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Abstract: Iron-sulfur [Fe-S] clusters, comprising coordinated iron and sulfur atoms arranged in
diverse configurations, play a pivotal role in redox reactions and various biological processes. Diverse
structural variants of [Fe-S] clusters exist, each possessing distinct attributes and functions. Recent
discovery of [Fe-S] clusters in infectious pathogens, such as Mycobacterium tuberculosis, and in viruses,
such as rotavirus, polyomavirus, hepatitis virus, mimivirus, and coronavirus, have sparked interest
in them being a potential therapeutics target. Recent findings have associated these [Fe-S] cluster
proteins playing a critical role in structural and host protein activity. However, for a very long time,
metalloenzymes containing iron-sulfur clusters have been prone to destabilization in the presence
of oxygen, which led to a delayed understanding of [Fe-S] proteins compared to other non-heme
iron-containing proteins. Consequently, working with [Fe-S] proteins require specialized equipment,
such as anaerobic chambers to maintain cofactor integrity, and tools like ultraviolet visible (UV-Vis)
spectroscopy, mass spectrometry, X-ray crystallography, nuclear magnetic resonance (NMR), electron
paramagnetic resonance (EPR), Mossbauer spectroscopy and electrochemical characterization. Many
of these [Fe-S] cluster proteins have been misannotated as Zinc-binding proteins when purified aero-
bically. Moreover, the assembly of these iron-sulfur cluster cofactors have not been fully understood
since it is a multi-step assembly process. Additionally, disruptions in this assembly process have been
linked to human diseases. With rapid advancements in anaerobic gloveboxes and spectroscopic tech-
niques, characterization of these [Fe-S] cluster-containing proteins that are essential for the pathogens
can open up new avenues for diagnostics and therapeutics.

Keywords: bioinorganic chemistry; iron-sulfur clusters; biophysical characterizations; tuberculosis;
viral diseases

1. Introduction

Iron-sulfur [Fe-S] clusters represent the most ancient bioinorganic cofactors, univer-
sally present across the spectrum of life, spanning bacteria, archaea, and eukaryotes [1].
Initially, their role was primarily of catalytic hubs within proteins, mainly participating
in electron transfer functions integral to respiration and photosynthesis. Beyond their
multifunctional roles in catalysis, sensing, and electron transport, the significance of [Fe-S]
clusters have been increasingly recognized in diverse biological activities [2—4]. Nucleic acid
metabolism plays a significant role in protein stability, conformation and catalysis, influenc-
ing DNA replication, repair, and RNA biosynthesis [5]. Several human diseases, including
cancer, neurodegenerative diseases, tuberculosis, and viral diseases are linked to abnor-
malities in the iron-sulfur biogenesis machinery associated with these [Fe-S] clusters [6-9].
Redox-active [Fe-S] clusters, which play a crucial role in DNA processing enzymes, have
been demonstrated to be present in repair and replicative RNA/DNA polymerases such
as (MUTYH, XPD, NER) and primase, Pol «, Pol §, and Pol ¢), nuclease/helicase Dna2,
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facilitating electron migration to support DNA-mediated charge transfer (DNA CT) [10-15].
Iron, copper, and zinc have different roles in biological systems due to their different chem-
ical compositions and redox properties. Zinc has been utilized instead of iron in certain
situations due to its similar size and coordination properties. For instance, iron-sulfur [Fe-S]
clusters exhibit instability when exposed to small molecules, particularly molecular oxygen,
unlike many other iron-containing metalloenzymes [16]. Meanwhile, redox-inactive zinc
has been widely used as a cofactor in metalloproteins, as it has a tolerance towards oxygen
and provides structural stability and functionality in various metalloproteins [17,18]. In
fact, for a very long time, [Fe-S] clusters were misclassified as zinc finger proteins, later dis-
covered to harbor [Fe-5] clusters through comprehensive laboratory analyses and advanced
biochemical and biophysical, including spectroscopic, techniques [17-19]. This characteris-
tic has contributed to a slower advancement in our understanding of [Fe-S] proteins. As we
delve deeper into understanding these [Fe-S] clusters, a growing array of their structural
variations and capabilities has emerged, offering insights into their relevance to human
health [20]. They have recently been implicated in viral diseases like hepatitis b and coron-
avirus disease 2019 (COVID-19) [21-23]. These [Fe-S] clusters are pivotal for redox reactions
and an array of vital biological mechanisms, such as iron homeostasis [24]. This review
explores the biophysical characterization methods employed to elucidate the structural
nuances of different [Fe-S] cluster types. Furthermore, it explores the potential applications
of [Fe-S] clusters in developing therapeutic strategies for combating infectious diseases.

2. Types of [Fe-S] Clusters

Based on the particular protein or enzyme in which they are present, as well as the
coordination environment given by nearby amino acid residues, [Fe-S] clusters can have
a variety of configurations [1,10]. Due to their variable structural makeup, these clusters
can play various roles in living organisms and are crucial for effectively operating several
biochemical processes. We delve into a selection of these typical [Fe-S] cluster structures
that have been primarily identified and studied in the context of infectious diseases:

1.  [2Fe-2S] cluster: Two iron and two sulfur atoms combine to form one of the most basic
[Fe-S] cluster formations. Usually, the sulfur atoms form a cluster with a diamond-
like structure by tetrahedral coordinating with the iron atoms. Proteins involved in
electron transport, such as ferredoxins, frequently have this cluster type (Figure 1) [25].

2. [3Fe-4S] cluster: Three iron atoms coordinate four sulfur atoms. The artificial models
of [3Fe-45] clusters have a linear structure of three iron atoms, whereas protein-
imposed structural constraints promote the development of a cuboidal shape for the
[3Fe-4S]'* cluster. They are vital enzymes required for metabolic processes, including
nitrogen fixation and the citric acid cycle. (Figure 1) [26].

3. [4Fe-4S] cluster: Proteins involved in redox reactions and electron transport pathways
frequently include it. This more significant cluster has four sulfur and iron atoms.
Sulfur atoms act as the coordinators of the iron atoms in a mixture of cubane and
tetrahedral geometries (Figure 1). Aconitase and succinate dehydrogenase are en-
zymes and proteins that frequently include [4Fe-4S] clusters in redox processes [27].
Apo-aconitase is essential for cellular iron sensing, especially when the cell has an
iron shortage [28]. When there is a shortage of iron in the cells, apo-aconitase acts
as an iron sensor without the iron-sulfur cluster. This protein changes structurally
to sense when iron is becoming less available. Because of this alteration, the protein
responds to the iron status of the cell by adjusting its activity. Apo-aconitase is critical
in preserving iron homeostasis within the cellular environment by employing its [4Fe-
4S] cluster to enhance the cell’s sensitivity to changes in iron levels. In contrast, the
radical S-adenosyl methionine (SAM) enzyme catalytic [4Fe-4S]'* cluster coordinated
three cysteines with either a solvent ligand or an unidentified small molecule, forming
a gated cluster [29].

