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Abstract

The synthesis of iron-sulfur clusters is an essential cellular process, which depends on
complex biosynthetic pathways. In model eukaryotes, these pathways are the ISC
pathway in the mitochondria and the CIA pathway in the cytosol. A recent genome and
transcriptome analysis showed, that an amitochondriate protist Monocercomonoides
exilis lacks the canonical ISC pathway, which has been replaced by a bacterial SUF
pathway. A close free-living relative of M. exilis, Paratrimastix pyriformis possesses a
mitochondrion-related organelle, yet also possesses a SUF pathway instead of ISC. The
acquisition of the SUF pathway has been suggested as the primordial cause for
mitochondrial loss in M. exilis, which is the first documented eukaryotic organism
without a mitochondrion.

The SUF pathway has been the subject of numerous studies in bacteria, however, its
role as the core provider of iron-sulfur clusters for eukaryotic cells has been reported in
merely a handful of eukaryotes and was based predominantly on genomic data. This thesis
focuses on the putative ATPase SufC and the putative scaffold protein SufB. Both proteins
were successfully produced in recombinant forms. SufC has been found to possess
ATPase activity in vitro, which was increased upon interaction with SufB. The conditions
for the ATPase activity of SufC have been standardized. The recombinant form of SufC
has been used to prepare an antibody, which was utilized to attempt the localization of the
SUF pathway in the cell of both M. exilis and P. pyriformis with little success. An in vitro
interaction between SufB and SufC from M. exilis has been proved using size exclusion
chromatography, suggesting an in vitro formation of a complex with a size corresponding
to either a SufB2C or SufBC; stoichiometry and its potential dimerization in the presence
of ATP.



Abstrakt

Syntéza zelezo-sirnych center je nepostradatelny bunécny proces, ktery je zavisly na
slozitych biosyntetickych drahach. U modelovych eukaryot jsou témito drahami ISC v
mitochondrii a CIA v cytosolu. Nedavna analyza genomu a transkriptomu
amitochondrialniho prvoka Monocercomonoides exilis prokazala, ze tento organismus
postradd ISC drahu, ktera byla nahrazena bakteridlni SUF drdhou. Blizky volné Zijici
piibuzny M. exilis, Paratrimastix pyriformis, obsahuje organely pfibuzné mitochondrii,
ptesto zde byla ISC draha také nahrazena drahou SUF. Ziskani SUF dréhy je povazovano
za podminku pro ndslednou ztratu mitochondrie u M. exilis, ktery je prvnim
zdokumentovanym eukaryotickym organismem zcela bez této organely.

SUF dréha byla doposud pfedmétem mnoha studii u bakterii, avSak jeji role hlavniho
poskytovatele zelezo-sirnych center pro eukaryotické buiiky byla popsana pouze u
nckolika pfipadil, a to predev§im na zikladé¢ genomickych dat. Tato prace se zabyva
domnélou ATP4zou SufC a domnélym proteinovym leSenim SufB. Oba proteiny byly
uspésné izolovany v rekombinantni form¢. U SufC byla namétena ATPazova aktivita,
kterd by zvySena za ptitomnosti SufB. Podminky pro ATPazovou aktivity SufC byly
standardizovany. Rekombinantni forma SufC byla pouzita k ptipravé protilatky, ktera
byla pouzita k lokalizaci SUF drahy v bunikach M. exilis a P. pyriformis, bez zjevného
uspéchu. In vitro interakce mezi SufB a SufC z M. exilis byla prokdzana za pouziti gelové
filtrace. Chromatografickd data poukazuji na in vitro tvorbu komplexu o velikosti
odpovidajici SufB>C nebo SufBC: stechiometrii a dimerizaci komplexu za pfitomnosti
ATP.
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1 Introduction

Monocercomonoides exilis is a microaerophilic flagellate protist, which inhabits the large
intestine of rodents, such as the long-tailed chinchilla (Chinchilla lanigera) (Nie 1950).
This organism was recently found to be the first known eukaryote which possesses no
mitochondria nor mitochondrion-related organelle (MRO) (Karnkowska et al. 2016).
Since a microaerophilic or anaerobic lifestyle is believed to have led to the reduction of
mitochondria to mitochondrion-related organelles in protists (ranging from anaerobic
mitochondria to hydrogen-producing mitochondria, hydrogenosomes and mitosomes
(Roger, Munoz-Gomez, and Kamikawa 2017)), it is believed the ancestors of M. exilis
possessed mitochondria, hence its loss is a secondary event. This theory is supported by
the fact that a close free-living relative of M. exilis, Paratrimastix pyriformis, an
inhabitant of freshwater anaerobic sediments, possesses a hydrogenosome-like MRO
(O’Kelly, Farmer, and Nerad 1999).

The only known conserved function throughout almost all mitochondria and MROs
is the synthesis of small inorganic cofactors called iron-sulfur clusters (Tachezy and Smid
2007). These cofactors are parts of many important proteins and play different roles such
as electron transfer and iron homeostasis regulations. Pathways for the iron-sulfur cluster
synthesis are present in all cells without exceptions. In model eukaryotic cells, iron-sulfur
cluster synthesis is carried out in the mitochondrion via the ISC pathway, and in the
cytosol via the CIA pathway, which is ISC pathway-dependent. The ISC pathway is
present in virtually all mitochondria including the most reduced mitosomes. Both M.
exilis and P. pyriformis lack the ISC pathway and instead possess a bacterial SUF pathway
acquired via lateral gene transfer. Experiments with heterologous expression of M. exilis
SUF pathway proteins in yeast and 7. vaginalis suggest this pathway is localized in the
cytosol. It is believed the acquisition of the SUF pathway by a common ancestor of M.
exilis and P. pyriformis and its localization in the cytosol made the ISC pathway and the
MRO of M. exilis ancestor dispensable, and ultimately led to the complete loss of
mitochondria in this organism (Karnkowska et al. 2016). So far, these findings have been
supported predominantly by genomic data, and no experiments have been conducted
regarding the function of the SUF pathway in both M. exilis and P. pyriformis. As the
main objective of this thesis I would like to provide experimental evidence for the
function of the SUF pathway in M. exilis by characterizing the ATPase component SufC
and its interaction with the scaffold protein SufB in vitro, as well as attempt to localize

this pathway in situ in both M. exilis and P. pyriformis.



2 Review of literature

2.1 Monocercomonoides exilis

The genus Monocercomonoides belongs to the family Polymastigidae (Oxymonadida,
Preaxostyla, Metamonada, Excavata). Oxymonads are a diverse group of flagellate
protists which may be found in the digestive tract of both vertebrates and invertebrates.
The largest diversity of oxymonads is in the hindgut of termites and wood-eating
cockroaches, where these protists help their host in wood particle digestion and possibly
the digestion of cellulose. Oxymonads are associated with diverse species of prokaryotic
symbionts on their surface and inside their cells, which offers an interesting area for
protistologists to research, but can make it difficult to establish these organisms in axenic

culture (Hampl 2017; Treitli et al. 2019).

