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Abstract

Iron-sulphur (Fe-S) clusters are essential cofactors for nuclear proteins involved
in DNA replication and repair. In eukaryotes, their maturation depends on the iron-
sulphur cluster assembly (ISC) and cytosolic iron-sulphur cluster assembly (CIA)
pathways. Giardia intestinalis, has reduced organelles and minimal system for iron-
sulphur clusters biogenesis, is a simplified model to study this process.

The main aims of this work are to identify candidate nuclear Fe-S proteins,
analyse their expression and localization, and investigate the function of selected CIA
pathway components using CRISPR/Cas9-mediated gene knock-out. Particular
attention is given to Nbp35_3, a scaffold protein believed to play a central role in Fe-S

cluster assembly.

Key words: Giardia intestinalis, Fe-S cluster, CIA pathway, nuclear proteins, Nbp35,

knock-out, mitosome.



Abstrakt

Zelezo-simé (Fe-S) klastry jsou nezbytné kofaktory pro jaderné proteiny
podilejici se na replikaci a reparaci DNA. U eukaryot jejich maturace zavisi na
mitosomalni (ISC) a cytosolické (CIA) draze syntézy Fe-S klastri. Giardia intestinalis
s redukovanymi organelami a minimalnim systémem pro biogenezi Fe-S klastru
predstavuje zjednoduseny model pro studium téchto procesu.

Hlavnim cilem této prace je identifikace kandidatnich jadernych Fe-S proteind,
analyza jejich exprese a lokalizace a zkoumani funkce vybranych sloZzek CIA drahy
pomoci genové inaktivace technikou CRISPR/Cas9. Zvlastni pozornost je vénovana
proteinu Nbp35_3, scaffoldovému proteinu, ktery pravdépodobné hraje klicovou roli v

sestavovani Fe-S klastrU.

Klicova slova: Giardia intestinalis, Fe-S klastr, CIA draha, jaderné proteiny, Nbp35,

knock-out, mitozom.
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1 Introduction

Iron-sulphur (Fe-S) clusters are ancient inorganic cofactors essential for a broad
range of cellular processes, including electron transport, redox switching and
regulation of genome stability. In eukaryotes, the maturation of Fe-S proteins depends
on two compartmentalized biosynthetic systems: the mitochondrial iron-sulphur cluster
(ISC) assembly machinery and the cytosolic iron-sulphur cluster assembly (CIA)
pathway. The CIA pathway is responsible for the insertion of Fe-S clusters into cytosolic
and nuclear apoproteins, which are involved in critical functions such as DNA
replication and repair.

Giardia intestinalis is a microaerophilic parasitic protist with a highly reduced
cellular structure, possessing mitosomes instead of conventional mitochondria. These
organelles have retained only a Fe-S cluster biosynthesis function. Despite this,
G. intestinalis maintains a minimal functional CIA pathway, making it a great model for
studying essential components of Fe-S cluster assembly.

This thesis investigates the role of CIA pathway components in the maturation
of nuclear Fe-S proteins in G. intestinalis. It focuses on identifying nuclear Fe-S
proteins, analysing their expression and localization, and using CRISPR/Cas9 to
disrupt CIA proteins. Special attention is given to Nbp35_3, a cytosolic scaffold protein,
which plays a central role in Fe-S cluster assembly.

By examining how G. intestinalis maintains nuclear Fe-S protein biogenesis with
a reduced set of CIA pathway proteins, this work helps to understand the essential
machinery required for the process and demonstrates how critical cellular functions

can be maintained in a highly adapted anaerobic parasite.



2 Review of literature

2.1. Giardia intestinalis

Giardia intestinalis (synonyms Giardia lamblia or Giardia duodenalis) is a
microaerophilic unicellular protist parasite that infects human and other mammals. It is
classified as a diplomonad within the phylum Metamonada (Cavalier-Smith 2003).

G. intestinalis has a life cycle alternating between the cyst and trophozoite
stages. Infection begins when cysts are ingested through contaminated water or food.
Trophozoites are released in small intestine by excystation and attach to the
epithelium. They multiply and cause the disease symptoms by attaching and damaging
the epithelium. As G. intestinalis moves toward the colon, the resistant cysts form
during a process known as encystation. Then the cysts are excreted and remain
infectious in the environment (Adam 2021).

Giardiasis is an intestinal disease with global distribution. It is especially
common in children from low- and middle-income countries. The global incidence of
symptomatic giardiasis is approximately 15 cases per 100 children/year. Key risk
factors are poor sanitation, contaminated water and poor hygiene (Gutiérrez et al.
2024).

G. intestinalis lacks several classical eukaryotic organelles, including
mitochondria, peroxisomes, and a typical Golgi apparatus (Tovar et al. 2003; Faso and
Hehl 2011). Despite this, it contains highly reduced mitochondria-derived organelles
known as mitosomes, which are not involved in energy production and remain only one

function — Fe—S cluster biosynthesis (Tovar et al. 2003).

2.2 Iron-sulphur clusters

Fe-S clusters are inorganic cofactors of many biological systems. These
clusters play a key role in a wide variety of biological processes, including electron
transfer, redox catalysis, and gene regulation. Fe-S clusters are also redox sensors,
responding to oxidative stress, and regulate the activity of the proteins (Johnson 1998;
Tsaousis 2019).

These cofactors are composed of iron and sulphide ions and coordinated by
cysteine residues in proteins. Clusters exist in various forms such as rhombic [2Fe-2S],
asymmetrical [3Fe-4S], cubane [4Fe-4S] (Fig.1), and even larger assemblies like



[8BFe-7S] and [8Fe-9S] (Ohki et al., 2009). They are able to switch between oxidation
states, which makes them key components in enzymatic and regulatory pathways
involving redox reactions (Johnson 1998).
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Figure 1: Three common types of Fe-S clusters. From left to right: the rhombic [2Fe-2S] cluster, the
asymmetrical [3Fe-4S] cluster, the cubane [4Fe-4S] cluster. Red spheres represent iron ions, while

yellow spheres represent sulphur ions (Mendel et al. 2020).

Several cytosolic enzymes containing [4Fe-4S] or [2Fe-2S] clusters play a
central role in the metabolism of G. intestinalis. These enzymes are essential for
anaerobic energy production, redox balance, and stress response. Pyruvate:ferredoxin
oxidoreductase (PFOR) is a key cytosolic enzyme in G. intestinalis that converts
pyruvate to acetyl-CoA and transfers electrons to ferredoxin via [4Fe-4S] clusters. It
plays a central role in anaerobic energy metabolism and drug activation (Townson et
al. 1996; Emelyanov and Goldberg 2011).

Another cytosolic protein, which contains [2Fe-2S] cluster, is ferredoxin. This
enzyme acts as electron carrier in anaerobic metabolism. It receives electrons from
PFOR and transfers them to other enzymes such as hydrogenase or nitroreductase
(Duwor et al. 2024). Hydrogenase, which contains [4Fe-4S] cluster, then uses this
reduced ferredoxin to produce molecular hydrogen (H,) by transferring electrons to
protons. This process regenerates oxidized ferredoxin (Emelyanov and Goldberg
2011).

G. intestinalis also possesses a nitric oxide reductase (NOR), a [4Fe-4S] cluster
containing protein, that helps parasite to survive in low-oxygen environments (Crack et
al. 2014). This enzyme also detoxifies nitric oxide (NO), which is produced by the
immune system of the host, by converting it into nitrous oxide (N,O) (Rafferty et al.
2010; Di Matteo et al. 2008). These Fe-S proteins are formed via the CIA pathway
(Braymer et al. 2021).



2.3 Biogenesis of Fe-S clusters

To begin with, it is important to note that distinct nomenclatures are being used
to describe biogenesis pathways in different eukaryotic and prokaryotic species. In this
work, the yeast nomenclature will be used.

In eukaryotes, the biogenesis of Fe-S clusters starts in mitochondria or
mitochondria-related organelles through the iron-sulphur cluster (ISC) assembly
machinery. This process begins in early ISC pathway with activity of the cysteine
desulphurase Nfs1, which provides sulphur ions from cysteine, which is then converted
to alanine. Nfs1 forms a stable complex with Isd11 and Acp1, ensuring structural
stability and catalytic activity. Sulphur ions are subsequently transferred from the Nfs1
to the scaffold protein Isc1/2, where are combined with iron ions. Nfs1 is regulated by
frataxin, by modulating the catalytic efficiency of the Acp1-Nfs1-Isd11 complex. This
coordinated assembly leads to the formation of a [2Fe-2S] cluster. This can serve as a
precursor for forming a [4Fe-4S] cluster in the late ISC pathway, which is incorporated
into various mitochondrial Fe-S proteins (Braymer et al. 2021).

Alternatively, the [2Fe-2S] clusters are exported from mitochondria via the ABC-
type transporter Atm1. This export is essential for cytosolic and nuclear Fe-S protein
maturation through the CIA machinery (Gerber et al. 2004; Li et al. 2022).

2.3.1 CIA pathway

As mentioned before, the CIA pathway occurs in the cytosol, and it depends on
the mitochondrial ISC machinery, which supplies a sulphur-containing intermediate
(X-S) or [2Fe-2S] cluster. The exact molecule that is transported to the cytosol is still
unknown. This pathway plays a key role in cluster incorporation into cytosolic and
nuclear Fe-S apoproteins (Fig. 2) (Pandey et al. 2019; Li et al. 2022; Gerber et al.
2004).
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Figure 2: The CIA pathway. Proteins absent in G. intestinalis are shown in light grey (BioRender).

The first stage of the CIA pathway involves the assembly of a [4Fe-4S] cluster
on a cytosolic scaffold complex formed by a heterodimer of NTPases Cfd1-Nbp35
(Netz et al. 2007). Electron transfer during the cluster formation is facilitated by a
NADPH-dependent Tah18-Dre2 complex, where Dre2 contains a [2Fe-2S] cluster,
essential for redox-driven biosynthesis (Netz et al. 2010).

In our model organism, the Nbp35 protein expanded into three distinct
paralogues, reflecting a unique adaptation of the CIA pathway. Nbp35 1 and Nbp35 2
are localized primarily on the surface of the mitosomes, with a fraction found in the
cytoplasm. In contrast, Nbp35_3 was found exclusively in the cytoplasm (Pyrih et al.
2021).

In the pathway Grx3-Bol2 heterodimer is localized upstream of the Nbp35-Cfd1
scaffold and stabilizes [2Fe-2S] clusters using glutathione as a ligand. This complex
delivers [2Fe-2S] clusters to the Nbp35-Cfd1 system (Frey et al. 2016).