The nomenclature of Fe and S clusters is often the stoichiometry arrangement stated
in square brackets, e.g., [2Fe-2S]* or [4Fe-4S]**, with the formal charge as a superscript.
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At cryogenic temperatures, the number of unpaired electrons in the electronic ground
state is represented by the spin state (S). In these [Fe-S] clusters, electrons are typically
delocalized across the iron (Fe) and sulfur (S) atoms of the cluster. The degree of the
electrons’ delocalization can be assessed using electron paramagnetic resonance (EPR) and
Mossbauer spectroscopy [30,31]. Notably, the oxidation states in which Fe is available,
such as Fe3*, Fe2%* or Fe?', have a significant impact on both its redox and electronic
characteristics.
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Figure 1. Typical [Fe-S] cluster types and their corresponding electronic properties, including SAM-
bound [Fe-S] clusters, are shown with their oxidation states and spin, respectively. * represents
additional higher spin of [4Fe-4S]'* clusters in ground states. Adopted from reference [31].

3. Different Characterization Techniques of [Fe-S] Clusters
3.1. Ultraviolet-Visible and Infrared Methods to Determine the [Fe-S] Cluster’s Structure
and Function

The ultraviolet-visible (UV-Vis) and infrared (IR) ranges can provide light on the
electrical and vibrational characteristics of the [Fe-S] cluster. These methods identify the
clusters’” oxidation states, ligand interactions, and electronic transitions [32]. Different
electronic transitions resulting from the unique arrangement of iron and sulfur atoms
in each [Fe-S] cluster give rise to the absorption peaks and patterns in UV-Vis spectra.
These optical properties are what make each [Fe-S] cluster unique. The structural differ-
ences and functions of various [Fe-S] clusters in biological systems and their identification
and characterization are made more accessible by analyzing these spectrum patterns.
For instance, the UV-Vis spectra of [2Fe-2S] cluster usually show characteristic peaks of
325-330 nm, 425 nm, 460 nm, and 550 nm in the oxidized form, depending on the coordi-
nation environment [33]. Spectrum features for a [3Fe-4S] cluster show broad absorption
peaks between 380 and 400 nm [34]. Notable characteristics of a [4Fe-4S] cluster are unique,
which are displayed at either 410 or 420 nm [32]. Mass spectrometry can determine the
molecular masses and the composition of complete proteins and peptides that include
[Fe-S] clusters [35]. Combining tandem methods with mass spectrometry may characterize
the clusters’ fragmentation patterns and ligand binding.
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3.2. Structural Characterizations

Nuclear magnetic resonance (NMR) spectroscopy offers essential details about the
immediate surroundings of [Fe-S] clusters in solution [36,37]. In NMR, chemical shift
perturbation (CSP) is used to map protein-ligand and protein—protein interaction sites.
A 2D-heteronuclear single quantum coherence (HSQC) spectrum of a >N or 13C-labeled
protein acquired in the presence and absence of [Fe-5S] cluster can provide information on
the coordination of the iron and sulfur atoms along with the neighboring amino acids they
interact with. Clusters containing unpaired electrons can be studied using paramagnetic
NMR methods. In paramagnetic NMR, the chemical shift is characteristically different and
broader due to the hyperfine interactions between the electron and the nuclear spin. The
hyperfine shift is the difference between a nucleus’s chemical shift in a paramagnetic and
a diamagnetic environment. Atoms closer to the paramagnetic source will have a more
significant hyperfine shift.

X-ray crystallography is a potent method for figuring out the three-dimensional atomic
structure of proteins and the amino acid residues that coordinate the [Fe-S] clusters [38].
Proteins that contain [Fe-S] clusters will have highly conserved cysteine-rich motifs. Radical
SAM superfamily of enzymes, for example, have a highly conserved CX3CX,C cysteine-rich
motif that coordinates the three irons of a [4Fe-4S] cluster [29]. An amino acid residue does
not coordinate with the fourth iron. S-adenosyl methionine (SAM) binds to the fourth iron
and gets reductively cleaved to initiate a wide range of reactions [39]. Proteins that contain
[Fe-S] clusters can also have a mix of cysteine and non-cysteine residues to coordinate the
[Fe-S] clusters [40]. The non-cysteine ligands might be playing a crucial role in enzyme
catalysis. The location of the iron and sulfur atoms, non-cysteine ligands, and essential
amino acid residues required for catalysis can be precisely determined by crystallizing the
protein and solving the structure using X-ray diffraction.

3.3. Biophysical Characterizations

Understanding the coordination environment, oxidation states, electronic character-
istics, and functions in biological processes of [Fe-S] clusters requires various analytical
approaches [41]. In this review, we have mainly discussed the characterization techniques
on [2Fe-2S], [3Fe-4S], and [4Fe-4S] clusters, including electron paramagnetic resonance
(EPR) and Mossbauer spectroscopy.

Studying [Fe-S] clusters containing paramagnetic species, such as clusters with un-
paired electrons, require EPR spectroscopy [42]. It offers details on the clusters coordination
geometry, oxidation states, and electronic structure. Systems like ferredoxins in oxidized
states as [2Fe-2S]?* are EPR inactive; however, in the reduced state, they become EPR active
(S =1/2) with unique g-values 1.89, 1.94, 2.01 [43]. At the same time, [3Fe-4S] clusters have
an EPR signal with average g-values of 2.0 for cubane type [3Fe-4S]'* (S = 1/2), whereas
in the case of a linear [3Fe—48]l+ (S =5/2), the g-values have been observed at 9.10, 4.30,
and 4.15 [43,44]. In the case of a [4Fe-4S] cluster, the EPR features have been determined
either for reduced [4Fe-4S]'* or oxidized [4Fe-4S]** cluster (S = 1/2). The g-values for
these types of clusters range from 2.04, 1.92, and 1.92 for reduced form and 2.12, 2.03, and
2.03 for oxidized states [45]. The g-values vary for these [Fe-S] clusters depending on the
coordination environments and temperature conditions (Table 1).