Monocercomonoides exilis (Figure 1) is a symbiont of the large intestine of
caviomorph rodents such as guinea pigs and chinchillas (Nie 1950). The exact
relationship between this protist and its host has not yet been described, however, it is
believed to be commensalism rather than parasitism. The cell of M. exilis is relatively
small (~6 um) with four flagella and a complex cytoskeleton (Treitli et al. 2018). The
most distinctive feature of this protist has been revealed in 2016 in its genome and
transcriptome analysis, in which M. exilis was proven to be the very first known
eukaryotic organism to completely lack a mitochondrion (Karnkowska et al. 2016). In
these analyses, no mitochondria hallmark genes were found, including any parts of the
Iron-Sulfur Cluster synthesis pathway (ISC). Iron-sulfur cluster synthesis is an essential
part of all mitochondria and mitochondrion-related organelles, and at the same time, it is
vital for all cells. Instead of the ISC pathway, components of the SUF (Sulfur
Mobilisation) pathway were retrieved from M. exilis genome. Presumably, the SUF
pathway was acquired by lateral gene transfer from bacteria and started producing iron-
sulfur clusters in the cytosol, which lead to the ISC pathway no longer being essential for

the cell. This could have led to the loss of ISC and the subsequent loss of mitochondria.
2.2 Paratrimastix pyriformis

Paratrimastix pyriformis (Figure 1) is a free-living flagellate protist, which inhabits
anoxic sediments in freshwater environments. It belongs to the family Paratrimastigidae
(Preaxostyla, Metamonada, Excavata) and it is a close free-living relative of oxymonads
including M. exilis (Hampl 2017). Unlike M. exilis, this protist possesses mitochondria,
more accurately mitochondrion-related organelles (MRO), which are morphologically

similar to hydrogenosomes (O’Kelly, Farmer, and Nerad 1999). Similarly to M. exilis, no
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signs of the ISC pathway were found in its genome, and this pathway was replaced by the
SUF system. It is assumed that the SUF system was acquired by a common ancestor of
these two organisms, leading to the loss of ISC in both, and the loss of mitochondria
altogether in the case of M. exilis (Karnkowska et al. 2016; Vacek et al. 2018).

Figure 1: DIC images of M. exilis (A, adopted from Karnkowska and Hampl, 2017) and P. pyriformis
(B, adopted from Hampl 2017). Size bars: 10 pm.

2.3 Iron-sulfur clusters

2.3.1 The function and structure of iron-sulfur clusters

Iron-sulfur clusters (Fe-S) are small inorganic cofactors composed of iron and inorganic
sulfur. These prosthetic groups are vital parts of all cellular life forms on Earth. Many
proteins that take part in essential cellular processes have an iron-sulfur cluster cofactor.
In these proteins, iron-sulfur clusters perform diverse functions. Their best-known
function is the transfer of electrons in the protein complexes of respiratory and
photosynthetic electron-transport chains and redox enzymes (Broderick, 2003). However,
iron-sulfur clusters may also act as enzyme catalytic centres, they can activate or
inactivate enzymes by conversion to different oxidative states or ligand-exchange and can
be inserted or removed from proteins (Beinert 1997). Some of these functions are utilized
by proteins during essential processes such as DNA mismatch repair, citrate cycle, gene
expression, regulation, tRNA modification and iron and oxygen sensing (Xu and Meller
2011). There are various types of iron-sulfur clusters. The most common are the thombic
[2Fe-2S] and cubane [4Fe-4S] clusters (Figures 2 and 3). More complex clusters are
usually formed by the fusion of these simple clusters and can sometimes include other

metals in their structure (Beinert 1997).
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Figure 3: Cubane [4Fe-4S] iron-sulfur cluster
(adapted from Xu and Mgller 2011).

2.3.2 lIron-sulfur cluster synthetic pathways

The synthesis of iron-sulfur clusters is carried out by intricate biochemical machineries,
all of which follow a general scheme outlined in Figure 4 (Roche et al. 2013). A cysteine
desulfurase cleaves sulfur from L-cysteine with a free L-alanine by-product. Iron is
provided by a yet unconfirmed donor, however, iron-containing protein frataxin has been
proposed to be the most probable source in the case of ISC (Stemmler et al. 2010). The
cluster itself is then synthesized on a protein scaffold and subsequently, carrier proteins

mediate the insertion of the cluster into target apoproteins (Roche et al. 2013).
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Figure 4: Schematic representation of iron-sulfur cluster synthesis. A cysteine desulfurase cleaves sulfur
from L-cysteine whilst producing L-alanine. Iron is provided by a yet unknown donor. Iron-sulfur cluster is
synthesized on a protein scaffold and carrier proteins facilitate insertion of the cluster into target apoproteins
(adapted from Roche et al. 2013).



In prokaryotes, three different synthetic pathways are known. The iron-sulfur cluster
pathway (ISC) is the so-called housekeeping system and forms most iron-sulfur clusters
in bacteria. In E. coli, the SUF pathway is called upon to respond to iron starvation or
oxidative stress (Blanc et al. 2014). Nitrogen fixation system (NIF) was described in
nitrogen-fixing bacteria Azotobacter vinelandii for the assembly of nitrogenase (Jacobson
et al. 1989). In model eukaryotic cells, such as the yeast Saccharomyces cerevisiae, iron-
sulfur cluster synthesis is carried out by the ISC pathway in mitochondria. Cytosolic and
nuclear iron-sulfur clusters are synthesized by the cytosolic iron-sulfur assembly pathway
(CIA), which does not possess its own cysteine desulfurase and is solely dependent on a

sulfur-containing compound provided by the ISC pathway.

2.3.3 The ISC pathway

The ISC pathway has been well described in both prokaryotic and eukaryotic model
organisms. The eukaryotic mitochondrial ISC has been inherited from a prokaryotic
ancestor of mitochondria (Sagan 1967). For a better understanding of evolutionary
processes regarding the pathway, overviews of both prokaryotic ISC (as described in
Escherichia coli) and eukaryotic ISC (as described in Saccharomyces cerevisiae) are

provided in the following paragraphs.