Following the assembly, the [4Fe-4S] cluster is transferred to the carrier protein
Nar1, which plays a bridging role between the scaffold complex and the final delivery
system. Both the N- and C-terminus of Nar1 bind the cluster, but only the N-terminal
region is able to transfer the [4Fe-4S] cluster to the CIA targeting complex (CTC) (Netz
et al. 2007; Urzica et al. 2009).



The final step of the pathway is mediated by the CTC, which includes Mms19,
Cia1l and Cia2. The Cia1-Cia2 complex binds to Nar1 via its targeting complex
recognition motif (see below). This step allows the complex to receive the cluster from
Nar1 (Buzuk et al. 2025). The CTC complex then mediates targeted insertion of the
[4Fe-4S] cluster into cytosolic and nuclear apoproteins. Mms19 serves as an adaptor,
recognizing specific substrates. Cia1l and Cia2 facilitate the actual delivery of the
cluster. In addition, the Cia1-Cia2 complex plays a central role in identifying and binding
target apoproteins. The recognition mechanism is based on a targeting complex
recognition motif found at the C-terminus of client proteins. This motif contains a
conserved sequence of [LIM]-[DES]-[FW]. Structural analyses suggest that CTC
complex shows a significant conformational flexibility to accommodate the large
distance between the Fe-S cluster and the target site on the apoprotein (Kassube and
Thoma 2020; Buzuk et al. 2025).

2.3.2 Fe-S clusters biogenesis in G. intestinalis

In G. intestinalis, both the ISC and CIA pathways are significantly reduced,
reflecting the adaptation to anoxic environment and the presence of the mitosomes
instead of a typical mitochondria (Braymer et al. 2021).

The mitosomes of G. intestinalis lack DNA, electron transport chain, ATP
synthesis machinery and the Krebs cycle. Their only conserved role is the biosynthesis
of Fe-S clusters (Jedelsky et al. 2011; Tovar et al. 2003). The early ISC pathway is
nearly complete, with exception of factors such as Acp1 and Isd11 are missing.
Surprisingly, mitosomes of G. intestinalis also retain several components of the late
ISC pathway, despite the absence of [4Fe-4S] proteins that would normally require
these late-acting proteins (MotyCkova et al. 2023).

The CIA pathway in our model organism is also highly reduced. Only a minimal
set of CIA components is retained: the scaffold protein Nbp35 1-3, the cluster carrier
Nar1 and the targeting factors Cia1 and Cia2. Possible orthologs of Tah18 OR1/2 may
also be presented (Pyrih et al. 2016).

Notably, G. intestinalis also lacks the Atm1 transporter, which exports X-S
intermediate or the [2Fe-2S] cluster from mitochondria to the cytosol, leaving the
mitosomal-cytosolic connection in cluster biogenesis unresolved (Jedelsky et al. 2011;
Motyckova et al. 2023).



Altogether, the biogenesis of Fe-S clusters is a highly conserved and essential
process across eukaryotes, involving complex machineries in both mitochondria and
cytosol. In G. intestinalis, this system is remarkably reduced. Despite the simplification,

ISC and CIA pathways retain core components, allowing Fe-S clusters biosynthesis.

2.4 Nuclear Fe-S proteins

Although clusters have been associated with mitochondrial enzymes and
metabolic processes, it is now known that many essential Fe-S proteins function in the
nucleus. They play key role in DNA replication, repair and genome stability. In nuclear
enzymes, these clusters serve structural, catalytic and redox-regulatory functions.

An emerging concept is that DNA can act as a conduit for long-range electron
transfer, allowing Fe-S clusters to participate in redox signalling. Although still under
investigation, this suggests dynamic regulation of DNA-processing enzymes via

changing a redox state (Tse et al. 2019).

2.4.1 DNA polymerases

The eukaryotic B-family DNA polymerases & (Pol 8) and € (Pol €) are central to
nuclear DNA replication and exhibit a conserved structural organization. Their
C-terminal region contains Cys motif that binds a [4Fe-4S] cluster essential for

polymerase function (Chanet et al. 2021; Netz et al. 2012).

2.4.1a DNA polymerase 6

DNA polymerase & (Pol d) plays a central role in replication of the lagging strand
during S-phase and contributes to the synthesis of the leading strand during DNA
repair. It is a multi-subunit complex composed of the catalytic subunit and several
regulatory subunits that enhance processivity (Kunkel and Burgers 2014).

The catalytic subunit contains a highly conserved motif containing four cysteine
residues in its C-terminal domain. It coordinates a [4Fe-4S] cluster, which is required
for structural integrity and interaction with other subunits. Loss of the cluster reduces
polymerase activity and DNA binding affinity (Jozwiakowski et al. 2019; Netz et al.
2012).

Structural studies show that cluster loss leads to destabilization of the Pol 5,

reducing the affinity for DNA template and decreasing the enzymatic activity.
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Furthermore, the mutation of cysteine residues in the binding site causes an increasing
in replication errors and genomic instability, impaired proofreading capacity, and
contribute to cancer development (Shin et al. 2025; Chen et al. 2025; Jozwiakowski et
al. 2019). As observed in cryo-EM analysis, Pol d that lost [4Fe-4S] cluster is unable
to effectively bind or synthesize DNA. It underlies the essential role of the cluster in its

catalytic activation (Shin et al. 2025).

2.4.1b DNA polymerase €

DNA polymerase ¢ (Pol €) synthesizes the leading strand and possesses 3'-5'
exonuclease proofreading activity. A cysteine-rich motif in its N-terminal catalytic
domain coordinates a [4Fe-4S] cluster, which is essential for structural stability, DNA
binding and enzymatic activity (Jain et al. 2014; Yuan et al. 2020). Mutations disrupting
this motif, for example cysteine to serine substitutions, significantly impair DNA binding,
processivity and polymerase activity in Pol € (Lisova et al. 2022; ter Beek et al. 2019).

Structural and biochemical studies suggest that the [4Fe-4S] cluster acts as a
redox-sensitive cofactor. It stabilizes Pol e-DNA interactions and enables continual
synthesis on the leading strand (Netz et al. 2012; Baranovskiy et al. 2018). Loss or
oxidation of the cluster impairs DNA synthesis and sensitizes cell to replication stress

and genome instability (Moiseeva et al. 2016; Sviderskiy et al. 2020).

2.4.2 Primase

Primase is a DNA-dependent RNA polymerase that initiates DNA replication. It
is a key part of the eukaryotic DNA replication system, working as a part of a complex
with polymerase a (Pol a). This primase-Pol a complex synthesizes a chimeric RNA-
DNA primer. Primase produces a short RNA primer, which is then elongated by a Pol a
(Zhang et al. 2014; Smith and Whitehouse 2012).

The primase consists of two subunits: a small catalytic subunit, responsible for
de novo RNA synthesis, and a large regulatory subunit, which modulates the activity
and stability of the complex (Zerbe and Kuchta 2002; lyer 2005). The large subunit
contains a [4Fe-4S] cluster in its C-terminal domain. This cluster plays a regulatory role
via redox-dependent control of DNA binding. Specifically, the cluster provides
reversible redox switching between oxidized and reduced states. In the oxidized

[4Fe-4S]3* form, the affinity of primase to the DNA template is significantly increased,



promoting stable interaction. In contrast, the reduced [4Fe-4S]?* state exhibits weaker
binding, thereby facilitating substrate transfer from primase to Pol a (O’Brien et al.
2017; Sontz et al. 2012).

2.4.3 DNA2 nuclease

DNAZ2 is a conserved multifunctional nuclease that plays a significant role in the
integrity of the genome. DNAZ2 possesses two activities — ATP-dependent 3'-5' helicase
and 5'-3' endonuclease activities. These functions are essential for DNA replication
and repair and play important role during lagging strand synthesis. It removes the long
5' flap structures formed during the maturation of Okazaki fragments, thus preventing
genomic instability and enabling proper ligation (Burgers and Kunkel 2017; Wu and
Brosh 2012).

Besides Okazaki fragment processing, DNA2 plays a critical role in stabilizing
replication forks. It contributes to activation of the S-phase checkpoint and facilitates
the restart of DNA replication. DNAZ2 also plays a key role in repairing DNA double-
strand breaks by generating 3’-single-stranded DNA tails, working in concert with other
nucleases such as EXO1 and the MRN complex. These mechanisms are critical for
DNA repair and for protecting chromosomes under the cell stress (Peng et al. 2012;
Cejka 2015).

DNA2 contains a [4Fe-4S] cluster at its N-terminal domain. The cluster plays a
significant structural and regulatory role. It stabilizes the DNA-binding tunnel along with
the interaction between the nuclease and the helicase domains. Mutation of the
cysteine residues, which coordinates the cluster, affects both enzymatic activities. It
reflects essential role of the cluster within the catalytic process (Pokharel and Campbell
2012; Zhou et al. 2015). Besides this, the [4Fe-4S] cluster has been shown to take part
in redox-sensitive DNA binding, suggesting a role in redox signalling and replication
fork dynamics (Barton et al. 2019).

2.4.4 Helicases

2.4.4a XPD helicase
Xeroderma pigmentosum group D (XPD) helicase plays a key role in nucleotide
excision repair as a part of transcription factor IIH complex (Liu et al. 2008). XPD is a

member of the SF2 superfamily and exhibits 5’-3’ helicase activity. XPD helicase



contains conserved motif in its N-terminus, including four cysteine residues that
coordinate a [4Fe-4S] cluster (Rudolf et al. 2006; Soultanas et al. 2000).

This enzyme comprises four domains: two motor domains, a Fe-S cluster
domain and an Arch domain. Together, these elements form a tunnel-like structure,
through which ssDNA is threaded during the helicase translocation (Constantinescu-
Aruxandei et al. 2016). Motor domains are responsible for ATP binding and hydrolysis,
which provide the mechanical energy for DNA translocation (Wu et al. 2009). The Fe-S
cluster domain plays a structural role, contributing to the stabilization of the
DNA-binding tunnel. The [4Fe-4S] cluster is coordinated by conserved cysteine
residues and is essential for maintaining the functional architecture of this enzyme
(Constantinescu-Aruxandei et al. 2016). The Arch domain forms a part of DNA
translocating tunnel and helps guide ssDNA through the helicase. It also plays role in
discriminating between damaged and undamaged DNA (Datta and Brosh 2018).

Mutations in the XPD gene can lead to genetic disorders, including xeroderma

pigmentosum, Cocayne syndrome and trichothiodystrophy (Gillet and Scharer 2006).

2.4.4b FancJ helicase

Fancd helicase exhibits both structural and functional similarity to the XPD
helicase, including a conserved [4Fe-4S] cluster in its N-terminal domain. It is also
involved in DNA repair processes. Mutations in genes encoding FancJ are associated

with the development of Fanconi anemia (Rudolf et al. 2006).