Mossbauer spectroscopy primarily examines the electronic and magnetic characteris-
tics of substances containing iron [24,25]. Isotopically labeled > Fe in [Fe-S] clusters unveils
coordination surroundings and iron atoms’ oxidation states. Two essential parameters,
the isomer shift (5) and the quadrupole splitting (AEq), reveal details on electron density
at the nucleus, reflecting oxidation and spin states and ligand covalency. Isomeric shifts
corresponding to oxidation state variations show a trend from Fe3* to Fe?* including Fe?>*.
For example, the oxidized state of [2Fe-2S]** clusters exhibit a single narrow quadrupole
doublet (5 = 0.26 mm/s) relative to iron and a 0.61 mm/s splitting (AEq) [43,46]. On
the other hand, two quadrupole doublets (6 = 0.30 mm/s and 6 = 0.72 mm/s) have been
observed in the reduced state [2Fe-2S]'* [33,43]. The cubane type [3Fe-4S] cluster in ox-
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idized form as [3Fe-4S]'* cluster displays a single quadrupole doublet (5 = 0.27 mm/s)
corresponding to equivalent three Fe3* sites [33,47]. At 4K, zero-field Mossbauer stud-
ies of [4Fe-4S]** show an isomeric shift (5 = 0.44 mm/s) and broad quadruple splitting
(AEq = 1.25 mm/s) [22,30-32]. In the case of HiPIPs, the oxidized form of the [4Fe-4S]3+
cluster has an isomeric shift 4 = 0.28 mm/s and 6 = 0.40 mm/s with quadruple splitting
(AEg =0.8 mm/s and AEq = 1 mm/s) based on the covalency. In contrast, the reduced form
of the [4Fe-4S]'* has an isomer shift of & = 0.60 mm/s (AEg =3 mm/s)and = 0.48 mm/s
(AEq = 1 mm/s). Moreover, the observed quadrupole splitting and isomeric shift values
highly depend on temperatures, magnetic fields, and coordination environment settings
inside the [Fe-S] cluster (Table 1).

Table 1. Selected EPR g-values and Mossbauer parameters of different [Fe-S] clusters.

F(I;}IIE:tse(r)f [Fe-S] Stotal ZI;E;% Mossbauer Parameters

2 [2Fe-25]-Oxidized 1/2 1.95 4 =0.28 and AEg =0.61

b [2Fe-2S]-Reduced 0 NA 4=0.30,8 =0.72and AEq = 1.06, AEq = 3.15
¢ [3Fe-4S]-Cuboidal 1/2 2.0 4 =0.27 and AEg = 0.62

d [3Fe-4S]-Linear 5/2 5.85 §=0.28 and AEq = NA

€ [4Fe-4S]-Native NA NA 6=044, AEg =125

f [4Fe-4S]-Reduced 1/2 1.96 5=0.28,86=0.40 and AEg = 0.80, AEg =1

& [4Fe-4S]-Oxidized 1/2 2.06 6=0.48,5=0.60and AEg =1, AEg =3

28 Adopted from reference [24,25,43-47].

3.4. Electrochemical Techniques

The redox characteristics and electron transfer behavior of [Fe-S] clusters in solution
or on electrode surfaces were also investigated using electrochemical techniques such
as cyclic voltammetry and potentiostatic/galvanostatic studies [11,48-51]. The intrinsic
redox activity and charge transfer qualities of “redox protein” electrochemistry are mainly
derived from the ligands, which include certain non-polypeptide groups and amino acid
residues. Redox potentials of a wide range are induced around the metal center due to
the ligand environment, the components of protein structures, the conditions of solvent
exposure, including pH and hydrogen bond type, and electrostatic interactions obtained
by many redox potentials. The primary functions of bacterial ferredoxins, which exist in
the oxidation states (Fe*, 3Fe?*) and (2Fe3*, 2Fe?*), are as electron relays in the forms
[4Fe-4S]'* and [4Fe-4S]?*. These two electrodes have potentials that are less than the typical
hydrogen electrode (NHE), which ranges from —300 to —700 mV. An electron is transferred
between [4Fe-4S]%* and [4Fe-4S]?* as a result of the oxidation of high potential iron-sulfur
protein (HiPIP), (2Fe3*, 2Fe?*), and (3Fe®*, Fe?*) [6]. In contrast to NHE, the redox potential
of the HiPIP [4Fe-4S]>*/2* cluster ranges between 65 and 400 mV (Figure 2).
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Figure 2. Illustrates the physiological potential window encompassing a wide range of [Fe-S] clusters
with diverse redox potential values influenced by the ligand environment surrounding the metal
center. [Fe-S] clusters sharing similar ligand environments are uniformly color—coded, with shaded
regions denoting pH—dependent redox potentials. Adopted from reference [49].

4. [Fe-S] Cluster Functions in Viral Polymerases

The RNA- or DNA-based genetic material of viruses is replicated throughout their
life cycle by viral polymerases [52]. These polymerases often rely on cofactors and metal
ions, such as magnesium, to support their catalytic activity. As previously indicated,
[Fe-S] clusters are more frequently found in proteins involved in electron transport, redox
processes, and certain enzymatic activities [11]. Involvement of the [Fe-S] cluster in viral
polymerases may occur in exceptional or unique circumstances. Still, it is not a well-
known or common event in the context of viral replication. Metal ions including Zn?*,
Mg?*, and Ni?* operate as cofactors and support the structural stability, enzymatic activity,
and function of numerous viral enzymes by enabling them to carry out their enzymatic
activities [53,54].

4.1. Viperin—A [Fe-S] Cluster Containing Nucleotide Dehydratase

Viral infections in most cells activate an innate immune mechanism that results in the
production of antiviral restriction factors [55,56]. Viperin, a virus-inhibitory protein linked
to the endoplasmic reticulum and inducible by interferon, was one of the factors identified
approximately two decades ago. Since then, viperin has been shown to act against various
viruses via several hypothesized mechanisms. Although the enzyme was initially identified
in 1997, and decade later, Shaveta et al. and Duschene et al. independently discovered that
human viperin is a radical S-adenosylmethionine (SAM) enzyme is a viperin radical and
contains the [4Fe-4S] cluster (Figure 3) [57,58]. The aerobic purification showed colorless
protein, whereas anaerobically purified protein exhibited brown color that comes from
presence of a [Fe-S] cluster (Figure 3E). The UV-visible spectrum of the reconstituted viperin
showed characteristic bands at 325 nm and 415 nm, indicates the existence of the [4Fe-4S]
cluster (Figure 3F). Moreover, CD and NMR spectroscopy corroborated the experimental
data, demonstrating that viperin is a radical SAM enzyme with a [4Fe-4S] cluster [57]. EPR
spectroscopy verified the catalytic reductive cleavage of SAM (Figure 3G) [58]. The native
viperin sample that was reconstituted exhibited an isotropic EPR signal characterized by
a [3Fe-4S]'* cluster. Spin quantification revealed that 0.09 spins/protein, approximately
10% of the iron present in the sample was detected by EPR, indicating that the rest is in
an EPR silent state, most likely the [4Fe-4S]?* cluster (Figure 3G). Upon photo-reduction,
the reconstituted native viperin exhibited axial EPR signal below 40 K with g-values
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(g = 2.02, 1.92, 1.91; 0.28 spins/protein) characteristic of [4Fe-4S]'* cluster (Figure 3G).
Upon SAM addition to the reconstituted and photo-reduced samples, the EPR signal
(g =2.03,1.95, and 1.88; 0.28 spins/protein) was consistent with SAM bound to the [4Fe-4S]
cluster (Figure 3G) [58]. Since viperin is implicated in nucleotide modifications, its charac-
terizations with the help of biochemical/biophysical methods have opened up new avenues
in antiviral therapeutics.