2.3.3.1 The ISC pathway in E. coli

In the first step, sulfur is cleaved from L-cysteine by the IscS cysteine desulfurase. IscS
is a pyridoxal-5’-phosphate (PLP)-depending enzyme and it cleaves sulfur from L-
cysteine in the form of a persulfide. A by-product of this reaction is free L-alanine
(Schwartz et al. 2000). Persulfide is then transferred from IscS to the scaffold protein,
IscU, on which the [2Fe-2S] cluster assembly takes place (Urbina et al. 2001). A bacterial
homolog of frataxin, Cyay, is involved in the cluster assembly as well. This is an iron-
binding protein, which interacts with IscS in vitro and is believed to be the provider of
iron for the cluster assembly (Adinolfi et al. 2009). [4Fe-4S] clusters are also produced
on the IscU scaffold. This is achieved by the fusion of two [2Fe-2S] clusters, which is
accompanied by their ferredoxin-mediated reduction (Chandramouli et al. 2007). The
cluster is then released from the scaffold by a DnaK-type chaperone HscA, which is
controlled by its DnaJ-type co-chaperone HscB, in an ATP-dependent process (Hoff,
Cupp-Vickery, and Vickery 2003; Silberg et al. 2004). In the final step, the cluster is
transferred to the apoprotein by two A-type carrier proteins. Firstly, the cluster is

transferred from IscU to IscA, which further transfers the cluster to ErpA, facilitating the
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insertion of the cluster into the recipient apoprotein (Loiseau et al. 2007; Gupta et al.

2009). An overview of the pathway is provided in Figure 5.

L-cysteine

| ®\ ATP
s — ‘ — &ADP + Pi ey

Figure 5: General scheme of the ISC pathway in E. coli. IscS cleaves sulfur from L-cysteine, the cluster
is assembled by IscU. Chaperones HscA and HscB facilitate the release of the cluster from IscU and its
transfer to carrier proteins IscA and ErpA, which transfer the cluster into recipient apoproteins (adapted
from Roche et al. 2013).

2.3.3.2 The ISC pathway in S. cerevisiae

The eukaryotic version of the ISC pathway is slightly more complex than its ancestral
prokaryotic counterpart (Figure 6). Most importantly, the mitochondrial ISC pathway is
divided into two parts. The so-called “early ISC”, mostly composed of proteins
homologous to the prokaryotic ISC, is responsible for the formation of [2Fe-2S] clusters.
The “late ISC machinery” follows the early one and assembles [4Fe-4S] clusters
(Braymer and Lill 2017). The cysteine-desulfuration step in S. cerevisiae is carried out by
an IscS-homologue called Nfs1, which acts as part of a larger complex accompanied by
two proteins, Isd11 and the acyl carrier protein 1 (Acpl). These two proteins are unique
to eukaryotes and do not have prokaryotic homologues. Although their precise function
has not yet been described (Muhlenhoff 2003; Richards and van der Giezen 2006), Acp1
has been ascribed a regulatory role in cluster formation (Boniecki et al. 2017). The cluster
formation step is executed by two IscU homologs, Isul, and Isu2 (Muhlenhoff 2003). The
source of iron for the assembly step remains uncertain, the most probable candidate seems
to be frataxin (Ythl, yeast frataxin homolog) (Stemmler et al. 2010). The assembly step
1s accompanied by a small electron-transport chain consisting of two proteins, ferredoxin
(Yahl) and ferredoxin-reductase Arhl. This process is NADH-dependent. It has been
speculated that this chain takes part in the reduction of sulfur (S° -> S?*) however further
studies would be required to support this theory (Lange et al. 2000; Sheftel et al. 2010;
Shi et al. 2010). The release of the cluster from the scaffold is in this case also carried out
by a DnaK-type chaperone, a HscA-homologue Ssql. Ssql has two co-chaperones, a
HscB-homologue Jacl and a second co-chaperone Mgel. The process of cluster release

i1s ATP-dependent, just like in E. coli. The ATPase activity of Ssql is accelerated by Jacl.



Mgel replaces ADP of Ssql for ATP, thus regenerating its function (Uzarska et al. 2013).
The [2Fe-2S] cluster is then received by Grx5 (monothiol glutaredoxin 5) which mediates
the insertion of the cluster to recipient proteins throughout the mitochondria and provides
the [2Fe-2S] to the late ISC (Brancaccio et al. 2014; Braymer and Lill 2017). The late
ISC consists of a scaffold and many apoprotein-specific carriers. The scaffold is a
complex, which consists of three A-type proteins, Isal-Isa2-Iba57. Isal and Isa2 are
homologs of bacterial IscA. The [4Fe-4S] clusters are formed by the coupling of two
[2Fe-2S] clusters (Brancaccio et al. 2014; Braymer and Lill 2017). The insertion of the
cluster into the apoprotein is carried out by many different carrier proteins such as Indl

and Bol proteins (Braymer and Lill 2017).
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Figure 6: An overview of the ISC pathway from S. cerevisiae. [2Fe-2S] clusters are assembled by the early
ISC machinery and [4Fe-4S] cluster are assembled by the late ISC machinery (adapted from Braymer and
Lill 2017).

2.3.4 The CIA pathway

The CIA pathway (Figure 7) is a novelty of eukaryotes, which is used by the cell for iron-
sulfur cluster assembly in the cytosol. The following description is corresponding to
findings in S. cerevisiae and mice. The CIA pathway does not possess its own cysteine
desulfurase, which is why it is dependent on the ISC to provide sulfur. The sulfur is
provided by a yet undescribed sulfur-bearing molecule (often referred to as factor X, or
X-S) which is synthesized by the ISC. The transfer of factor X from mitochondria is
carried out by the ABC (ATP binding cassette) transporter Atm1 which is localized to the
inner mitochondrial membrane (Pondarr¢ et al. 2006; Kispal et al. 1999). The formation

of the cluster takes place on the Cfd1-Nbp35 scaffold. The assembly is accompanied by



an electron transport chain consisting of Tah18 and Dre2. The resulting cluster is then
inserted into the apoprotein by a carrier Narl and the CIA-targeting complex Cial-Cia2-
Mms19 (Lill et al. 2015).

2 @

target protein

Figure 7: An overview of the CIA pathway. A sulfur-containing compound X-S is transferred from the
mitochondrial ISC machinery to the cytosol by Atm1 carrier. X-S is utilised by Nbp35-Cfd1 complex for
iron-sulfur cluster assembly. Narl carrier and CIA-targeting complex Cial-Cia2-Mms19 facilitate the
transfer of the cluster to recipient apoproteins.

2.3.5 The SUF pathway

The SUF pathway was first discovered in E. coli (Patzer and Hantke 1999), where it
serves along the housekeeping ISC pathway as a backup in the case of iron starvation or
oxidative stress. In some Firmicutes such as Bacillus subtilis, it was found to be the sole
provider of iron-sulfur clusters (Reuf3 et al. 2016). This pathway is also found in many
eukaryotes, most commonly in plastids of plants and algae, but also in the apicoplast of
apicomplexan parasites (Ali and Nozaki 2013). Parts of this pathway were found in some
eukaryotes without plastids, such as Blastocystis, Stygiella, and Pygsuia, and in those
cases, the pathway is believed to be acquired via lateral gene transfer (Denoeud et al.
2011.; Tsaousis et al. 2012; Leger et al. 2016; Stairs et al. 2014). In M. exilis and P.
pyriformis a more complete version of the pathway was found and together with CIA, it
seems to be the sole provider of iron-sulfur clusters for the cell (Vacek et al. 2018).