2.4.4c RTEL1 helicase

A Regulator of Telomere Elongation Helicase 1 (RTEL1) is a 5-3' DNA helicase
belonging to the SF2 family. This helicase is essential for telomere length regulation,
DNA replication, homologous recombination, and maintenance of genome stability
(Landry and Ding 2014).

RTEL1 contains a redox-active [4Fe-4S] cluster in a conserved N-terminal
domain, typically coordinated by four cysteine residues. This domain is essential for
helicase activity. The cluster modulates a structural conformation of the RTEL1 and its
interaction with DNA (White 2009; Landry and Ding 2014).

Helicase unwinds telomeric T-loops and G-quadruplexes, preventing telomere

dysfunction and recombination-induced mutations (TERRA). It interacts with telomeric
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repeat-containing RNA. This interaction is important for TERRA localization at
telomeric ends and contributes to chromatin organization. Disruption of this connection
increases TERRA levels and causes telomeric instability (Ghisays et al. 2021).
Mutations in RTEL1 can lead to telomeropathies like Dyskeratosis Congenita
and Hoyeraal-Hreidarsson syndrome, characterized by telomere shortering and
genomic instability (Ghisays et al. 2021). The [4Fe-4S] cluster is central to RTEL1
function and can be disrupted by oxidative damage, which causes a domain

disfunction. It suggests a redox regulation of helicase activity (Landry and Ding 2014).

2.4.5 Glycosylase MUTYH

DNA glycosylase MUTYH plays a central role in the base excision repair (BER)
by removing adenine mispaired with 8-oxoguanine, a mutagenic lesion caused by
oxidative stress. Its catalytic domain includes a positively charged DNA-binding
channel for lesion recognition and contains a [4Fe—4S] cluster, which is essential for
DNA binding and redox-based damage detection. Furthermore, MUTYH exhibits DNA-
mediated redox activity mediating long-range charge transport signalling (Boal et al.
2007). Mutations in catalytic domain significantly reduce enzymatic activity, showing
the critical role of this part of the enzyme (Chepanoske et al. 2000).

Beyond DNA repair, MUTYH also affects cellular senescence. Loss of MUTYH
reduces telomeric 8-oxoguanine induced aging, suggesting that MUTYH specifically
drives senescence in response to chronic damage, preventing chromosomal instability
(De Rosa et al. 2025).

2.4.6 Endonuclease lll

As MUTYH, endonuclease lll (Endolll) is also a critical enzyme in BER. It is
responsible for identifying and excising oxidized pyrimidines from DNA. Endolll
contains a [4Fe—4S] cluster, which acts a redox-active cofactor (Cunningham et al.
1989; Hassan et al. 2025).

The cluster functions as a redox switch, which modulates the binding affinity to
DNA via DNA-mediated charge transport. In its oxidized state, the [4Fe—4S]** cluster
increases DNA binding affinity, allowing the enzyme to scan the genome for damage.

If no lesions are detected, the cluster switches to weaker reduced state [4Fe—4S]**,

11



enabling enzyme to detach. This redox system enables Endolll to localize DNA

damage across whole genome (Hassan et al. 2025).

Conclusion

Fe-S clusters are indispensable cofactors for a wide range of nuclear proteins
involved in DNA replication, repair and genomic stability. They play a structural,
catalytic and regulatory roles in key enzymes such as DNA polymerases, primase,
helicases, nucleases and glycosylases. Disruption or oxidation of Fe-S clusters often
leads to impaired DNA processing and increased genomic instability, highlighting their

critical role in enzymes.
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3 Aims of the work

Aim of this work is to characterize the role of selected proteins from the CIA
pathway during the formation of Fe-S clusters on the nuclear proteins in the anaerobic

parasite G. intestinalis.

Specific aims:

1) Identification of a nuclear Fe-S protein for functional analysis of the CIA pathway
in G. intestinalis.

2) Generation of knock-out mutants of selected CIA pathway components.

3) Phenotypic analysis of a knock-out cell line lacking nucleotide binding protein
35 (ANbp35_3).
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4 Materials and methods

4.1 Organisms, their cultivation and transformation

4.1.1 Escherichia coli
Chemically competent Escherichia coli strain TOP10 (Thermo Fisher Scientific)

was used for plasmid propagation.

4.1.1a Cultivation
The cultures were cultivated in LB medium at 37°C overnight (ON) on shaker
(220 rpm). Ampicillin (Sigma) was used at a final concentration of 100 ug/ml to select

bacteria containing the desired plasmid.

4.1.1b Transformation

Bacteria were transformed with plasmid using the heat shock method. An aliquot
of 150 pl of chemically competent E. coli was mixed with 1 pl of plasmid DNA or 10 pl
of ligation reaction (see below) and incubated on ice for 20 minutes. Then the cells
were placed into a heating block set to 42°C for 45 seconds and immediately returned
to ice for 2 minutes. After the heat shock, 300 pl of S.0.C. medium was added, and
the cells were incubated for 1 hour at 37°C on shaker (220 rpm). Following the
recovery, bacteria were plated on LB agar plates with ampicillin (Sigma, 100 pg/ml)

and incubated overnight at 37°C in a microbiological incubator.

4.1.2 Giardia intestinalis
All experiments described in this work were conducted using the wild-type
Giardia intestinalis WBc6 (ATCC 50803) cell line and its laboratory-derived variants.

All manipulations were carried out under sterile conditions in a laminar flow cabinet.

4.1.2a Cultivation

Axenic cultures were cultivated under microaerobic conditions — in tightly closed
8 ml glass tubes filled to the top with TYI-S-33 medium - at 37°C in a thermostat.
G. intestinalis forms a confluent monolayer along the wall. The cultures were passaged
every 3-4 days. For passaging, dead cells settled at the bottom of the tubes were

removed using a Pasteur pipette, and the tubes were placed on ice for 10 minutes to
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detach adherent trophozoites. Approximately 200-300 ul of the cell suspension was

transferred into fresh medium with or without selection antibiotics, depending on the

experiment.
Table 1: Selection antibiotics and final concentrations
Geneticin (G418) 600 ug/ml
Puromycin (PUR) 50 pg/ml
Blasticidin (BLAST) 75 pg/ml

If a monolayer did not form after 3-4 days, the culture medium was replaced.

4.1.2b Transfection via electroporation

G. intestinalis cells were cultured in 50 ml culture flasks in TYI-S-33 medium.
After 2 days of cultivation cell monolayer was formed. The medium was removed, and
cells were washed with ice-cold sterile PBS. Flasks were incubated on ice for 20
minutes to detach the cells. The cells were then pelleted by centrifugation at 1200 x g
for 10 minutes at 4°C and resuspended in 500 ul of TYI-S-33 medium.

Cell density was determined using a Beckman cell-counter after 1:1000 dilution.
The suspension was adjusted to a final concentration of 3.3*107/ml. For
electroporation, 300 pl of the cell suspension was transferred to a 0.4 cm
electroporation cuvette, followed by addition of 50 ug of the plasmid DNA. The
suspension was gently mixed and incubated on ice for 10 minutes.

Electroporation was performed using Bio-Rad Gene Pulser under the following
conditions: 350 V, 1000 uF and 750 Q resistance. After electroporation, the cuvettes
were returned to ice for 5 minutes. The transfected cells were then transferred to a
16 ml culture tubes containing TYI-S-33 medium and incubated at 37°C in a
thermostat.

On the following day, the culture medium was exchanged, and selection
antibiotics were added depending on the experiment (Tab. 2).

Table 2: Selection antibiotics and concentrations

Geneticin (G418) 150 pg/ml
Puromycin (PUR) 25 ug/ml
Blasticidin (BLAST) 75 pg/ml

15



Then the culture medium was refreshed every third day until the cells formed a
monolayer. At that point, the concentration of the selection antibiotic was increased as
stated above (Tab. 7).

4.1.2c Subcloning

Single-cell subcloning was performed to obtain clonal populations of G.
intestinalis. Cultures were first incubated on ice for 20 minutes. Subsequently, 200 pl
of TYI-S-33 medium with the appropriate antibiotics was added to each well of 96-well
plates. Single-cell sorting was performed using the BD FACS Aria Fusion flow
cytometer (Imaging Methods Core Facility, BIOCEV), with one cell dispensed per well.
The plates were then hermetically sealed in plastic bags together with Oxoid
AnaeroGen sachets (Thermo Fisher Scientific) to establish anaerobic conditions.
Oxoid Resazurin Anaerobic Indicators were included to verify anaerobiosis during
incubation. After 4-7 days of incubation, clonal cell populations were identified by light
microscopy and transferred to 8 ml screw-cap glass culture tubes containing TYI-S-33

medium with selection antibiotics.

4.1.2d Long-term storage

For long-term storage, G. intestinalis cultures were preserved in liquid nitrogen
(-196°C) with 5% dimethyl sulfoxide as a cryoprotectant. For recovery, frozen cells
were thawed and transferred into a cultivation tube containing fresh TYI-S-33 medium
and incubated for 1-2 hours. To remove residual dimethyl sulfoxide, the medium was

exchanged after incubation and selection antibiotics were added.

