cu site in Ssl1 and the complex electron transfer interactions behind that
concerning redox potential, reorganization energy, and donor-acceptor coupling. This shows
that active site mutations can offer many ways to investigate the active site of your protein of
interest.
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