The SUF pathway consists of two complexes (Figure 8). In E. coli the cysteine
desulfurase SufS works in a heterodimer with its enhancer SufE (Outten et al. 2003). In
some organisms such as B. subtilis, M. exilis, and P. pyriformis, SufE is substituted by
SufU (Albrecht et al. 2010; Karnkowska et al. 2016). The cluster is assembled on the

scaffold protein SufB, which is in a complex with two other proteins, SufC and SufD



(Wollers et al. 2010). SufA is a carrier protein, which cooperates with ErpA in E. coli
(Gupta et al. 2009). All SUF pathway proteins are further described in detail below.

L-cysteine @
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S
' SufB | SufD
FADH
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Figure 8: An overview of the SUF pathway from E. coli. Sulfur is cleaved from L-cysteine by a cysteine
desulfurase SufS, which is in complex with its enhancer SufE. The cluster is assembled by a scaffold protein
SufB and its interactors SufD and SufC. SufA interacts with ErpA and facilitates the transfer of the cluster
to recipient apoproteins (adapted from Roche et al. 2013).

2.3.5.1 The cysteine desulfurase complex
2.3.5.1.1 Sufs

SufS is the cysteine desulfurase of the SUF system (Kaiser et al. 2000). As a cysteine
desulfurase, this enzyme is dependent on a PLP cofactor and cleaves sulfur from an L-
cysteine molecule in the form of a transient persulfide with an L-alanine by-product. The
cysteine-sulfur bond is broken by a conserved active site cysteine (Cys364 in E. coli SufS)
(Cupp-Vickery, Urbina, and Vickery 2003). SufS is classified as a class II cysteine
desulfurase, and as such, it contains a short, structurally defined Cys-loop. This short loop
makes persulfide formation possible without a large conformational change, as it means
that when L-cysteine binds to the PLP cofactor, the substrate thiol, and the catalytic Cys-
thiol are in close enough proximity to allow persulfide bond formation (Black and Dos
Santos 2015). The SufS cysteine desulfurase activity is greatly enhanced upon interaction
with a sulfur acceptor, SufE, or SufU (Outten et al. 2003; Loiseau et al. 2003). A crystal
structure of SufS from E. coli is described in Figure 9 (Dunkle et al. 2019).



Figure 9: Crystal structure of SufS from E. coli (PDB ID: 6MR6, Dunkle et al. 2019). A — surface
model; B — ribbon model, black arrows marks the active site; C — detail of the active site with
pyridoxal-5"-phosphate (PLP) and conserved active-site cysteine with a persulfide bond (Cys364).

2.3.5.1.2 SufE

SufE is a sulfur acceptor protein, which interacts with SufS. SufE binds the persulfide
molecule to its active cysteine site (Cys51 in E. coli SufE, Figure 10) (Loiseau et al.

2003) and transfers it to the scaffold complex (Layer et al. 2007).

Figure 10: Crystal structure of SufE from E. coli (PDB ID: IMZG, Goldsmith-Fischman et al. 2004).
A — surface model; B — ribbon model, active site marked by black arrow; C — detail of the active site
with active site cysteine (Cys51).
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2.3.5.1.3 Sufu

SufU is an alternative to SufE found in some organisms such as B. subtilis and M. exilis.
Similarly to SufE, SufU binds to SufS and binds the persulfide to its active cysteine site
(Cys41 in B. subtilis, Figure 11) (Fujishiro et al. 2017). SufE and SufU are non-
homologous, however, their tertiary structure is very similar (Albrecht et al. 2010). In
addition to the persulfide-binding active cysteine site, SufU possesses additional active

cysteine sites, which form a zinc-binding site with the sulfur binding cysteine residue
(Selbach et al. 2014).

Figure 11: Crystal structure of SufU from B. subtilis (PDB ID: 5XT6, Fujishiro et al. 2017). A — surface
model; B — ribbon model, active site marked by black arrow, zinc-binding site marked by blue arrow;,
C — detail of the active site with active site cysteine (Cys41) next to the zinc-binding site with zinc (Zn).

2.3.5.2 Scaffold complex
2.3.5.2.1 SufB

SufB is the cluster-assembling member of the scaffold complex. It has not yet been
determined what type of cluster SufB assembles in vivo, however, it was shown to form
both a [2Fe-2S] and a [4Fe-4S] clusters in vitro (Hirabayashi et al. 2015). Both [2Fe-2S]
SufB and [4Fe-4S] SufB forms were able to transfer their cluster to a target apoprotein
(Watanabe, Kita, and Miki 2005). The only available crystal structure of SufB was
obtained by isolation of the SufBCD complex (Figure 10) (Hirabayashi et al. 2015). The
N-terminal part of SufB contains a canonical Fe-S binding motif (CxxCxxxC) (Layer et
al. 2007). However, a recent study by Yuda et al., which mapped the key residues of SufB
and SufD in E. coli found that this motif is dispensable for the protein’s function. The
residues proposed by this study to take part in the binding of the FeS cluster were Cys405,
Glu434, His433, and Glu432. Two cysteine residues, Cys254 and Cys405, were proposed
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to accept sulfur from SufE (Yuda et al. 2017). All mentioned residues are pointed out in

Figure 12 using the crystal structure of the SufBCD complex (Hirabayashi et al. 2015).

Figure 12: Crystal structure of SufB (PDB ID: SAWF, Hirabayashi et al. 2015). A — surface model; B —
ribbon model. C — functional residues proposed to take part in cluster binding (Cys405, Glu432, His433
and Glu434). Cys405 was also proposed to accept sulfur from SufE. D — Detail of N-terminal part of SufB.
The region which contains the canonical FeS cluster binding motif (His79-Glul57) is disordered and
invisible in the crystal structure. Cys254 is a residue proposed to take part in accepting sulfur from SufE.

2.3.5.2.2 SufC

SufC is an ATP-binding cassette (ABC) ATPase. As such it exhibits typical structures,
such as Walker A and Walker B motifs and D- and Q-loops (Watanabe, Kita, and Miki
2005). SufC was found to possess ATPase activity (Nachin 2003) which is enhanced by
the interaction with SufB and SufD (Petrovic et al. 2008; Tian, He, and Liu 2014). Tian,
He and Liu demonstrated the doubling in Thermus thermophilus SufC ATPase activity
upon interaction with SufB and SufD separately, which was further increased upon
SufBCD complex formation. Petrovic et al. on the other hand documented that that the
activity of SufC from Thermotoga maritima is increased 180-fold upon interaction with
SufB and 5-fold upon interaction with SufD. Interestingly, the crystal structure of SufC

showed an unusual conformation of a linker between ABC alpha and beta domains, which
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seems to be well-suited for the interaction with these two proteins (Figure 13) (Watanabe,
Kita, and Miki 2005).