4.2 Solutions and cultivation media

LB medium (Bertani 1951)
Composition Quantity
LB Broth (Lennox) 20 g/l

Sterilise by autoclaving
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S.0.C. medium (Hanahan 1983)

Composition Quantity
Tryptone (Oxoid) 20 g/l
Yeast Extract (Oxoid) 5 g/l
NaCl (Sigma-Aldrich) 10 mM
KCI (Sigma-Aldrich) 2.5mM
Glucose (Sigma-Aldrich) 20 mM
MgCl2 (Sigma-Aldrich) 10 mM
MgSO4 (Sigma-Aldrich) 10 mM

pH=7, sterilise by autoclaving, store in -20°C

TYI-S-33 medium (Keister 1983)

Composition Quantity / Concentration
Trypticase Peptone (Oxoid) 20 g/l
Yeast Extract (Oxoid) 10 g/l
NaCl (Lachner) 5qll
K2HPO4 (Sigma-Aldrich) 14/l
Glucose (Sigma-Aldrich) 10 g/l
KH2PO4 (Sigma-Aldrich) 0.6 g/l
L-cysteine x H20 (Sigma-Aldrich) 29l
L-ascorbic acid (Sigma-Aldrich) 0.2 g/
Ammonium ferric citrate (Sigma-Aldrich) 28 mgl/l
Adult or Fetal Bovine serum (Gibco) 10%
Bile bovine 0.1%
Penicillin-Streptomycin (Sigma-Aldrich) 10 000 U/ml, 10 000 pg/ml

pH=6.8, sterilise by Filter Steritop 0.22 um (Millipore), store in -20°C

PBS
Composition Concentration
NaCl (Sigma-Aldrich) 137 mM
KCI (Sigma-Aldrich) 2.7 mM
NazHPO4 x 12 H20 (Sigma-Aldrich) 10 mM
KH2PO4 (Sigma-Aldrich) 1.8 mM
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Blotting buffer

Composition Volume
10x Tris/Glycine/SDS buffer (BioRad) 100 mi
Methanol (Lach-Ner) 200 ml
dH20 700 mi
Blocking buffer
Composition Concentration
Low fat dry milk (NutriStar) 5%
Tween 20 0.25%
PBS
Ponceau S solution
Composition Concentration
Ponceau S (Merck) 5 g/l
Acetic acid 1%
2x PEM buffer
Composition Concentration
PIPES (Sigma-Aldrich) 20 mM
EGTA (Sigma-Aldrich) 2 mM
MgSO4 (Sigma-Aldrich) 0.2 mM

pH=6.9, sterilise by autoclaving, store in -20°C

PEMBALG buffer

Composition

Concentration

Bovine Serum Albumin (Sigma-Aldrich) 1%
L-lysine (Sigma-Aldrich) 100 mM
Gelatine (Sigma-Aldrich) 0.5%

2x PEM buffer
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4.3 Used antibodies

Rat monoclonal anti-HA primary antibody (Roche)
HRP-conjugated anti-rat secondary antibody (Sigma-Aldrich)

Alexa Flour 488-conjugated anti-rat secondary antibody (Thermo Fisher
Scientific)

4.4 Plasmids
4.4.1 pONDRA

The plasmid pONDRA (Fig. 3) was used to generate episomal overexpression
constructs. The coding sequence of the selected nuclear protein was cloned into the
plasmid, with a C-terminal double hemagglutinin (HA) tag. The plasmid also carries

antibiotic resistance genes: ampicillin (AMP) for bacterial selection and G418 for
selection in G. intestinalis.

" 3,600
2340 gene

pONDRA_2340
6,189 bp =1

o,)}m
S

%,

Figure 3: pONDRA plasmid with introduced coding sequence of GL50803 2340 as an example.
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4.4.2 pGdelP_PaqCl

The pGdelP_PaqCl plasmid (Fig. 4) was used for the gene knockout of Nbp35 3
(GL50803_0015324). This vector contains restriction sites for the PaqCl enzyme,
enabling efficient cloning of guide RNA (gRNA) spacer sequences specific to the
Nbp35_3 gene. It also carries a deletion cassette flanked by homologous sequences
5" untranslated region (UTR) (upstream) and 3'UTR (downstream) of Nbp35_3 locus.
These UTRs mediate targeted integration into the genome via homologous
recombination. The plasmid includes antibiotic resistance genes: ampicillin (AMP) for

bacterial selection and PUR for selection in G. intestinalis.

UG processing motif

FUTRGDH a0

3200

AT
L

il Pagtl,PaqCl
W ERNA scaffold

pGdelP_PagqCl_KO_Nbp3
5,869 bp

-

200

Figure 4: pGdelP_PaqCl plasmid with introduced 5°"UTR and 3’"UTR of Nbp35_3 gene (dark green) and
gRNA (grey).

20



4.5 Methods

4.5.1 Construct preparation

4.5.1a Gene amplification

The UTRs of Nbp35 3 were amplified by polymerase chain reaction (PCR)
using Q5 polymerase from genomic DNA of the G. intestinalis WBc6 (ATCC 50803)
cell line, purified with the E.Z.N.A. Tissue DNAKit. (Tab. 3, 4). For this purpose, specific

forward (fwd) and reverse (rev) primers were designed (Sigma-Aldrich) (Tab. 5).

Table 3: Q5 PCR reaction

Component Volume Final concentrations
Q5 High-Fidelity DNA 0.5 pl 0.02 U/ul
Polymerase (NEB)
5X Q5 Reaction Buffer (NEB) 10 pl 1x
fwd primer (10um) 2.5yl 0.5 uM
rev primer (10um) 2.5 ul 0.5 uM
10mM dNTPs (Fermentas) 1 ul 200 uM
Template DNA 1 ul < 1,000 ng
dH20 32.5 pl
Table 4: Q5 PCR program

Temperature Time Step
98°C 30s Initial Denaturation
98°C 10s 30 Cycles
50-72°C 30s
72°C 30s/kbp
72°C 2 minutes Final Extension
4°C o0 Hold
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Table 5: The primers used for amplification

Nbp35_3 (GL50803_0015324) Sequence (5°-3")

3'UTR fwd (Apal) AAAGGGCCCGTGACGTTTGATGGTCTGC
3°'UTR rev (Xbal) AAATCTAGAGACCAGTCTTCAAAGTGTGA
5'UTR fwd (Ascl) AAAGGCGCGCCGGTCTGGTTTGCAGAGAT
5'UTR rev (Avrll) AAACCTAGGTTATTTTCTCTGTGGTTGTATACC

The PCR product was separated by horizontal gel electrophoresis on a 1%
agarose gel. The gel was stained with SYBR Safe (Invitrogen) to enable visualization
under UV light using a UV Transilluminator (Syngene). GeneRuler DNA Ladder Mix
(Thermo Fisher Scientific) was used as the molecular weight standard. For sample
loading, 6% TriTrack DNA Loading Dye (Thermo Fisher Scientific) was used. The
desired DNA fragment was then excised from the gel and purified using the E.Z.N.A.
Gel Extraction Kit (Omega Bio-Tek).

4.5.1b Restriction

The amplified DNA fragments and the plasmid backbone were digested using
restriction enzymes (New England BioLabs) specific to each construct design.
Restriction enzymes and their corresponding reaction buffers (New England BioLabs)
were selected according to the requirements of each insert and plasmid, following the
manufacturer’s recommendations to ensure optimal activity (Tab. 6). The volume of
plasmid DNA used in each reaction was calculated to ensure a total of 10 ug DNA per
reaction (Tab. 7). Restriction reactions were incubated in a thermoblock at 37 °C for
2 hours, or at 16 °C ON.

Table 6: List of the restriction enzymes and reaction buffers

Restriction reaction Restriction enzymes Reaction buffer
Nbp35 3 5°'UTR Ascl, Avrll rCutSmart
Nbp35_3 3'UTR Apal, Xbal rCutSmart

22



Table 7: Overview of restriction reaction composition

Component Amount
Plasmid
Plasmid DNA 10 pg
Restriction enzyme 1 1l
Restriction enzyme 2 1l
Reaction buffer 5 ul
dH20 up to 50 pl
Insert
PCR product 30 ul
Restriction enzyme 1 1l
Restriction enzyme 2 1l
Reaction buffer 5 ul
dH20 up to 50 pl

Following digestion, reaction products were separated by horizontal agarose gel
electrophoresis in 1% agarose gels prepared in TAE buffer. DNA bands of the expected
size were visualized under UV light and excised from the gel. DNA fragments were
isolated using the E.Z.N.A. Gel Extraction Kit (Omega Bio-Tek, USA).

4.5.1c Ligation
Purified and digested DNA fragments and plasmids were ligated using T4 DNA

ligase (ThermoFisher, USA) (Tab. 8). The ligation reaction was incubated ON at 16 °C.

Table 8: The composition of restriction reaction

Component Volume
Plasmid 200 ng
Insert at a molar ratio 5:1
T4 DNA ligase 1ul
T4 DNA ligase buffer (10x) 2 ul
dH20 up to 25 ul
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4.5.1d Cloning of gRNA

gRNAs complementary to the gene of interest were designed using the

EuPaGDT online tool (http://grna.ctegd.uga.edu/). For each target, a pair of

complementary oligonucleotides was constructed. Cloning overhangs (CGGC and

AAAC) were added to facilitate integration into the plasmid (7ab. 9).

Table 9: Oligomer pairs for gRNA targeting the Nbp35_3

Oligonucleotide name

Sequence (5°-3)

Nbp35_3 gRNA 175_fwd

CGGCACGAGGAGCATGCTCTAGCCG

Nbp35 3 gRNA 175 rev

AAACCGGCTAGAGCATGCTCCTCGT

Nbp35_3 gRNA 891_fwd

CGGCGTGGCGTCAAGAAGATGTGTG

Nbp35_3 gRNA 891 _rev

AAACCACACATCTTCTTGACGCCAC

Nbp35 3 gRNA 872_revcom_fwd

CGGCATCACTGGCCTTTGTGAGTTG

Nbp35_ 3 gRNA 872_revcom_rev

AAACCAACTCACAAAGGCCAGTGAT

Subsequently, the oligonucleotides were diluted to 100 uM in dH20. The

annealing reaction was then prepared (Tab. 70). Annealing was performed by

incubation at 95 °C for 5 min, followed by gradual cooling to room temperature over

2.5 hours to ensure proper hybridization of the oligonucleotides.

Table 10: Composition of the annealing reaction

Component Volume
dH20 14 pl
Forward oligonucleotide (100 uM) 2 ul
Reverse oligonucleotide (100 uM) 2 ul
10x T4 ligase buffer 2 ul

For the cloning reaction (Tab. 17), annealed oligonucleotides were ligated into

the plasmid. The digestion-ligation reaction was incubated at 37 °C for 2 hours followed

by 65 °C for 10 min to inactivate the ligase and restriction enzymes.


http://grna.ctegd.uga.edu/

Table 11: Composition of the cloning reaction

Component Volume
dH20 13,5 ul
NEBuffer rCutSmart 2 ul
Plasmid (100 ng/pl) 1l
Annealed gRNA oligonucleotides 1l
PaqCl enzyme 1l
PaqCl activator 0,5 ul
T4 ligase 1l

Following ligation, competent E. coli cells were transformed. Subsequently, cells

were plated on LB agar with AMP (30 ug/ml) and incubated overnight at 37 °C. Several

colonies then were tested by PCR (see Chapter 4.5.1e). The remainder of each

positive bacterial suspension was grown in 5ml LB medium with AMP at 37 °C

overnight with shaking (220 rpm). Plasmid DNA was isolated using a E.Z.N.A. Plasmid
DNA Mini Kit I (Omega Bio-Tek). Verification of the cloned gRNA was performed by

sequencing (see Chapter 4.5.1f).

4.5.1e PCR testing of E. coli clones

A colony was picked with a pipette tip and resuspended in 50 ul of dH20. To lyse

the bacterial cells and release plasmid DNA, 10 pl of the suspension was transferred

into PCR tubes and placed in a thermal cycler. The program "Crack" was used for the

cell lysis (Tab. 12).