Wavelength (nm)
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Figure 3. (A) Different domains of human viperin. (B) Crystal structure of MoaA in complex
with SAM (PDB ID: 1TV8). (C) Conserved radical SAM cluster motif CX3CX;,C. (D) SAM bound
[4Fe-4S] cluster from MoaA. (E) Purified viperin and its UV-Visible spectrum (F) under aerobic (1);
anaerobic condition (2); and after reconstitution (3) [57]. (G) The X—band EPR spectrum of viperin
after reconstituted (I), reconstitution and photo reduction (II), and photo reduction followed by the
addition of SAM (III). Adopted from reference [58].

4.2. Nspb—A [Fe-S] Cluster Containing Protein That Modulates RNA Binding in Rotavirus

Rotavirus, a Reoviridae family member, causes gastroenteritis in animals [59]. Through
viroplasm packing and viral genome replication, the infection spreads. The nonstructural
proteins (nsp), nsp2, nsp5, and others, such as RNA-dependent RNA polymerase (RdRp)
VP1 and core protein VP2, are present in viroplasms. NSP5 was recognized as the first viral
metalloprotein required for the viral cycle and viroplasm development [60]. It is the first
viral metalloprotein to bind to rotavirus groups A, C, and D. Poncet et al. purify the nsp5
protein in an aerobic environment [60]. It was observed that when the protein concentration
increased, the pure nsp5 fragment transformed into a vibrant protein solution, with the
color’s intensity rising (Figure 4A). The samples were examined by various spectroscopy.
The UV-Vis spectrum revealed 278 and 324 nm features and a wider absorption band
at 422 nm, recognized as the signature bands for the [2Fe-25] cluster (Figure 4B). The
susceptibility of the nsp5 [Fe-S] cluster to oxygen was shown by the bands at 324 and
422 nm, whose peak intensities gradually decreased over time in an aerobic environment.
The size exclusion column showed nsp5 eluting as a monomer (Figure 4C). Furthermore, the
addition of dithionite in nsp5 showed an EPR signal (g = 1.99, 1.96 and 1.91), confirming the
presence of a [2Fe-25] cluster (Figure 4D). They observed that the two conserved cysteines
(C171 and C174) are essential for coordinating the iron-sulfur cluster units (Figure 4).
Mutating these two cysteines to alanine (C171A and C174A) led to the loss of the UV-Vis
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feature at 422 nm. Furthermore, upon double mutation, there was a total loss of UV-
Vis bands at 322 nm and 422 nm, and the protein became colorless. Therefore, these two
cysteines are the ligands for the [2Fe-25] cluster. Since there are no other conserved residues,
they propose that nsp5 exists as dimer with a [2Fe-2S] cluster coordinated by four cysteines
at the dimeric interface. Single mutation of the [Fe-S] cluster facilitates the replication and
packaging of the genome. They demonstrated how nsp5’s [2Fe-25] cluster influences the
protein’s propensity for binding single-stranded RNA, potentially indicating its role in
viral replication.
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Figure 4. Characterization of a [2Fe-25] cluster in nsp5 of Rotavirus. (A) Aerobically purified
wild-type nsp5 (yellow) protein, become colorless when exposed to molecular oxygen overnight.
(B) UV —vis spectra of purified nsp5 (solid line) and oxygen exposed sample (dotted line). (C) Size
exclusion chromatography of nsp5 taken at 280 nm (solid line) and 423 nm (dotted line). (D) EPR
spectrum of dithionite reduced nsp5 confirms the presence of a [2Fe-2S] cluster. Adopted from
reference [60].

4.3. Tumor Antigen from Merkel Cell Polyomavirus (MCPyV) Consists of [Fe-S] Cluster

Polyomaviruses are common in a wide range of mammalian species, including hu-
mans [61]. Merkel cell polyomavirus (MCPyV), a significant portion of human cancer, is
caused by among the five human polyomaviruses: JC, WU, KI, BK, and MCPyV. The early
section of the MCPyV virus encodes both the large and small tumor (LT and sT, respec-
tively) antigens necessary for the virus to proliferate in the human body. Since MCPyV
sT is important in the viral life cycle, Tsang et al. investigated potential ways to hamper
viral growth by targeting MCPyV sT protein [62]. When MCPyV sT was expressed and
purified in E. coli in fusion with a maltose-binding protein (MBP), the cell pellet of the
sT-gen was dark brown, a typical indicator of iron metal ions in the protein (Figure 5A).
UV-Vis spectroscopic analysis showed peaks at 325 and 420 nm and a suppression of
these peaks upon addition of sodium dithionite, indicating the presence of [Fe-S] cluster(s)
(Figure 5B). To confirm it, EPR signals at different temperatures (12 and 40 K) supported
the presence of two distinct [Fe-S] clusters, one [4Fe-4S]** and one [2Fe-2S]** cluster in
MCPyV &t (Figure 5C,D). Mutating the cluster coordinating cysteines eliminates its ability
to stimulate viral DNA replication. Hence, these findings can be a new insight for possible
drug targets for controlling MCPyV infection.