ABC a/B domain p welkere @ Helical domain

Figure 13: Crystal structure of SufC from Thermus thermophillus with a Mg"™ cofactor and ADP
(PDB ID: 2D2F, Watanabe, Kita, and Miki 2005). A — surface model; B — ribbon model. C — ribbon model
with labelled structures: The ABC o/B domain is shown in dark purple, the a helical domain in pink. The
conserved ABC ATPase motifs are labelled as follows: Walker A motif (yellow); Walker B motif (red);
ABC signature motif (blue); Q loop (lighter blue); H motif (green); and D loop (orange). The ADP
molecule bound to SufC is represented in a stick model and Mg?* cofactor is represented by a red ball. The
motifs were labeled according to Watanabe, Kita and Miki 2005.

2.3.5.2.3 SufD

SufD is a paralogue of SufB, sharing 17% identity and 37% similarity in primary
sequence (Garcia et al. 2019). The exact function of SufD has not yet been resolved,
studies have suggested this protein to be the entry point of iron into the complex (Chahal
and Outten 2012). Its histidine residue His-360 has been proposed to bind iron and
together with Cys-405 of SufB take part in the cluster formation (Wada et al. 2009). The
crystal structure of SufD from the SufBCD complex is depicted in Figure 14. The entire
structure of the SufBCD complex is provided in Figure 15.
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Figure 14: Crystal structure of SufD (PDB ID: SAWF, Hirabayashi et al. 2015). The
structure is homologous to that of SufB. A — surface model; B — ribbon model.

Figure 15: Crystal structure of SufBCD complex in a SufBC,D stoichiometry (PDB ID: 5SAWF,
Hirabayashi et al. 2015). A, C — ribbon model; B, D — surface model.
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2.3.5.2.4 SufA

SufA is a member of the A-type iron-sulfur cluster carriers, which facilitates the transfer
of FeS cluster to the recipient apoprotein (Gupta et al. 2009; Vinella et al. 2009). SufA
has been proven to transfer its cluster to a wide range of proteins, including both [2Fe-
28] proteins (ferredoxin) and [4Fe-4S] proteins (biotin synthase, aconitase) (Gupta et al.
2009; Chahal and Outten 2012). SufA cannot transfer the cluster back to the SufBCD
scaffold (Chahal et al. 2009). The crystal structure of SufA from E coli is shown in
Figure 16 (Wada et al. 2005).

Figure 16: Crystal structure of SufA (PDB ID: 2D2A, Wada et al. 2005).
A — surface model; B — ribbon model.

2.3.5.3 SUF pathway in Preaxostyla

In M. exilis and P. pyriformis, homologues of 5 main proteins of the SUF pathway were
identified, namely SufS, SufU, SufB, SufC, and SufD. Neither SufA nor SufE have been
identified. The genome analysis provided some interesting features in gene composition,
the most striking being the gene fusion of SufDSU (Vacek et al. 2018). Functional studies
will be required to determine whether this fusion protein functions as a single unit, or

whether it is working separately.

2.3.6 Iron-sulfur cluster synthesis in eukaryotic anaerobes and

microaerophiles

Anaerobic lifestyle has led to many changes in the iron-sulfur cluster synthesis in single-
cell eukaryotes. Although the main source of iron-sulfur clusters in the majority of
sequenced eukaryotic organisms is provided by the ISC pathway, gene losses of ISC
components are common, as well as the acquisitions of new genes via lateral gene

transfers.
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Common is the loss of parts of the late ISC. Namely, the loss of the IscAl-IscA2-
Iba57 complex has been registered in Encephalitozoon cuniculi and Trachipleistophora
hominis (Microsporidia) (Goldberg et al. 2008; Freibert et al. 2017). IscA2 and Iba57
have been also reported missing in Giardia intestinalis (Jedelsky et al. 2011) and
Trichomonas vaginalis (Schneider et al. 2011). The aforementioned enzymes are part of
the late ISC, which maturates [4Fe-4S] enzymes. In mitochondria, these enzymes take
part in oxidative phosphorylation and the TCA cycle, which anaerobes lack (Tachezy
2019). Therefore, it makes sense that the late ISC may have been lost in these organisms.
Atml has been identified to take part in the transfer of a sulfur-containing compound from
the ISC pathway in mitochondria to the CIA pathway in the cytosol. This protein has not
been identified in any organism belonging in the group Metamonada (e. g. T. vaginalis
Carlton et al. 2007; Schneider et al. 2011) and G. intestinalis (Pyrih et al. 2016). Atml
was probably lost by the common ancestor of metamonads. How exactly does the ISC
pathway of these organisms communicate with the CIA pathway is yet to be clarified. In
G. intestinalis, dually localized components of the CIA pathway, Cia2, and Nbp35 have
been proposed to take part in the transfer (Pyrih et al. 2016). Other proteins commonly
missing in anaerobes and microaerophiles are parts of the CIA pathway. Dre2, which is
part of an electron transport chain associated with the CIA scaffold, is missing in all
sequenced anaerobes. The second part of this electron transport chain, Tah18, is missing
in all metamonads (Carlton et al. 2007; Karnkowska et al. 2016; Pyrih et al. 2016; Vacek
et al. 2018). This electron transport chain could either be replaced by an alternative source
of electrons, or the electron transport chain might not be required at all in these organisms

if the compounds used for synthesis by CIA do not need reduction.

A significant percentage of genes in most protists have been gained by a process called
lateral gene transfer (LGT). LGT is the hand-over of genetic material between organisms
that are not directly related (Sieber, Bromley, and Dunning Hotopp 2017). Amongst other
genes, some single-cell eukaryotes gained parts of pathways for the iron-sulfur cluster
synthesis from bacteria. The genes acquired in this process can function as an accessory
to the canonical ISC, but in some cases, the acquisition of alternative pathways lead to a
further reduction or loss of the ISC. The most extreme example of this process is the
subject of this thesis, M. exilis, which acquired an almost complete SUF pathway via LGT
from bacteria (Vacek et al. 2018). Since a related protist P. pyriformis also contains a SUF
pathway, lacks the ISC, but contains an MRO, the acquisition of the SUF pathway likely
led first to the loss of ISC, followed by the loss of mitochondria.
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Another example of a pathway acquired by LGT is a microaerophilic flagellate from
marine sediments called Pygsuia biforma, which also lacks an ISC pathway, which has
been replaced by the SUF pathway (Stairs et al. 2014). Moreover, only a minimal SUF
pathway has been identified in P. biforma, namely a fusion protein SufBC and the cell
seems to completely lack a cysteine desulfurase. This suggests that the iron-sulfur cluster
assembly in P. biforma might not be cysteine-dependent, similar to some Archaea, which
inhabit a similar environment (Liu et al. 2010). The sufBC fusion gene has been found in
two other organisms, the human parasite Blastocystis hominis and the marine anaerobe
Stygiella incancerata (Denoeud et al. 2011; Tsaousis et al. 2012; Leger et al. 2016).
Phylogenetic analyses showed that sufBC fusion genes from all three organisms cluster
together forming a strongly supported clade with a sister group in Methanomicrobiales
Archaea, supporting the theory that this protein has been acquired via LGT from Archaea.
Interestingly, these three organisms are not closely related, and so the acquisition of
SufBC either happened as three separate events, or the acquired gene has been passed on
via LGT between eukaryotes in the same habitat. The LGT from methanogenic Archaea
to P. biforma and S. incancerata does not seem improbable given their natural habitat in
hypoxic sediment (Hamann et al. 2016; Leger et al. 2016). However, in the case of the
human gut parasite B. hominis, this event is hard to imagine, even though this parasite
does produce cysts which are released to the outside environment (Stenzel and Boreham

1996).