Table 12: "Crack" program

Temperature Time
94 °C 180 s
50 °C 180 s
94 °C 180 s
45 °C 180 s
94 °C 180 s
4°C o0
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The lysates were subsequently used as templates in PCR reactions prepared
with EmeraldAmp PCR Master Mix (Takara Bio, Japan) and specific primers (10 uM,
0.5 pl). The gRNA sequencing primer (5-GGTGCATGACCCGCAAGC-3') was used as
the forward primer, while the reverse primers are listed in Table 9. The thermal cycling

conditions are shown in Table 13.

Table 13: Emerald PCR program

Temperature Time Cycles
98°C 3 min 1
98°C 10 s 30
55-65°C 30s
72°C 1 min/kbp
72°C 2 minutes 1
4°C o0

PCR products were resolved by horizontal electrophoresis on 1% agarose gels

and visualized under UV illumination.

4.5.1f DNA sequencing
gRNA testing

Sanger sequencing was performed in 8 ul reactions containing 5 pmol of a T7
prom-long primer (5- GTAATACGACTCACTATAGGGC - 3°) and template DNA
adjusted to 3ng/100bp. The reaction was completed with nuclease-free water.
Sequencing reactions were submitted to an OMICS-Genomics Laboratory at BIOCEV.
The results were analysed using Geneious Prime software (versions 2024.0 and
2025.1.3).

Nbp35_3 knock-out in G. intestinalis

Sanger sequencing was also employed for detection of the changes in the
Nbp35_3 gene in a knock-out cell line. To cover the whole length of the gene, two
independent sequencing reactions were performed using primers shown in a table
(Tab. 14).
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Table 14: Primers used for Nbp35_3 sequencing

Name Sequence 5°-3°
Nbp35_3 control_F | CAACCTCTATTCCCATGCGCG
Nbp35_3 control_R | GAATGCATCATACCCAGGTG

4.5.2 G. intestinalis DNA, RNA isolation and cDNA synthesis

To isolate genomic DNA from G. intestinalis, E.N.Z.A. Tissue DNA Kit (Omega
Bio-Tek) was used.

To confirm the deletion of the Nbp35 3 in the knock-out cell line, PCR was
performed using cDNA as a template. Total RNA was extracted from fully grown
cultures using High Pure RNA Isolation Kit (Roche). Genomic DNA was removed by
adding 5 pl of 10x MgCI2 reaction buffer and 1 U/ul of DNase | (Thermo Fisher
Scientific). After 30 minutes of incubation at 37°C, enzymes were inactivated by
5 minutes of heating at 65°C with adding of 3 yl of 50mM EDTA.

cDNA was synthesized using the SuperScript Ill Reverse Transcriptase kit
(Invitrogen) with oligo(dT)i0 primers. The reaction was incubated at 50°C for
30 minutes and inactivated at 70°C for 15 minutes.

The presence of the Nbp35 3 transcripts was tested using gene specific primers
(Tab. 15). Beta-giardin gene (GL50803_004812) was used as a positive control. PCR

was performed with Q5 program.

Table 15: Primers used for ANbp35_3 testing
Name Sequence 5-3°
Nbp35_3 _cDNA_F | CATGTTGTGGTGGTGGTAGC
Nbp35_3_cDNA_R | GAATGCATCATACCCAGGTG
Beta-giardin_F CAAGGATATCCATATGTCTCTTGACGCCGAAGCACGA
Beta-giardin_R CAAGACGCGTGTGCTTTGTGACCATCGAGA

4.5.3 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
SDS-PAGE was performed to analyse protein expression in G. intestinalis.

Cultures (8 ml) were harvested at confluence. Culture tubes were placed on ice for

20 minutes. Cells were pelleted by centrifugation at 1200 x g for 10 minutes at 4°C,

washed once in 1 ml of cold sterile PBS, and transferred to microcentrifuge tubes. A
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second centrifugation step under the same conditions was performed and resulting
pellets were resuspended in SDS sample buffer. Samples were denatured by heating
at 95°C for 10 minutes and stored at -20°C prior to gel electrophoresis.

Protein separation was performed on vertical polyacrylamide gels, consisting of
15% resolving gel overlaid with a 5% stacking gel. Tris-Glycine-SDS buffer was used
as the running buffer. 15 yl of denatured lysates were loaded alongside 5 pl of
PageRuler Plus Prestained Protein Ladder (Thermo Fisher Scientific), which served
as a molecular weight reference. Electrophoresis was initiated at 100 V until proteins
migrated into the resolving gel. After, the voltage was increased to 180V and

maintained until the sample approached the bottom of the gel.

4.5.4 Western blotting

Proteins separated by SDS-PAGE were transferred onto a nitrocellulose
membrane using a blotting system (Biometra Fastblot). Prior to assembly, the
nitrocellulose membrane, gel and filter papers were incubated in blotting buffer to
ensure proper wetting and to prevent air bubbles during transfer. The blotting
“sandwich” was assembled on the anode of the blotting apparatus in the following
order: filter paper, nitrocellulose membrane, SDS-PAGE gel, filter paper. Excess buffer
was carefully removed to avoid current leakage. The cathode was placed over the
“sandwich”. Protein transfer was performed for 1 hour at a constant current, calculated
as 1.5 mA per cm? of gel area.

Following blotting, the nitrocellulose membrane was stained with Ponceau S
solution to visualize the transferred proteins. The membrane was subsequently
blocked to prevent nonspecific binding by incubation in blocking buffer for 1 hour at RT
on a rocking platform.

The membrane was then incubated with the primary rat monoclonal anti-HA
antibody diluted 1:1000 in blocking buffer for 1 hour at RT or ON at 4°C with gentle
agitation. Afterward, the sample was washed three times with blocking buffer for 10-20
minutes each on a rocker. Subsequently, the membrane was incubated with an
appropriate HRP-conjugated secondary antibody diluted 1:2000 in blocking buffer. This
was followed by two washes with blocking buffer and a final wash in PBS with 0,25%
Tween 20, each for 10-20 minutes on a rocking platform. The signal was developed by
applying 500-800 ul of Immobilon Crescendo Western HRP substrate (Millipore)
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directly onto the membrane and visualized using Amersham Imager 600 (GE
Healthcare, USA).

4.5.5 Immunofluorescence microscopy of G. intestinalis

Trophozoites were fixed by adding paraformaldehyde (Electron Microscopy
Sciences) directly to the growing culture to reach a final concentration of 1%. The
samples were incubated for 30 minutes at 37 °C in a microbiological incubator. After
fixation, the cells were pelleted by centrifugation at 900 x g for 5 minutes at 4 °C. The
supernatant was discarded, and the cells were washed in 1 ml of PEM buffer under
the same centrifugation conditions. The cells were then resuspended in PEM buffer at
a ratio of 150 ul per coverslip.

Coverslips were covered with 5 ul poly-L-lysine solution (Sigma-Aldrich) and
dried. Subsequently, 100 pl of the cell suspension was placed on the coverslips and
incubated for 15 minutes at RT to promote cell adhesion. Excess suspension was
removed, and the coverslips were gently dried using a stream of air.

Cell permeabilization was performed by incubating the coverslips in 0.1% Triton
X-100 (Sigma-Aldrich) for 10 minutes at RT. Afterward, the samples were washed three
times in PEM buffer for 10 minutes. To block nonspecific binding sites, the coverslips
were incubated in PEMBALG blocking buffer for 30 minutes at RT.

For immunostaining, the samples were incubated with the rat monoclonal anti-
HA antibody diluted in PEMBALG (1:1000) for 1 hour at RT. Subsequently, coverslips
with the cells were incubated with Alexa Fluor 488 (Thermo Fisher Scientific) diluted in
PEMBALG (1:1000) for 1 hour at RT in the dark. Afterward, the samples were washed
three times in PEM buffer for 10 minutes.

DNA counterstaining and mounting were performed by applying 20 ul of
VECTASHIELD Antifade Mounting Medium with DAPI (Vector Laboratories) directly
onto the samples. The coverslips were carefully mounted on the slides and sealed
using nail polish.

Fluorescence microscopy was performed using a Nikon Eclipse Ti-S inverted
confocal microscope fitted with a 100x oil immersion objective. Images processing and

analysis were carried out using Fiji software (version 1.53c) (Schindelin et al. 2012).

29



4.5.6 Enzymatic activity assay

The following chemicals were prepared for the enzymatic assay (Tab. 16):

Table 16: chemicals used for enzymatic activity assay

Chemical Concentration
KH2PO4 buffer (Penta), pH 7.4 100 mM
Methyl viologen (Sigma-Aldrich) 100 mM
Coenzyme A (CoA) (Cayman) 8.6 mM
Pyruvic acid sodium salt (Sigma-Aldrich) 715 mM
Triton X-100 (Sigma-Aldrich) 1%
B-Mercaptoethanol (Sigma-Aldrich) 143 M

G. intestinalis trophozoites were cultivated into 75 cm? culture flasks. After a

confluent monolayer had formed, the growth medium was replaced with cold PBS, and

the culture flasks were incubated on ice for 20 minutes. Subsequently, the cells were

harvested by centrifugation at 1200 x g for 10 minutes 4 °C and supernatant was

discarded. The pellet was then washed in 1 ml of PBS and resuspended in 1 ml of

PBS. To normalize the samples, dilution was performed based on optical density

measurement, followed by a third centrifugation step under identical conditions. Then,

pellet was resuspended in 300 pl PBS supplemented with 0.6 pl of the protease

inhibitors TLCK (10 pl) and leupeptin (10 pl).

Prior to use, KH2PO4 buffer was deoxygenated by sparging with N2 for

30 minutes. The assay was performed in an anaerobic cuvette with three chambers.

To the main chamber were added:
2 ml of KH2PO4 solution

30 pl of methyl viologen

20 pl of pyruvic acid sodium salt
50 ul of CoA

20 pl of B-Mercaptoethanol

Subsequently, one of the smaller chambers was loaded with 20 ul Triton X-100,

while varying volumes (8—30 pl) of the prepared cell suspension were placed into the

second chamber. After adding all components, the mixture was deoxygenated by

sparging with N2 for 5 minutes. Following incubation, the contents of the smaller
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chambers were released into the main chamber to initiate the reaction. Absorbance at
600 nm was monitored using UV-2600 UV-VIS spectrophotometer (Shimadzu, JPN).