Inorganics 2024, 12, 25

9 of 20

A

MBP-MCPyVsT MBP-Gyrase

Bacterial
pellet

Bound MBP-sT Eluted MBP-sT Purified MBP-sT

e

i = Before dithionite reduction
----- After dithionite reduction

12K, 1 mW 1.989

2900 3100 3300 3500 3700 3900
Magnetic Field, gauss

=

Absorbance
o e
N w

e
-4
)
i

e 40K, 5 mW 1.989

300 400 500 600 700 800 2900 3100 3300 3500 3700 3900
Wavelength (nm) Magnetic Field, gauss

0

Figure 5. Identification of [Fe-S] cluster within the Merkel Cell Polyomavirus small T antigen (MCPyV
sT). (A) The pure MBP—sT (dark brown) and cell pallet (dark brown) showed that the [Fe-S] cluster,
a metal binding site, was occupied by MCPyV sT. (B) UV —vis spectra were obtained with dithionite
present (dotted line) and absent (solid line). Excess sodium dithionite caused the distinctive band of
the [Fe-S] cluster at 420 nm to vanish. (C) EPR spectrum was recorded before adding dithionite and
(D) after adding 20 mM dithionite. Adopted from reference [62].

4.4. HBx—A [Fe-S] Cluster Containing Viral Replication Protein from Hepatitis B Virus (HBV)

In humans, hepatocytes are infected with the Hepatitis B Virus (HBV), leading to
chronic infections and the development of hepatocellular carcinoma (HCC) [63]. HBV
exhibits geographical variation and is classified into ten genotypes with common genes (P,
C, S, and X) within seven viral proteins. Protein X (HBx) is pivotal in viral replication and
contributes to hepatocarcinogenesis (HCC). Shi et al. purified MBP-HBx and observed a
yellow-brown protein with an absorption peak at 415 nm, suggesting the presence of metal
ions, potentially Zn, Fe and Cu [64]. Later, Pandelia et al. showed that HBx likely contains
a [Fe-S] cluster, which can exist as either [2Fe-2S]%* or [4Fe-4S]?* clusters, depending on
the purification condition (Figure 6) [21]. The aerobically purified HBx protein, which
had a maltose-binding protein (MBP) or disulfide bond isomerase C (DsbC) as soluble
tags, exhibited a reddish-brown color. UV-Vis bands at 325, 415, and 460 nm indicated
the characteristics of a [2Fe-2S]** cluster. On the other hand, optical characteristics at
420 nm were revealed by anaerobic purification, indicating the presence of a [4Fe-4S]**
cluster (Figure 6A), suggesting that the HBx [Fe-S] cluster is sensitive to molecular oxygen.
Furthermore, when aerobically purified native samples were subjected to EPR after adding
sodium dithionite, the g-values at 2.04, 1.94, and 1.94 demonstrated the characteristic signal
of a [4Fe-4S]'* cluster instead of [2Fe-2S]'* clusters via reductive coupling mechanism
(Figure 6B). Mossbauer analysis showed parameters of [2Fe-2S]** cluster with quadrupole
doublet (6 = 0.28 mm/s, AEqg = 0.51 mm/s) for aerobically purified sample. In contrast, the
anaerobic purified protein sample showed characteristics of [4Fe-4S]** cluster with single
quadrupole doublet (5 = 0.45 mm/s and AEq = 1.11 mm/s) (Figure 6C,D). Previously, it has
been shown that the reductive coupling of two [2Fe-2S]* clusters can form one [4Fe-4S]%*
cluster. During this oxidative-reductive coupling process, degraded iron (Fe>* /Fe?") fea-
tures also appeared in the Mdssbauer spectrum, suggesting that it might involve promoting
carcinogenesis via Fenton chemistry (Figure 6E) [7,65,660]. These discoveries could help
identify [Fe-S] clusters in viral proteins, offering new directions to understand how chronic
HBYV infection leads to cancerous outcomes.



Inorganics 2024, 12, 25

10 of 20

B Anoxically isolated X equiv. 02 [2Fe-ZS]“++ Fe23+ species

DsbC-HBx

[4Fe-4S]?* cluster (HBx)

Fe?* + H,0,

MBP-HBx

FentonlChemistry

o angg;ggig
DsbC tag Fed3* + "OH
l(ROS)
300 400 500 600 700 800 320 340 360 380
C wavelength (nm) D By (mT)
DsbC-HBx MBP-HBx

11 %

aerobic

DNA Damage

Promotes
Carcinogenesis

aerobic

1%

anaerobic

anaerobic

[

Jos%

42K
B=0.078T

2 0 2
velocity (mm/s)

-4

2 0 2 2 0
velocity (mm/s) velocity (mm/s)

Figure 6. Characterization of the [Fe-S] cluster in the Hepatitis B Virus (HBV). (A) UV —visible spectra
validated the existence of the [4Fe-4S]%* cluster under anaerobic purification conditions (blue line)
and in the aerobic condition as [2Fe-25]2* cluster (red line). At the same time, no band was observed
for the DsbC tag (green line). (B) The EPR spectra of the DsbC and MBP—tagged HBx samples
showed the presence of the [4Fe-4S]%** cluster upon exposure to dithionite. (C,D) The Mossbauer
spectra of DsbC—HBx and MBP—HBx samples, obtained using aerobic (red line) and anaerobic (blue
line), exhibit the [2Fe-2S]?* cluster and the [4Fe-4S]%* cluster, respectively. (E) Anoxically purified
DsbC—HBx (top) after 4h of exposure to air (middle) and in the presence of excess sodium dithionite
(bottom) [21]. All experimental Mossbauer spectrum (shown by vertical bars) were simulated (gray
lines) using aggregated fits from individual subspectra (orange for [2Fe-2S], teal for [4Fe-4S], and
light green for Fe?*). Adopted from reference [7,21].