Apart from the SUF pathway, eukaryotes with components of the NIF pathway have
also been identified. Namely the human intestinal parasite Entamoeba histolytica and its
free-living relative, Mastigamoeba balamuthi. Both organisms have lost the ISC pathway
and the main provider of iron-sulfur clusters is the NIF pathway. In the case of M.
balamuthi, dual localization of the pathway in the mitosome, as well as the cytosol, has
been confirmed experimentally (Nyvltova et al. 2013). The dual localization of E.
histolytica NIF has been speculated but not yet confirmed (Al et al. 2004; Mi-ichi et al.
2009; Dolezal et al. 2010).
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3 Aims of the thesis

The aims of the thesis were to

1)

2)

3)

4)

5)

Prepare a recombinant version of M. exilis SufC, the putative ATPase of the SUF

system, in a native state.

Localize the SUF pathway in the cells of M. exilis and P. pyriformis by

immunofluorescence.

Measure the ATPase activity of SufC and standardize the conditions for its

activity.

Prepare a recombinant version of M. exilis SUF pathway scaffold protein SufB

by co-expression with SufC.

Characterize the interaction between SufC and SufB proteins in vitro.
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4 Materials and methods

4.1 Organisms and their cultivation

4.1.1 Monocercomonoides exilis

4.1.1.1 Cultivation

Monocercomonoides exilis strain PA203 was isolated from the large intestine of
Chinchilla lanigera and is currently kept in a polyxenic monoeukaryotic culture. For the
purposes of this thesis, this strain was cultivated using TY SGM-9 media (Diamond 1982)
and bacterized with Citrobacter freundii. The culture was subcultured approximately
every 5 days by the addition of 1 ml of well-grown inoculum into 10 ml of bacterized
media. The culture was allowed to grow in 15 ml plastic air-tight tubes at 37°C.
Bacterization of media was accomplished by inoculating one drop of C. freundii culture

into fresh TYSGM-9 media and growing the bacteria at 37°C for 1-5 days.

For most experiments, it was necessary to upscale the initial culture to a larger volume
to maximize the number of cells and minimize cell loss during filtration. The inoculation
procedure is presented in Table 1. A single 10 ml culture can upscale to up to 2.8 1 of
culture. Times of growth are approximate and were altered according to the growth rate

of the culture. The ideal cell concentration of the inoculum was taken as 1.5-3x10°

cells/ml.
Table 1: Inoculation scheme for upscaling M. exilis PA203 culture.
Total volume of Volume of Volume of Approximate time of
culture inoculum bacterized media culture
(ml) (ml) (ml) (hours)
10 1 9 72
45 5 40 72
175 45 130 24
675 175 500 24
1400 675 700 24

4.1.1.2 Culture filtration

Before using the culture for slide preparation and other experiments, it was necessary to
minimise the number of bacteria. All cultures were first passed through a filter paper to
remove larger clumps of bacteria and ensure faster filtration in the next step. The flow-
through was then filtered through a polycarbonate membrane with a pore size of 3 um
(Whatman). This pore size ensured the bacteria pass through leaving the larger eukaryotic
cells on top. To speed up the process, mild pressure was applied by 3ml plastic Pasteur

pipettes. The cells were then washed twice by 250 ml of serum-free TYSGM media. The
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supernatant was allowed to pass through the membrane until there was only a small
amount on top of it left (approx. 20 ml). The filtered culture was observed under a light
microscope to assess the number of cells and purity of the resulting culture. Ultimately,
the culture was harvested from the top of the filter into 50ml tubes and centrifuged at

1200g for 10 min to obtain the cells in a pellet.

4.1.1.3 TYSGM-9 media preparation
All components listed in Table 2 (except for bovine serum) were dissolved in distilled
water and the pH was brought to 7.0-7.2. Inactivated bovine serum was added after

sterilization by autoclaving and the medium was stored at 4°C before use.

Table 2: Composition of TYSGM-9 media.

Tryptone 0.2 % (W/v)
Yeast extract 0.1 % (w/v)
K:HPO4 16 mM
KH:PO4 3 mM
NaCl 130 mM
Heat-inactivated bovine serum (Gibco) | 3 % (v/v)

4.1.2 Paratrimastix pyriformis

4.1.2.1 Cultivation

Paratrimastix pyriformis strain RCP-MX, ATCC 50935 was isolated from a swampy area
in Rock Creek Park, Rockville, Maryland, USA (8" November 1995) and was cultivated
in ATCC 802 media bacterized with an admixture of unspecified bacteria. 10 ml of
bacterized media was inoculated with 1 ml of inoculum once a week. To obtain larger
volumes, 5 ml of culture were inoculated into 40 ml of bacterized media. After 4 days,
this volume could be inoculated into a larger volume of bacterized media to reach 1 1 of

culture.

4.1.2.2 Culture filtration

Similarly to M. exilis, all P. pyriformis cultures were filtered before obtaining slides and
cell lysates. The procedure is identical to the one described previously in section 4.1.1.2,
with the difference in the washing step, where 3% (v/v) LB media was used instead of

TYSGM-9 media.

4.1.2.3 ATCC 802 media preparation
Cerophyll was added to distilled water, boiled for 5 minutes, and filtered through a filter

paper. The volume was adjusted to compensate for evaporation and NaHPO4 was added.
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The media was sterilized by autoclaving and stored at 4°C before use. Concentrations of
all components are listed in Table 3.

Table 3: Composition of ATCC 802 media.

Cerophyll (Cereal Grass Media, Ward’s Science) | 0.25 % (w/v)
Na;HPO4 3.5mM

4.1.3 Trichomonas vaginalis

Trichomonas vaginalis strain TvT1 was used as a control for antibody specificity during
immunofluorescence experiments. Cells transfected with TagVag2 vector (Hrdy et al.
2004) containing a SufC gene from M. exilis tagged with C-terminal 2x HA-tag were
used. The cells were cultivated using TYM media (Diamond 1957) with selection
antibiotic G418 (geneticin, ZellBio GmbH) in 200 mg/ml concentration. The cultures

were grown at 37°C in 10ml glass tubes and inoculated once a day.