4.5.7 Measurement of protein concentration
The protein concentration was measured using the Bicinchoninic Acid (BCA) Kit
for Protein Determination. A standard curve was prepared by adding BSA (1 mg/ml) to

a 96-well plate in the following volumes (ul):

0 25 6.25 12.5 18.75 25

and adjusting the volume to 25 ul with dH,O. To the designated wells, 2, 4, or 8 ul of
the cell suspension were added and brought to a final volume of 25 pl with dH,0O. The
BCA working solution was prepared by mixing BCA with 4% CuSO, x 5H,0 in a 50:1
ratio, and 200 pl of this mixture was added to each well. The plate was incubated at
60 °C for 15 minutes. Absorbance of the standards and samples was measured at
562 nm using the Synergy H1 multi-mode reader (Omega Bio-Tek, USA), and protein

concentrations were calculated from the standard curve.
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5 Results

5.1 Identification of a nuclear Fe-S proteins

5.1.1 Bioinformatic prediction of nuclear Fe-S proteins

To identify candidate nuclear Fe-S proteins in G. intestinalis, we analysed the

whole proteome using the MetalPredator tool

(https://metalweb.cerm.unifi.it/tools/metalpredator/), which predicts proteins containing

Fe-S clusters based on known amino acid sequence motifs. Protein localization was
DeepLoc-2.0

(https://services.healthtech.dtu.dk/services/DeeplLoc-2.0/) and complemented with

then predicted using

data from other organisms (Tab. 17). Based on this combined approach, eight putative
nuclear Fe-S proteins were selected (Tab. 18). Most of these candidates are enzymes
involved in DNA metabolism, including DNA replication, repair, or transcription
regulation.

Control nuclear proteins were selected according to previous studies (Mclnally

et al. 2019) (Tab. 18). These proteins are localized in the nucleus but do not contain

Fe-S clusters.

Table 17: The predicted Fe-S proteins in G. intestinalis

Gene Name Localization
GL50803_6175 Nitroreductase family protein Cytosol
GL50803 3042 Hybrid cluster protein lateral transfer candidate Cytosol
GL50803_7662 RNase L inhibitor Cytosol
GL50803 22677 Nitroreductase Fd-NR2 Cytosol
GL50803_10329 Ferredoxin Fd3 Cytosol
GL50803_6304 Fe-hydrogenase-1 Cytosol
GL50803_17063 Pyruvate-flavodoxin oxidoreductase Cytosol
GL50803 114609 Pyruvate-flavodoxin oxidoreductase Cytosol
GL50803_7195 Glutamate synthase Cytosol
GL50803 9662 Ferredoxin Fd1, Fd2 Cytosol
GL50803_15090 L-serine dehydratase Cytosol
GL50803_16519 AstB/chuR-related protein Cytosol
GL50803_24662 L-serine dehydratase Cytosol
GL50803 9368 Pyruvate-formate lyase-activating enzyme Cytosol
GL50803_4248 Diphthamide biosynthesis protein 1 Cytosol
GL50803 16125 Glycerol-3-phosphate dehydrogenase Cytosol
GL50803_4081 hypothetical (4Fe-4S binding domain-containing protein) Cytosol
GL50803 23325 hypothetical (4Fe4S Ferredoxin) Cytosol
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GL50803_0060379

GL50803_14604
GL50803_15324
GL50803_10969
GL50803_33030
GL50803_14821
GL50803_14519
GL50803_27266
GL50803_2013

GL50803_15196
GL50803_32838

GL50803_0060288

GL50803_10055
GL50803_6980
GL50803_4328
GL50803_5631
GL50803_102963
GL50803_35094
GL50803_92673
GL50803_16639
GL50803_27326
GL50803_7474
GL50803_16463

Table 18: Putative nuclear Fe-S proteins and controls

Controls
GL50803 21201
GL50803_2340
Fe-S proteins
GL50803 5631
GL50803 7474
GL50803_10055
GL50803_102963
GL50803 6980
GL50803 92673
GL50803 16639
GL50803_16463

Ferredoxin Fd1, Fd2

Nucleotide-binding protein 1
Nucleotide-binding protein 1
Nucleotide-binding protein 1

Narl

IscA (HesB domain-containing protein)

IscS

Fdx ([2Fe-2S] ferredoxin)

Grx5 (Glutaredoxin-related protein)

IscU (NifU-like protein)

Nful

BolA

DNA-directed RNA polymerase subunit D
DNA polymerase/primase

TFIIH basal transcription factor complex helicase subunit
TFIIH basal transcription factor complex helicase subunit
tRNA 2-methylthioadenosine synthase

DNA polymerase delta, catalytic subunit
CHL1-like protein/Rad3-related DNA helicase
Histone acetyltransferase Elp3

DNA polymerase alpha subunit A
DNA-directed RNA polymerase RPB3
O-sialoglycoprotein endopeptidase

mMRNA decapping protein
Its NLS was used to target Cas9 to nucleus

TFIIH basal transcription factor complex helicase subunit

DNA-directed RNA polymerase subunit RPB3
DNA-directed RNA polymerase subunit D
tRNA 2-methylthioadenosine synthase

DNA polymerase/primase

CHL1-like protein/Rad3-related DNA helicase

Histone acetyltransferase Elp3
O-sialoglycoprotein endopeptidase

5.1.2 Overexpression of potential nuclear Fe-S proteins

Cytosol
Cytosol CIA
Cytosol CIA
Cytosol CIA
Cytosol CIA
Mitosome
Mitosome
Mitosome
Mitosome
Mitosome
Mitosome
Mitosome
Nucleus
Nucleus
Nucleus
Nucleus
Nucleus
Nucleus
Nucleus
Nucleus
Nucleus
Nucleus
Nucleus

Size
29 kDa
17 kDa

117 kDa
36 kDa
37 kDa
58 kDa
60 kDa
90 kDa
65 kDa
26 kDa

To generate G. intestinalis cell lines overexpressing genes encoding putative

nuclear Fe-S proteins, the plasmid pONDRA with the gene sequences and C-terminal

double HA tag was used. These constructs were kindly generated and provided by

Martin Benda.
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The plasmids were transfected into the G. intestinalis WBc6 cell line by
electroporation. Following transfection, the cultures were selected in growth medium
supplemented with G418. Once stably growing monolayers of transfected cells were
established, cell lysates were prepared to verify expression of the genes.

Protein expression was analysed by SDS-PAGE followed by Western blotting.
A rat monoclonal anti-HA antibody was used as the primary antibody, and an
HRP-conjugated anti-rat secondary antibody was applied for detection. Signal was
visualized using an Amersham Imager 600 system (Fig. 5). Samples 10055, 16463,
and 102963 exhibited bands corresponding to the expected size. However, they also
showed a high number of non-specific degradation products. In contrast, two control
samples 20201 and 2340 and two predicted Fe-S proteins 6980 and 7474 displayed
clear bands of the expected size with only a minimal presence of non-specific

degradation products.

10055 20201 16463 5p21 102963 92673 16639 6980 7474 2340
kDa 37kDa 29kDa 26kDa 117kDa 58kDa 90kDa 65kDa 60 kDa 36 kDa 17 kDa

250

130
70
55

35

25

15

Figure 5: Verification of protein expression in G. intestinalis cells. The gene names of the predicted
nuclear Fe-S proteins and their corresponding expected molecular sizes are on the top of the picture.
Western blot analysis of G. intestinalis samples. Samples 10055, 16463, and 102963 show bands of
the expected size along with numerous non-specific degradation products. In contrast, control samples
20201 and 2340, 6980, 7474 display clear bands at the expected size with minimal non-specific

degradation.

5.1.4 Localization of potential nuclear Fe-S proteins
To determine the localization of the overexpressed proteins, we performed

immunofluorescence microscopy on G. intestinalis cells using a rat monoclonal anti-HA
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antibody and a fluorescently conjugated secondary antibody (ALEXA 488). A
fluorescent signal was detected in approximately 5-40% cells, depending on the
expressed protein. Although the nuclear localization was expected, the majority of
tested proteins were detected predominantly in the cytosol. However, for proteins 2340

and 7474 we observed both cytosolic and nuclear localization (Fig. 6).

2340-HAHA

5631-HAHA

6980-HAHA

7474-HAHA
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10055-HAHA

16463-HAHA

16639-HAHA
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102963-HAHA

Figure 6: Localization of potential nuclear Fe-S proteins. Immunofluorescence micrographs of G.
intestinalis cells stained with DAPI (blue) and labelled with a rat monoclonal anti-HA antibody (green).
The merged images show predominantly cytosolic localization for most tested proteins, while proteins

2340 and 7474 exhibit both cytosolic and nuclear localization. Scale bar: 5 ym.

In summary, we successfully identified the putative Fe-S nuclear protein
DNA-directed RNA polymerase subunit RPB3 (GL50803 7474) as a marker for

molecular analysis of the CIA pathway.

5.2 Knock-out of the CIA pathway protein Nbp35_3

Initially, we planned to generate knock-outs of all known genes of proteins
involved in the CIA pathway. However, upon identifying that a knock-out of Nbp35_3

had already been obtained, we decided to continue our work with this cell line.

5.2.1 Constructs preparation

For the knock-out of the Nbp35 3 gene, two pGdelP_PaqCl plasmids with
inserted 5'UTR and 3'"UTR were prepared. The integration cassette contained a single
gRNA, which differed between the two constructs. Each gRNA, referred to as 175 and
891 gRNA, targeted the Nbp35_3 protein coding sequence at a different site of the
coding sequence. Correct insertion of the DNA fragments into the plasmids was
confirmed by sequencing.

5.2.2 Knock-out generation and confirmation

For this experiment, the G. intestinalis WBc6 cell line expressing a HA-tagged
Cas9 endonuclease (WBc6-Cas9) was used. To introduce the plasmids into
G. intestinalis, transfection by electroporation was employed. The cultures were

maintained in the presence of selective antibiotics to promote the integration of the
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cassette. After G. intestinalis formed a confluent monolayer along the wall of culture
tube, subcloning was performed using flow cytometry with a cell sorter. Successful
subcloning was achieved only in the 175-gRNA cell line, whereas the 891-gRNA cell
line failed to grow in the 96-well plate.

To confirm the integration of the cassette, PCR was performed using forward
primer annealing downstream of the Nbp35 3 gene and a reverse primer annealing
within the integrated cassette. To assess the presence of the original gene, the same
forward primer was used in combination with a reverse primer annealing within the
Nbp35_3 coding region (Fig. 7).

ANbp35 WBc6 NC

gen int gen int gen int

Figure 7: The results of the PCR screening of the Nbp35_3 knock-out cell line. The genomic DNA
was isolated from the Nbp35_3 knock-out cell line and tested for the presence of the Nbp35_3 gene
(gen), the integration of the deletion cassette (int). Genome of a WBc6 cell line (WBc6) and dH20 (NC)

were used as a control. ES — expected size of the band. * — different size than expected. The PCR

products were separated by horizontal 1 % agarose gel electrophoresis.