4.5. GciS—A Glycine and Cysteine Rich Protein from Mimivirus That Contains [Fe-S] Cluster

Giant DNA viruses that infect eukaryotes in various situations are known as giant
viruses. In 2003, the first massive virus was identified as Mimivirus [67]. Villalta et al.
recently identified a small protein, Glycine/Cysteine-rich Iron-Sulfur (GciS), in Mimivirus
(Figure 7) [44]. However, its role is yet to be characterized. They found that when GciS
was expressed in E. coli aerobically, the cell pellets were red in color. Inductively coupled
plasma-mass spectrometry (ICP-MS) elemental analysis revealed that iron metal ions and
optical characteristics in the GciS features in UV-Visible at 335, 418, 462, 513, and 586 nm
suggested the presence of [Fe-S] cluster(s) (Figure 7A). The UV-Vis features at 330, 420, 460,
and 550 nm are characteristic features of a [2Fe-2S] cluster, and bands at 586 nm closer to
600 nm are probably the characteristics of a linear-type [3Fe-4S]'* cluster. Furthermore, the
EPR spectrum is evident for the two different types of [Fe-S] clusters, predominantly a linear
[3Fe-4S]'* cluster (paramagnetic with S = 5/2) and [2Fe-2S]?* cluster (Figure 7B). Finally,
the Mossbauer analysis confirmed the presence of a paramagnetic linear [3Fe-4S]'* cluster
and a [2Fe-2S]** cluster (Figure 7C). The stability of the GciS protein was assessed following
exposure to air, revealing that the spectral profile remained consistent before and after
exposure. This observation indicates that molecular oxygen unaffected the [Fe-S] cluster’s
composition and nature during and after the protein purification process. Consequently,
these glycine/cysteine-rich proteins form a novel class of viral [Fe-S] proteins with unique
characteristics about [Fe-S] cluster binding. Investigating the [Fe-S] binding characteristics
of GciS proteins in relation to their structural characteristics is essential. This work provides
an essential precondition by providing information on their physiological significance with
the potential of discovering novel roles related to viral [Fe-S] proteins.
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Figure 7. The mimivirus’ [Fe-S] cluster identification. (A) A [2Fe-2S] cluster is characterized by
its UV—Vis features at 330, 420, 460, and 550 nm. A linear-type [3Fe-4S]'* cluster is most likely
represented by the bands at 586 nm that are closer to 600 nm. (B) Two distinct forms of [Fe-S] clusters
as [2Fe-2S]?* and [3Fe-4S]!* are visible in the EPR spectrum. (C) Mossbauer analysis confirmed the
presence of [2Fe-2S]%* and paramagnetic linear [3Fe-4S]'* cluster. Simulation is represented by black
line, blue for [2Fe-25], red for [3Fe-4S]*. Adopted from reference [44].

4.6. Nsp12 and nsp13—A [Fe-S] Cluster Containing Protein That Regulates RNA Polymerase
Activity in Coronaviruses

Coronaviruses constitute a diverse group of viruses that infect both humans and the
respiratory system of many animals. Severe outbreaks of two highly virulent zoonotic coro-
naviruses, SARS-CoV and MERS-CoV, were detected in 2002 and 2012, causing respiratory
system damage [68-70]. SARS-CoV-2, a new coronavirus, emerged in late 2019 in Wuhan,
China, inducing atypical viral pneumonia in individuals. The structure of the viral protein
(nsp12), which was determined by cryo-EM, clearly showed that two zinc metal ions were
present and coordinated by three cysteine ligands and one histidine ligand [71]. Later, Maio
et al. purified nsp12 under anaerobic conditions, they discovered that the RdRp unit coor-
dinates two [4Fe-4S]?* clusters at locations initially believed to be Zn-bound (Figure 8) [22].
The optical features at 420 nm indicate the presence of [Fe-S] cluster(s) (Figure 8A). A single
quadruple splitting (AEq = 1.25 mm/s) with an isomeric shift (§ = 0.44 mm/s), a distin-
guishing feature of a typical [4Fe-4S]** cluster unit, was observed in the 4.2 K Mossbauer
spectrum (Figure 8B). Because wild-type nsp12 bonded 7.5 £ 0.35 Fe atoms per monomer,
they interpreted the Mossbauer spectrum as two [4Fe-4S]?* clusters. X-band EPR study for
purified nsp12 [4Fe-4S]** showed silent EPR features; in the presence of sodium dithionite,
a distinct signal for the [4Fe-4S]!* clusters appeared, confirming the presence of the [4Fe-45]
cluster in nsp12 (Figure 8C). The [4Fe-4S] cluster-containing RdRp protein absorbance
at 420 nm diminishes upon incubating with 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-
oxyl (TEMPOL), a six-membered nitric oxide complex due to [Fe-S] cluster degradation
(Figure 8E). Therefore, the [4Fe-4S]** clusters oxidized by TEMPOL, which causes structural
deterioration, may restrict RARp activity, and hinder replication of SARS-CoV-2 in cell
culture (Figure 8F).
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Figure 8. Discovery of [4Fe-4S]?* clusters in SARS—CoV—2 nsp12. (A) The UV—visible band
at 420 nm indicates the presence of the [4Fe-4S]** clusters in nsp12 (WT or variants) with two
metal —ligand binding sites. (B) Mossbauer spectra of nsp12 (WT and variants) showed parameters of
a quadrupole doublet typical of [4Fe-4S]?* cluster with ~95% cluster occupancy. (C) After reduction
with sodium dithionite, EPR studies of nsp12 samples reveal [4Fe-4S]?* clusters. (D) The potential [Fe-
S] ligating sites are depicted in the ribbon mode of the catalytic subunit, nsp12. (E) UV—vis spectra
of anoxically purified nsp12 before and after in vivo TEMPOL treatment showing disintegration of
[4Fe-4S]** cluster. (F) Activity assay shows increased TEMPOL concentration, leading to diminished
RNA polymerase activity. Adopted from reference [22,23].

Recently, the same group discovered that nsp13 harbors a [4Fe-4S]?* cluster in its
zinc-binding domain (ZBD) (Figure 9) [23]. The anoxically purified nsp13 sample showed a
UV-visible band at ~420 nm, indicating the presence of a [4Fe-4S]** cluster (Figure 9A). The
57Fe-rich nsp13 sample was subjected to Mossbauer analysis, featuring the parameters of a
quadrupole doublet typical of [4Fe-4S]%* cluster [6 = 0.44 mm/s, AEqQ =1.24 mm/s] along
with a minor quadrupole doublet of [2Fe-2S]** cluster (5 = 0.30 mm/s, AEq = 0.42 mm/s)
(Figure 9B). In the presence of dithionite, the anoxic purified sample showed an EPR
feature of a reduced [4Fe-4S]'* cluster with g-values of 2.05, 1.92, and 1.86 (Figure 9C). The
ICP-MS analysis for 3.6 & 0.1 Fe ions and 2 & 0.2 Zn ions per protomer bound to helicase
nsp13 (Figure 9D). The biochemical studies showed that the [4Fe-4S]%* cluster containing
nsp13 binds more tightly and modulates the helicase’s unwinding activity. The addition
of TEMPOL disintegrates the [4Fe-4S]?* cluster, hence inhibiting its unwinding ability
(Figure 9E). The results from both these research studies showed that TEMPOL, operating
through a unique mechanism compared to other antivirals, could serve as a potential
low-toxicity oral option for preventing SARS-CoV-2 after exposure. These research findings
will provide brand-new treatment targets for many RNA and DNA viruses.
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Figure 9. Characterization of helicase nsp13 of SARS—CoV—2 containing [4Fe-4S]?* cluster.
(A) UV—Vis feature at 420 nm confirms the presence of a [4Fe-4S]?* cluster. (B) Mossbauer analysis
of > Fe rich nsp13 sample showed a single quadrupole doublet typical of [4Fe-4S]?* cluster (green
line), with a minor quadrupole doublet of [2Fe-2S]** cluster (red line). (C) The EPR spectrum of
anaerobically purified nsp13 in the presence of dithionite confirms the presence of predominantly a
[4Fe-4S]'* cluster. (D) The stoichiometry analysis showed 3.6 + 0.1 Fe ions and 2 + 0.2 Zn ions per
protomer bound to helicase nsp13. (E) The unwinding activity of nsp13 gets hindered upon TEMPOL
treatment because it disintegrates the [4Fe-4S]%* cluster. Adopted from reference [23].