4.1.3.1 TYM media preparation
All components listed in Table 4 except horse serum were dissolved in distilled water
and the pH was altered to 6.2. Horse serum was added after the media was sterilized by

autoclaving. The finished media was stored at 4°C before use.

Table 4: Composition of Diamond’s TYM media.

Tryptone 2 % (w/v)
Yeast extract 1 % (W/v)
Maltose 0.5 % (w/v)
K>;HPO, 6 mM
KH;PO4 5 mM
L-cysteine 8.25 mM
Ascorbic acid 1.13 mM
Ammonium Ferric (III) Citrate 0.9 mM
Inactivated horse serum (Gibco) | 1 % (w/v)

4.1.4 Escherichia coli

Two strains of Escherichia coli were used, TOP10 (ThermoFisher Scientific) for plasmid
amplification and Rosetta2 (Merck) for protein expression. These competent cells are
lysogens of a bacteriophage DE3 and therefore carry a chromosomal copy of a T7 RNA
polymerase under control of a lac promoter, which makes them suitable for protein
expression induced by lactose or its synthetic analogue IPTG. Rosetta2 cells aid the
expression of eukaryotic proteins that contain codons rarely used in E. coli by providing

tRNAs for seven of these rare codons on a pRARE2 plasmid. This plasmid bears a

21



chloramphenicol resistance gene. Rosetta2 cells were selected using chloramphenicol (30

ng/ml) on top of the selection antibiotic of the expression vector.

Chemically competent E. coli was transformed using the heat shock method. Plasmid
DNA (approximately 200 ng) or ligation mixture was added to 50 pul of competent cells
on ice. After 20 minutes on ice, the tubes with cell-plasmid mixtures were placed in a heat
block at 42°C for 45 seconds and immediately returned on ice to recover for 2 minutes.
500 pl of SOC medium was added to the cells and the culture was incubated on a shaker
at 220 rpm and 37°C for 1 hour. The culture was plated onto LB agar plates with the

appropriate drug resistance and grown overnight at 37°C.

4.1.4.1 LB media preparation
Liquid LB
LB broth (Table 5) was dissolved in distilled water and sterilized by autoclaving.

Table 5: Liquid LB media composition.
| LB broth (Sigma) | 2 % (w/v) |

LB plates
All compounds (Table 6) were dissolved in distilled water and sterilized by autoclaving.

The warm medium was then poured into sterile Petri dishes (approx. 30 ml per dish)

inside the laminar box and left to cool.

Table 6: Media composition for LB plates.

LB broth (Sigma) | 2 % (w/v)
Agar 1.5 % (W/v)

4.1.4.2 SOC media preparation

The composition of SOC media is listed in Table 7. Tryptone, yeast extract, NaCl, and
KCl were dissolved in distilled water. The pH was brought to 7.0. Glucose and MgCl»
were added from stocks under sterile conditions after the media was autoclaved. The

media was kept at 4°C before use.

Table 7: SOC medium composition.

Tryptone 2 % (w/v)
Yeast extract 0.5 % (w/v)
NaCl 10 mM
KCl 2.5 mM
Glucose 0.3 % (w/v)
MgCl 10 mM
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4.2 Gene cloning and protein expression

4.2.1 Gene amplification

SufB and SufC were amplified by PCR from cDNA using Primestar MAX DNA

polymerase (Takara Bio). Primer sequences with restriction sites (in bold text) for cloning

in different plasmids are listed in Tables 8 and 9. PCR conditions are listed in Tables 10

and 11. Primers with restriction sites were designed using Geneious software (Biomatters)

and synthesized by KRD. The PCR products were visualized on 1% (w/v) TAE/agarose

gels stained with SYBR safe (0.1% (v/v)), gel extracted and cleaned using NucleoSpin

gel and PCR clean-up (Macherey-Nagel) kit according to manufacturer’s protocol.

Table 8: Primer sequences with restriction sites for amplification of SufC and insertion into pET30a

vector.

SufC, pET30a

forward, BamHI

5’-TCATCTGGATCCCAAACTCAAAAGCCCCTT-3’

reverse, Sacl

5’-TCATCTGAGCTCTTAAATCTTCACAACTCCCTCTG-3’

Table 9: Primer sequences with restriction sites for amplification of SufB and SufC and insertion into a

pETDuet-1 vector.

SufB and SufC, pETDuet-1

SufB, forward, Ascl

5’-TCATCTGGCGCGCCTACTGCTTCATCTAAACCTTCAAGT-3’

SufB, reverse, Sall

5’-TCATCTGTCGACCTAACCAACCGAGCCTTCCA-¥

SufC, forward, Fsel

S’TCATCTGGCCGGCCATCAAACTCAAAAGCCCCTTTTAG-3’

SufC, reverse, Aatl

5’-TCATCTGACGTCAATCTTCACAACTCCCTCTG-3’

Table 10: Conditions for amplification of SufC using Q5 polymerase for insertion into pET30a plasmid.

Number of cycles 1x 35x 1x
Temperature 98°C 98°C 60°C 72°C 72°C 4°C
Time 30s 10 s 30s 45's 5 min )

Table 11: Conditions for amplification of SufB and SufC using Primestar MAX polymerase for insertion
into a pETDuet-1 plasmid.

Number of cycles 1x 30x 1x
Temperature 98°C 98°C 63°C 72°C 12°C
Time 10 s 5s 3s 8s 00
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To maximize DNA yield for cloning into expression vectors, cleaned PCR products were
cloned into pJET1.2/blunt PCR product amplification vector using a cloneJET PCR
cloning kit (ThermoFisher Scientific, Figure 17). Ligation was carried out according to
the manufacturer’s protocol and was dependent on PCR product size and concentration.

The ligation mixture was transformed into TOP10 competent cells.

Figure 17: pJET1.2/blunt vector map. This vector was used for blunt-end PCR product cloning
(CloneJET PCR Cloning Kit, ThermoFisher Scientific).

4.2.2 Expression vector preparation

For the expression of SufC, a commercially available expression vector pET30a
(Novagen) was used. This vector contains a 6x His-tag (C-terminal and N-terminal), an
S-tag (N-terminal), and a gene for kanamycin resistance (Figure 18). The co-expression
of SufB and SufC was carried out using pETDuet-1 vector (Novagen), which bears two
multiple cloning sites (MCS) (Figure 19). MCS1 is equipped with a 6x His-tag (N-
terminal) and MCS2 with an S-tag (C-terminal). A 6x HA-tag was amplified from a p2623
plasmid (Kelly et al. 2007) and substituted the S-tag using Xhol and Pacl restriction sites.

pETDuet-1 has a gene for ampicillin resistance.
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Figure 18: Restriction map of pET30a vector (Novagen). SufC (804 bp) was
cloned into BamHI and Sacl restriction sites.
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Figure 19: Restriction map of pETDuet-1 vector (Novagen). HA-tag was
cloned between Xhol and Pacl sites. SufB (1500 bp) was cloned into Ascl and
Sall sites and SufC (804 bp) was cloned using Fsel and AatlI sites.
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Expression vectors and pJET constructs bearing the genes of interest were digested using
restriction endonucleases. For cloning into pET30a, SufC and the vector were digested
using BamHI and Sacl (FastDigest ThermoFisher Scientific). For cloning into pETDuet-
1, SufB was cloned first inco MCS1 using Ascl and Sall, and later SufC was cloned into
MSC2, using Fsel and Aatl (NEB). Reaction components for enzyme digests are listed in
Table 12. All reactions were incubated at 37°C for 1 hour. DNA from the reactions was
then separated on 1% (w/v) agarose gel. Digested vector and insert DNA were cut out of

the gel and isolated using NucleoSpin gel and PCR clean-up kit (Macherey-Nagel).