The PCR result demonstrated both the integration of the deletion cassette and
the presence of the Nbp35 3 gene in the knock-out cell line. However, the band
corresponding to the Nbp35_3 gene was noticeably shorter than that observed in the
wild-type WBc6 cell line.

Based on these results, we decided to sequence the generated PCR product to
determine the changes that occurred in the Nbp35_3 gene (Fig. 8). The results show
a deletion of 202 base pairs within the coding region of Nbp35_3. This deletion disrupts

the open reading frame, likely resulting in non-functional protein synthesis or complete
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loss of protein expression. Based on these results, we conclude that the Nbp35_3 gene

has been inactivated in the knock-out cell line.

330,400 330,600 330,800 331,000 331,198 331,398 331,598 331,738 331,938 332,138
- ————————
- - —————————————

Kinase, NEK CDS MNucleatide-binding pratein 35 CDS

4

Figure 8: ANbp35_3 sequencing results. The sequencing results of the mutated gene indicate the

absence of a 202 bp fragment in the Nbp35_3 gene in the knock-out cell line.

Total RNA was then isolated from the clonal population. Part of the isolated total
RNA was reverse transcribed to obtain cDNA, while the remaining RNA was retained
as a negative control. Subsequently, DNA, cDNA and RNA samples were analysed for
the presence of Nbp35 3 gene by PCR amplification using primers specific to the
Nbp35_3 coding sequence. Beta-giardin gene was used as a reference control (Fig. 9).
These results confirm that the Nbp35_ 3 gene has been successfully deleted at the
genomic level and is not transcribed in the knock-out line. This suggests a complete

loss of Nbp35_3 expression.

Gene: Beta - giardin Nbp35
Cell line: KO WT KO WT

Figure 9: The results of the PCR analysis of DNA, cDNA and RNA of the Nbp35_3 in the knock-
out cell line. The PCR results confirmed the absence of the Nbp35 gene in both the genomic DNA and

cDNA of the knockout line. The PCR products were separated in 1 % agarose gel.
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In summary, the Nbp35_3 gene was successfully disrupted in G. intestinalis
using a CRISPR/Cas9 with 175-gRNA. Integration of the deletion cassette and removal
of a 202 bp fragment within the Nbp35_3 coding sequence were confirmed by PCR
and sequencing analyses. Furthermore, PCR screening of genomic DNA and reverse-
transcribed cDNA verified the loss of Nbp35 3 expression in the knock-out line,

indicating effective gene disruption at both the genomic and transcript levels.

5.3 Phenotypic analysis of ANbp35_3 cell line

5.3.1 Mass spectrometry proteomic profiling

To assess whether the knock-out of Nbp35 3 affected the overall gene
expression in G. intestinalis, a mass spectrometry-based proteomic analysis was
performed. Cell pellets from the WBc6 and ANbp35 3 cell lines were prepared and
sent for analysis to the OMICS Mass Spectrometry Core Facility at BIOCEV. The
acquired data were subsequently analysed.

Prior to analysis, all variant surface proteins (VSPs) were excluded from the
data due to natural expression variability during cultivation. As expected, the absence
of Nbp35_3 in the knockout cell line was confirmed. Additionally, a membrane protein
encoded by the gene GL50803 0017350 was found to be absent in the knockout cell
line. This protein is annotated as a hypothetical product in G. intestinalis, but homology
analysis suggests it may belong to the rhomboid-like or related derlin family. To
visualize the differences in protein abundance, volcano plot was generated (Fig. 10)

using  VolcaNoseR  (https://huygens.science.uva.nl/VolcaNoseR/).  Differential

expression analysis revealed that 53 proteins were significantly upregulated, and 28
proteins were downregulated in the ANbp35 3 cell line compared to the wild type.
Selected proteins such as PFOR, three subunits of the AP-2 complex and TFIIH P34
are highlighted in the volcano plot. These proteins were selected for annotation
because they are predicted to be dependent on the CIA pathway or are likely to be
indirectly affected by the absence of Nbp35_3.
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Figure 10: Volcano plot showing differential expression of 3719 proteins in the G. intestinalis.
ANbp35 3 cell line. Selected proteins with significant fold changes are highlighted. Increased
expression was observed for PFOR (GL50803_00114609, Fold Change = 4.63) and three of the four
subunits of AP-2 complex: a-adaptin (GL50803_0017304, Fold Change = 2.02), B-adaptin
(GL50803_0021423, Fold Change = 2.13), and o-adaptin (GL50803_005328, Fold Change = 2.16).
Decreased expression was observed for TFIIH P34 (GL50803_0013512, Fold Change = -2.06).
Significance threshold is 1.2.

Proteomic profiling revealed significant changes in the abundance of proteins
involved in redox metabolism, transcription, and membrane trafficking. These findings
support the essential role of Nbp35 3 in maintaining cellular homeostasis through the

maturation of Fe-S proteins.

5.3.2 PFOR activity

Based on the analysis of the mass spectrometry results, we decided to measure
the enzymatic activity of PFOR spectrophotometrically. The activity was determined in
the WBc6 (n=3) and ANbp35_3 (n=3) cell lines and subsequently compared. The
activity assay was performed in a single biological triplicate (Plot 7). A reduction in
PFOR activity was observed in the ANbp35_3 cell line (0.432 pmol/min/mg) compared
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to the wild-type WBc6 (0.646 umol/min/mg), corresponding to a 33.2% decrease.
However, statistical analysis using an independent samples t-test revealed that this
difference was not statistically significant (p = 0.080). These results suggest a possible

impairment of Fe-S cluster-dependent enzymatic activity.
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Plot 1: Comparison of PFOR enzymatic activity between WBc6 and ANbp35_3. A reduction of
PFOR activity was observed in ANbp35 3 (0.432 pmol/min/mg) compared to WBc6
(0.646 umol/min/mg). The measurement was performed in a triplicate. The data set was statistically

tested. An independent samples t-test indicated a non-significant effect of Group: p = 0.080.

In conclusion, we observed the absence of Nbp35_3 in the knock-out cell line
at the protein level, as revealed by mass spectrometry. Also, the knock-out led to
marked changes in the proteomic profile, including increased abundance of PFOR and
several subunits of the AP-2 complex. Despite the elevated PFOR protein levels, the
enzymatic activity assay indicated a reduced specific activity of PFOR in ANbp35_3
compared to the WBc6 cell line.
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6 Discussion

This study was divided into three main parts, each designed to contribute to
understanding of the CIA pathway in G. intestinalis: 1) Identification of nuclear Fe-S
proteins; 2) Knock-out of the CIA pathway proteins; 3) Phenotypic analysis of
ANbp35_3 cell line.

6.1 Identification of nuclear Fe-S proteins

Nuclear Fe-S proteins play a crucial role in DNA replication, repair and
maintenance of genome stability. The presence of Fe-S clusters in nuclear proteins
can support more diverse roles than just classic redox functions. They are essential for
enzymatic activity, structural integrity or redox sensing. However, in many cases, their
function in nuclear proteins is still not fully understood (Lill 2009). The existing research
suggests that these cofactors may play broader regulatory roles, which makes them
valuable targets for future studies.

This part of the thesis focused on identifying suitable nuclear Fe-S proteins
whose maturation depends on the CIA pathway downstream of the mitosomal ISC
pathway. These proteins could serve as potential experimental markers for the future
studies of the ISC and CIA pathways in G. intestinalis. Given that G. intestinalis lacks
respiratory chain and the maijority of ,classical aerobic” metabolism in the mitosomes,
which are dominant acceptors of Fe-S clusters. It represents an excellent model
system to study nonmitochondrial assembly and transport of the clusters.
G. intestinalis energy metabolism strongly depends on the activity of “anaerobic”
cytosolic Fe-S proteins such as PFOR, ferredoxins and hydrogenase, whose
maturation has also not been studied in any eukaryotic system. To further investigate
how Fe-S clusters are maturated and delivered into nuclear proteins in an anaerobic
eukaryote, we first needed to identify a Fe-S protein with nuclear localization.

Initially, a bioinformatic analysis was performed to identify potential candidate
proteins. Based on this analysis, ten proteins were selected for subsequent
characterization. Among them, two proteins served as a control, as their nuclear
localization was experimentally confirmed, but they lack a Fe-S cluster in their structure
(Tab. 18) (Mclnally et al. 2019).

To experimentally test the nuclear localization of the selected proteins, we

generated cell lines with episomal expressed gene copies. According to the results of
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protein expression verification, we chose four of the ten proteins: two controls: 20201
and 2340 and two predicted Fe-S proteins: 6980 and 7474 (Fig. 5). In samples 10055,
1646 and 102963 clear bands corresponding to the expected molecular size were
detected, indicating the presence of the correct product. However, in addition to the
specific bands, a substantial number of non-specific bands was also observed. These
additional bands are likely to represent degradation products, which could result from
two experimental reasons: (1) overexpression of the target nuclear protein, resulting in
abnormally high protein levels which may trigger degradation of these products, and
(2) interference from the HA-tag, which could affect the folding or protein stability. In
contrast, in samples 5631 and 16639 no detectable bands were observed, indicating
either very low expression level or a protein stability issue. In addition, in sample 92673
a single band was detected, although its size was significantly smaller than expected.

Fluorescence microscopy was used to study the subcellular localization of the
overexpressed proteins across ten different samples. Notably, nuclear localization was
observed in only two samples: 2340 (control) and 7474 (DNA-directed RNA
polymerase subunit RPB3), while the remaining proteins localized to the cytosol.

Possible explanation is that DNA or RNA metabolizing proteins can functionally
shuttle between the nucleus and cytoplasm or the episomal expression generates an
excess of the nuclear protein that is actively exported to the cytosol. It is also possible
that the presence of the HA-tag masks the nuclear localization signal, which may
reduce the efficiency of nuclear import. These results highlight how cells control protein
localization, especially when experimentally manipulated. To avoid these issues, in situ
tagging of the protein can be used, which maintains expression at endogenous levels.
Additionally, to prevent the masking of the nuclear localization signal, placing the tag
at the N-terminus would be an alternate solution.

According to obtained data, subunit RPB3 of DNA-directed RNA polymerase I
(GL50803_7474) was selected as a molecular marker for analysis of the CIA pathway
and other future experiments. RPB3 contains a [4Fe-4S] cluster and functions as a
scaffolding subunit that initiates the assembly of the RNA polymerase |l complex
through the formation of a heterodimer with RPB11 (Benga 2005). Initially, we also
planned to combine the knock-out of the Nbp35_3 with the overexpression of RPB3 to
determine the impact of the CIA pathway defect on nuclear Fe-S proteins. The planned
approach involved measuring the incorporation of °°Fe into the target protein. Mutant

and control cells would be incubated with >°Fe, followed by pull-down using the HA-tag.
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The level of incorporated iron would then be analyzed by scintillation counting or
detecting the radioactive signal on a native gel. However, this part of the experiment
could not be performed due to the time limitation. It will be important to complete these

studies in the future.