5. [Fe-S] Clusters Functions in Pathogenic Bacteria

With widespread overuse of antibiotics, there has been a surge in the emergence of
drug resistant bacterial pathogens in recent times. The most well-known subset are the
ESKAPE pathogens that comprise of Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp. Other
examples include multidrug resistant tuberculosis (MDR TB) and Methicillin-resistant
Staphylococcus aureus (MRSA). These have led to the need to develop new antibiotics and
different drug targets. Characterizing [Fe-S] cluster containing proteins that are essential
for the pathogens can open up new avenues for diagnostics and therapeutics [72].

5.1. WhiB3—A Fe-S Cluster Containing Transcriptional Regulator from M Tuberculosis

WhiB-like proteins are a family of transcription factors that are found exclusively
in Actinobacteria [73]. They have a [4Fe-4S] iron-sulfur cluster and play important roles
ranging from antibiotic resistance, pathogenesis and cell development [9,74]. Mycobacterium
tuberculosis WhiB3 plays a crucial role in its survival and pathogenesis. Mt WhiB3 binds
to the conserved region 4 of principal sigma factor (c*4). Recently, Tao et al. solved the
crystal structure of WhiB3: ¢, complex without and with DNA (Figure 10) [75]. The
binding interface between the WhiB3 and 04 is in close proximity to the [4Fe-4S] cluster.
WhiB3'’s conserved aromatic residues near the [4Fe-45] namely F31, F32 and W76 drive the
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complex formation between WhiB3 and o (Figure 10A,B). Single alanine mutations on
these residues prevented complex formation that was validated by pull down assays. These
findings show that the [Fe-S] cluster could be playing an important role in the proper folding
of Mt Whib3. In case of o4, mutating H516 to an alanine prevents the complex formation.
Using a pk3 promoter, which is involved in the biosynthesis of complex polyketides in Mt
as the DNA template for a binding study, Tao et al. showed that the C-terminal residues
from 91-102 of WhiB3 are essential for DNA binding using electrophoretic mobility shift
assays (EMSA) (Figure 10E,F). Crystal structure of WhiB3: ¢*4-Btip in complex with
WhiB7 promotor DNA P57 identified an arginine-rich motif (R38, R40 and R42) in WhiB3
that might be playing a crucial role in DNA binding (Figure 10C,D). A triple arginine to
alanine mutation of the arginine motif abolishes DNA binding in EMSA strengthening
the structural analysis. These structural insights into the WhiB family of proteins will
potentially open up new drug targets for tuberculosis treatment.

Whib3TR
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0O 02 04 06 08 10 20 30 O 02 04 06 08 10 20 30

- - — i —— - s

Figure 10. (A) Crystal structure of truncated WhiB3: UA4'f5tip complex with By, from the neighboring
complex interacting with o4 and WhiB3 (PDB ID: 8CWR). (B) Aromatic residues in Whib3 which
are important for complex formation (PDB ID: 8CWR). (C) Crystal structure of WhiB3: GA4-[5ﬁp in
complex with WhiB7 promotor DNA P;,;5; (PDB ID: 8CYF). (D) Conserved Arginine-rich DNA
binding motif in WhiB3 (PDB ID: 8CYF). (E,F), EMSAs of the WhiB3: 0A4—[5ﬁp complex with pks3
promoter, (E) with wildtype WhiB3 protein and (F) with the truncated WhiB3 (WhiB3TR) lacking the
C-terminal restudies 91 to 102. Adopted from reference [75].

5.2. Ferric Uptake Regulators (Fur): A Transcription Factor That Regulates Intracellular
Iron Homeostasis

Fur is a transcription factor that utilizes Fe?* as a corepressor and represses siderophore
synthesis in pathogens [76,77]. Previous attempts to purify iron-bound Fur from bacteria
were unsuccessful. Recent studies by Chelsey et al. have shown that Fur from Escherichia
coli, Haemophilus influenzae, Vibrio cholerae, and Helicobacter pylori binds a [2Fe-2S] cluster
via the conserved cysteine residues when expressed in the E. coli mutant cells with elevated
intracellular free iron [78]. Knocking out the iron-sulfur cluster assembly proteins IscA and
SufA elevated the intracellular free iron levels, which was confirmed by EPR. Knocking
out IscA and SufA in E. coli cells has minor or no effect on [2Fe-25] cluster assembly.
Ec Fur expressed in the E. coli iscA/sufA mutant cells primarily bound a novel [2Fe-2S]
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cluster which was confirmed by UV-visible spectroscopy, Mossbauer spectroscopy, and EPR
(Figure 11A-C). [2Fe-2S5] cluster have UV-Vis spectroscopic features around 325 nm, 410 nm,
and 450 nm. Site-directed mutagenetic studies identified the conserved cysteine residues
C93, C96, and C133 as the ligands for the [2Fe-2S] cluster (Figure 11D). The fourth cysteine
residue C138 is not conserved. Mutation studies reported by Chelsey et al. on C138 were
inconclusive. Purifying the C138A variant was unsuccessful, and the C138S variant could
bind a [2Fe-2S] cluster. The UV-Vis spectrum of the C138S variant showed subtle differences
compared to the wild type but was not as significant as the conserved cysteine residue
variants. The occupancy of the cluster was around 31% when Ec Fur was expressed in E. coli
iscA/sufA mutant cells. It dropped to 4% when expressed in E. coli wt cells, strengthening
the current hypothesis that Ec Fur binds to [2Fe-2S] cluster reversibly depending on the
intracellular free iron levels. It is proposed that [2Fe-25] bound Fur performs the role of an
active repressor throttling down siderophore synthesis at high iron levels and apo Fur is
an inactive repressor at low iron levels upregulating siderophore synthesis. Chelsey et al.
also claimed that the occupancy of [2Fe-2S] cluster varies among different species. They
correlate the occupancy to the binding affinity. Among the Fur proteins expressed in E. coli,
Hi Fur had the highest occupancy for the [2Fe-25] cluster, followed by Ec Fur (Figure 11E,F).
This has to be investigated further since the difference in occupancy can also be due to some
Furs expressing well over the other in E. coli. Nevertheless, this also potentially indicates
that Fur proteins from different species activate at different intracellular iron levels that can
come in handy during drug discovery.
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Figure 11. (A) UV —Vis spectrum of Ec Fur expressed in the Ec wt and Ec iscA/sufA mutant cells.
(B) EPR spectra of Ec Fur protein purified from the iscA/sufA mutant cells. (C) Mossbauer spectra
of the 57Fe-enriched Ec Fur from the iscA/sufA mutant cells. (D) UV—Vis spectrum of Ec Fur wt
and cluster coordinating cysteine mutants. (E) UV —Vis spectrum of Hi Fur and Ec Fur purified from
Ec iscA/sufA mutant cells. (F) UV—Vis spectrum of Hi Fur and Ec Fur purified from Ec wt cells.
Adopted from reference [78].
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5.3. Ferrous Iron Transport Protein C (FeoC): A Fe-S Cluster Containing Protein That Regulates
the Ferrous Iron Channel

The Feo system is composed of three proteins: a main membrane protein (FeoB) essen-
tial for iron translocation and two small cytosolic proteins (FeoA and FeoC), hypothesized
to function as accessories to this process [79]. Bacteria have evolved many types of iron
acquisition systems to maintain iron levels within the cell. In anaerobic conditions, ferrous
iron (Fe?") is more abundant [80]. Therefore, for bacteria to survive under oxygen limiting
conditions, ferrous iron uptake pathways are essential. Previous studies have implicated
the Feo system for the virulence in pathogens such as Helicobacter pylori, Pseudomonas
aeruginosa [81]. In 2013, Kuang et al. reported that under anaerobic conditions, Klebsiella
pneumoniae FeoC bound a [4Fe-4S] cluster using UV-Visible spectroscopy, EPR, and X-ray
absorption methods (Figure 12A-E) [82]. Native Kp FeoC EPR showed characteristics of a
[4Fe-4S]3* cluster (Figure 12A). Exposing [4Fe-4S] cluster bound Kp FeoC to oxygen lead to
the breakdown of cluster and loss of characteristic absorption peaks. Solution structures
of FeoC from K. pneumoniae and E. coli have a disordered wing loopl (W1), containing
four conserved Cys residues in a sequence, CX4CX,CX5.gC (Figure 12H) [83]. Site-directed
mutagenesis on those cysteines confirmed that they are the ligands for the [4Fe-4S] cluster.
In 2022, Kuang et al. reported that the iron-sulfur cluster of Kp FeoC increased the GTPase
rate of Kp N-terminal domain FeoB (NFeoB). The presence of 7% FeoC [4Fe-4S]** enhanced
the GTPase rate of NFeoB by 3.6-fold. When the cluster was reduced to 7% FeoC [4Fe-4S]%*
using DTT, the rate of enhancement dropped to 1.7-fold (Figure 12F,G). With apo FeoC, the
rate of enhancement was 1.6-fold. This suggested that [4Fe-4S]>* is the active form and
[4Fe-4S]%* is the inactive form.
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Figure 12. EPR spectrum of Kp FeoC at different redox states. (A) Native state. (B) DTT —reduced state.
(C) Fully reduced by sodium dithionite. (D) UV —Vis spectrum of Kp FeoC. (E) X—ray absorption
spectrum of holo—FeoC at the Fe K—edge. (F) Effect of various forms of FeoC on the GTPase rate
of NFeoB. (G) GTPase activity of NFeoB in the presence of FeoC K62A and K68A (Lane 4 and 5).
GTPase activity in the presence of DTT (Lane 6 and 7). (H) Crystal structure of K. pneumoniae NFeoBC
complex (PDB ID: 7WQU). The loop containing the ligands for the [Fe-S] cluster are missing and
disordered in the structure, pointed by the red arrow. Adopted from reference [82,83].
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When positively charged amino acids K62 and K68 close to the [4Fe-4S]3* cluster
in FeoC were mutated to alanine, it led to a reduced enhancement of GTPase activity in
NFeoB: K62A (from 3.6- to 1.3-fold); K68A (from 3.6- to 1.0-fold) showing the importance
of these residues in NFeoB GTPase activity (Figure 12G). These studies reveal that the
[Fe-S] cluster of FeoC and its oxidation state regulates GTPase activity. Crystal structure of
NFeoBC complex suggested residue T37 of NFeoB is involved in catalysis. Mutating it to
a serine reduced the NFeoB activity by 87%, validating the hypothesis. [4Fe-4S]** cluster
along with residues K62 and K68 in FeoC and residue T37 in NFeoB could be playing an
important role in electron transfer affecting NFeoB’s GTPase activity thereby impacting
how bacteria deal with oxidative stress. FeoC can potentially be a good drug target in
Klebsiella pneumoniae.

6. Conclusions and Future Perspectives

In this review article, we highlight the critical roles of iron-sulfur cluster-containing
enzymes in pathogens. The understanding of [Fe-S] clusters in human health, such as cancer,
neurodegenerative diseases, and iron homeostasis, has grown over the years. Due to oxygen
sensitivity and logistical issues, the characterization of [Fe-S] cluster-containing enzymes,
in general, and their potential as new drug targets remains challenging. Iron (Fe) and zinc
(Zn) ions have comparable chemical functions but differ in reactivity and functionality. This
difference arises mainly because Fe is redox-active and oxygen-sensitive, while Zn is redox-
inert and tolerant towards oxygen. In many cases, Fe, Zn also provides structural stability
and functionality in various metalloproteins. Furthermore, Zn mainly displays tetrahedral
coordination unlike other metal ions, such as redox-active copper or Fe, under aerobic
conditions. As a result, wide ranges of metalloproteins were previously annotated as zinc
finger proteins. Advanced spectroscopic techniques and improved biochemical assays and
structural techniques have revealed the presence of [Fe-S] clusters, including eukaryotic
MitoNEET protein, regulatory proteins like iron-sensing transcriptional repressor (Fep1),
and viral proteins like oncogenic small tumor antigen of the Merkel Cell Polyomavirus
(MCPyV), hepatitis b (HBx), SARS-CoV-2 nonstructural proteins (nsp12, nsp13). The
biophysical, biochemical, and electrochemical characterization techniques discussed in this
review will be essential for identifying and characterizing unexplored enzymes containing
[Fe-S] clusters in the future. Despite these preliminary findings, the function of [Fe-S]
clusters in infectious diseases remains elusive. Future research efforts are anticipated to
help fill this gap, and characterizing [Fe-S] cluster proteins in pathogens will open up new
avenues for diagnostics and therapeutics.
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