6.2 Knock-out of the CIA pathway proteins

The CIA pathway in G. intestinalis is very reduced compared to other
eukaryotes. Our model organism lacks the Atm1 transporter, which links the ISC
pathway with the CIA machinery by X-S or [2Fe-2S] export. The CIA pathway includes
the scaffold protein Nbp35, the cluster carrier Nar1, and the targeting factors Cia1 and
Cia2. In addition, electron transfer protein Tah18 may also be present. G. intestinalis
lacks Bol2-Grx3 complex, Dre2 and Mms19 from the CTC (Pyrih et al. 2016;
MotyCkova et al. 2023). Together, these data suggest that G. intestinalis contains
highly reduced pathway for the cytosolic Fe-S cluster assembly or possibly, other yet
unknown lineage-specific proteins participate in this process.

The second part of the thesis aimed to dissect the functional importance of
individual components of the CIA machinery. To achieve this, we attempted targeted
knock-outs of the genes encoding proteins of interest. The generation of these knock-
out lines was essential for assessing the impact of CIA component disruption on the
phenotype of G. intestinalis.

At the beginning of the project, we aimed to generate knock-out for all genes of
proteins involved in the CIA pathway, including Tah18, three paralogues of Nbp35,
Nar1, Cia1 and Cia2. For each gene, three different knock-out constructs were
designed and prepared. Despite these efforts, the only successful knock-out we
generated was one of the three paralogs of Nbp35. This protein was previously
localized to the cytosol, while the other two paralogues showed both mitosomal and
cytosolic localization (Pyrih et al. 2021). We hypothesize that G. intestinalis possesses
three Nbp35 paralogues because each one may act as a specific carrier for a different
subset of cytosolic or nuclear Fe-S target proteins. The inability to generate knock-out
cell lines for other CIA components suggests that these proteins are essential for G.
intestinalis viability. Their complete removal likely leads to the absence of Fe-S clusters
in essential nuclear or cytosolic proteins which is incompatible with the cell survival.

Some of the other putative knock-out cell lines, including ANar1 and ACia1, were able
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to survive only for a few generations. They never formed a complete monolayer, and
the cultures died out after several passages. In future experiments, we will attempt to
establish conditional knock-out strategy for these genes or establish cells line with only
partial deletion of four gene alleles.

In the case of Nbp35 3, it is possible that complete removal of the gene was
possible because the other Nbp35 paralogs are at least partially redundant and may
compensate for of the loss of one variant (Pyrih et al. 2021). Alternatively, the target
Fe-S proteins that are dependent on the activity of Nbp35_3 are not essential for

G. intestinalis survival.

6.3 Phenotypic analysis of ANbp35_3 cell line

The third part involved the analysis of the ANbp35_3 mutant cell line, as this
was the only viable knock-out we were able to obtain. The observed phenotype
provided insights into the biological role of Nbp35_ 3 in our model organism.

To analyse phenotypic changes in the G. intestinalis knock-out lines, mass
spectrometry analysis was performed. Initially, we expected to observe alterations in
the expression of nuclear and cytosolic proteins containing Fe-S clusters. The results

of our study revealed the following findings:

1) A decrease in the expression of subunit P34 of the transcription factor TFIIH
(GL50803 0013512, Fold Change = -2.06). The TFIIH complex is essential for
RNA polymerase |l transcription initiation and nucleotide excision repair. The
P34 subunit serves as a scaffold within the core complex (Zachayus et al. 2025).
Although this subunit does not contain a cluster itself, the TFIIH complex
includes the XPD helicase, which harbours a [4Fe-4S] cluster (Kuper et al.
2014). Therefore, the knock-out may have an indirect effect on the structure and

function of this complex.

2) Anincrease in the expression of three out of four subunits of the adaptor protein
complex 2 (AP-2) was detected: a-adaptin (GL50803 0017304, Fold
Change = 2.02), B-adaptin (GL50803_0021423, Fold Change = 2.13), and
o-adaptin (GL50803_005328, Fold Change = 2.16). AP-2 is a heterotetrameric

complex functions as a clathrin adaptor during clathrin-mediated endocytosis
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and encystation. It links cargo proteins at the plasma membrane to the clathrin
coat that drives vesicle formation (Collins et al. 2002). The upregulation of these
subunits in the knock-out line may indicate a cellular response to Fe-S cluster
deficiency. It is likely that the cell activates endocytosis as a compensatory

mechanism to increase iron uptake and restore Fe-S cluster biogenesis.

3) Anincreased expression level was observed for PFOR-2 (GL50803_00114609,
Fold Change = 4.63). This cytosolic protein contains three [4Fe-4S] clusters that
play a key role in electron transfer (Chabriére et al., 1999). The upregulation of
this enzyme may indicate that, in the absence of Fe-S clusters, PFOR-2
becomes less functionally active, prompting the cell to increase its expression
to compensate for reduced enzymatic efficiency. It is possible that Nbp35_ 3
specifically participates in the biosynthesis of clusters to PFOR-2, as the
expression levels of other Fe-S-containing proteins, and specifically of the other
PFOR gene (PFOR-1), remained unchanged. This observation may suggest a
specialized functional relationship between Nbp35 3 and PFOR-2 in

G. intestinalis.

Subsequently, we measured the enzymatic activity of PFOR in both the WBc6
and ANbp35 3 cell lines (Plot 1). Pyruvate was used as a substrate, methyl viologen
as an electron acceptor. WBc6 shows a PFOR activity 0.646 pmol/min/mg of protein,
which corresponds to the wild-type enzymatic determined activity in previous work
(Townson et al. 1996) (0.612 umol/min/mg of protein). ANbp35_3 cell line showed a
33% reduction in PFOR activity (0.432 pmol/min/mg of protein). However, an
independent samples t-test indicated that this difference was not statistically
significant. The lack of statistical significance may be attributed to the limited number
of biological replicates (n=3) used in the assay, yet a clear trend toward decreased
activity was observed. In future experiments, we plan to include more biological
replicates to improve statistical power.

It is important to note, that the total PFOR activity measured in our assay
represents combined enzymatic activities of PFOR-1 and PFOR-2. As a consequence,
we cannot determine whether the observed activity changes are specific to PFOR-1,
PFOR-2 or both.
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Based on the data, three possible interpretations of the observed phenotype

related to PFOR are suggested:

1. ANbp35_3 cells reduce activity of both PFOR isoforms: There is a defective
delivery of Fe-S cluster to both PFORs in the ANbp35_3 cell line, and the cell
responses (for yet unknown reason) only via upregulating the expression of
PFOR-2.

2. ANbp35_3 cells reduce activity only of PFOR-1: There is a defective delivery of
Fe-S cluster only to PFOR1 and the cells respond vis compensatory
upregulation of PFOR-2 expression. This cellular response reflects an attempt
to restore pyruvate decarboxylation and maintain energy metabolism by

increasing the expression of an alternative isoform with overlapping function.

3. ANbp35_3 cells reduce activity of PFOR-2: The absence of functional PFOR-2
activity may trigger a compensatory increase in the expression of its gene. This
represents a cellular rescue mechanism aimed at restoring metabolic function.
However, if the enzyme remains inactive due to cofactor deficiency, increased

expression alone may not be sufficient to recover enzymatic activity.

In future work, PFOR-1 and PFOR-2 may be distinguished based on their
substrate specificity. PFOR-1 is suggested to be strictly specific for pyruvate, while
PFOR-2 may metabolize other substrates (Townson et al. 1996). This difference can
be accessed via in vitro enzyme assays using pyruvate or other oxoacids
(ketobutyrate, oxalacetate) as a substrate. Alternatively, the presence of clusters in the
two PFORSs can be detected using >°Fe labelling of Fe-S proteins and their separation
on native protein electrophoresis, since the two enzymes exhibit different mobilities in

the gel.
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7 Conclusion

This study investigated the role of CIA pathway proteins in the biogenesis of Fe-
S clusters on cytosolic and nuclear proteins in G. intestinalis, which has a highly
reduced form of mitochondria called mitosome. Through a combination of bioinformatic
prediction and overexpression analyses, we identified subunit RPB3 of DNA-directed
RNA polymerase (GL50803 7474) as a suitable nuclear Fe-S protein marker.

We also successfully generated a gene knock-out of the CIA protein Nbp35 3
using CRISPR/Cas9 and confirmed the loss of its transcript and protein product.
Proteomic analysis of the ANbp35_3 cell line revealed shifts in protein abundance,
including decreased level of TFIIH P34 (GL50803 _0013512), increased levels of three
of the four AP-2 complex subunits: a- (GL50803_0017304), B- (GL50803_0021423),
o- (GL50803_005328) adaptins and PFOR-2 (GL50803_00114609). Interestingly,
although PFOR protein levels were elevated, its enzymatic activity declined, indicating
that Fe-S cluster biogenesis defects may uncouple protein expression from functional
capacity.

Overall, our findings confirm that the CIA machinery in G. intestinalis plays an
essential role in cellular Fe-S protein maturation. The results underscore the protist’s
evolutionary adaptation to an anaerobic lifestyle while retaining a functionally critical

Fe-S assembly system.
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8 List of Abbreviations

AMP — ampicillin

AP-2 — adaptor protein complex 2
BCA - bicinchoninic acid

BER — base excision repair

CIA — cytosolic iron-sulphur cluster assembly
CoA — coenzyme A

CTC - CIA targeting complex
Endolll — endonuclease Il

Fe-S cluster — iron-sulphur cluster
fwd — forward

G418 — geneticin

gRNA — guide RNA

HA — hemagglutinin

HRP — horseradish peroxidase

ISC — iron-sulphur cluster assembly
NOR - nitric oxide reductase

ON - overnight

PBS — Phosphate-Buffered Saline
PCR — polymerase chain reaction
PFOR - pyruvate:ferredoxin oxidoreductase
Pol — polymerase

PUR — puromycin

rev — reverse

RT — room temperature

RTEL1 - regulator of telomere elongation helicase 1

SDS-PAGE - sodium dodecyl sulfate polyacrylamide gel electrophoresis

TERRA — telomeric repeat-containing RNA
UTR — untranslated region

XPD — xeroderma pigmentosum group D
X-S — sulphur-containing intermediate
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