Table 12: Double digest reaction components. The reaction
was carried out in a 20 pl final volume.

DNA 1 ug
10x FastDigest Green Buffer 2 ul
Restriction enzyme 1 1 ul
Restriction enzyme 2 1 ul
dH»O, nuclease-free up to 20 pl

Digested vector and inserts were ligated using T4 DNA ligase (ThermoFisher Scientific).
For pET30a, a molar ratio 3:1 insert:vector was used. Ligations of pETDuet-1 were
performed at a 10:1 insert:vector molar ratio. The reaction was carried out at 16°C
overnight. The ligation mixture was subsequently transformed into TOP10 competent

cells.

Isolated minipreparations of DNA were analyzed by control restriction enzyme
digestion under previously described conditions and further verified by Sanger

sequencing using commercially available sequencing primers.

4.2.3 Protein expression

Protein expression was carried out using autoinduction according to Studier (Studier
2005) in Rossetta2 E. coli expression cell line. Expression constructs were transformed
into competent cells, which were then grown on LB agar plates with kanamycin (50
ug/ml) in the case of pET30a, or ampicillin (100 pg/ml) in the case of pETDuet-1, both
in presence of chloramphenicol (30 pg/ml). The plates were incubated overnight at 37°C
and the next morning a single fresh colony was inoculated into 5 ml liquid LB (with
antibiotics). This culture was grown on a shaker at 220 rpm and 37°C for 8 hours. After
8 hours, a second 5 ml LB culture (with antibiotics) was set up with 1:100 dilution of the
previous culture. This culture was grown overnight at 220 rpm and 37°C. The next

morning, a third 5 ml LB culture (with antibiotics) was set up using 1:100 dilution of the
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overnight culture. This culture was also grown at 220 rpm and 37°C for 8 hours. After 8
hours, 10 ml MDG media (with antibiotics) was inoculated with a 1:50 dilution of the
morning culture. The MDG culture was grown at 220 rpm, 37°C overnight. Autoinduction
was set up using a 1:100 dilution of the MDG culture in 800 ml of ZYM-5052 media
(with antibiotics). The culture was incubated at 28°C for 26 hours. Optical density was
checked regularly. After 26 hours the culture was centrifuged at 4 000g for 10 minutes.
The pellet was flash-frozen in liquid nitrogen and stored at -80°C for a limited amount of

time before protein purification.
4.2.3.1 Media preparation for autoinduction

All components of MDG media (minimal media) and ZYM-5052 media (Tables 13 and
14) were dissolved in distilled water except for glucose and aspartate, which were added
at the moment of setting up the culture. The media were autoclaved and stored at room

temperature.

Table 13: MDG (minimal) media composition.

Na;HPOq4 25 mM
KH,PO4 25 mM
NH4Cl 50 mM
Na,S04 5 mM
MgSO4 2 mM
Glucose 0.5 % (w/v)
Aspartate 0.25 % (w/v)

Table 14: ZYM — 5052 media composition.

Na,HPO4 25 mM
KH,PO4 25 mM
NH4Cl 50 mM
Na;SOy4 5 mM
MgSO4 2 mM
Glucose 0.05 % (w/v)
Tryptone 1 % (w/v)
Yeast extract 0.5 % (w/v)
Lactose 0.2 % (w/v)
Glycerol 0.5 % (W/v)

4.2.4 Protein purification under native conditions

Both SufC alone and SufB co-expressed with SufC were purified using affinity
chromatography with Ni-NTA agarose (ThermoFisher). The pellets were resuspended in
25 ml of purification buffer (Table 15) with complete protease inhibitor (Roche). Cells
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were broken using French cell press (7 000-10 000 psi). The lysate was then centrifuged
in an ultracentrifuge at 100 000g for 1 hour at 4°C. Pellet was separated from the
supernatant (soluble fraction), which was used for purification of the protein using Ni-
NTA agarose under native conditions. Ni-NTA agarose was well mixed and 10 ml of
slurry were poured into a 50ml affinity chromatography column (Bio-rad). The column
was equilibrated with 50 ml of purification buffer. 10mM final concentration of imidazole
was added to the soluble fraction to minimise unspecific proteins binding. The soluble
fraction was added to the column, the column was capped on both ends and the mixture
was incubated at 4°C for 1 hour in rotation. The caps were then removed from the column
and the flow-through was collected. The column was washed once using 50 ml of
purification buffer. A second wash was carried out with 50 ml of buffer + 30 mM
imidazole. The protein was eluted in three elutions with buffer containing different
amounts of imidazole. Elution 1 consisted of 10 ml of buffer +150 mM imidazole, Elution

2 with 5 ml of buffer +150 mM imidazole and Elution 3 using buffer + 300mM imidazole.

Table 15: Composition of the purification buffer.

HEPES-KOH pH 8.0 50 mM
NaCl 300 mM
Glycerol 10 % (v/v)
pB-mercaptoethanol 10 mM

To eliminate imidazole from the protein samples the buffer was exchanged using Amicon
30 000 MWCO filters for imidazole-free buffer. The purification efficiency was assessed
by SDS-page and western blot analyses.

4.3 SDS-PAGE

SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) was used for
the analysis of protein samples and further analysis by western blot. The polyacrylamide
gels (12% acrylamide, 0,75 mm thick) were mixed and poured according to Table 16.
The samples were mixed with sample buffer (Table 17) and incubated at 100°C for 5
minutes. Once the gels set, samples were loaded into the wells. Page Ruler Plus Prestained
Protein Ladder (ThermoFisher Scientific) was used as a marker for size determination.
Electrophoresis was carried out in 1x TGS buffer (Bio-Rad, Table 18), at a constant

current of 25 mA per gel for approximately 45 minutes. For protein visualization, the
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polyacrylamide gels were stained for 1 h with Coomassie Brilliant Blue stain (Table 19)

and destained with a destaining solution (Table 20) until proteins were visible on the gel.

Table 16: Composition of running and stacking gel for SDS-PAGE.

Running gel Stacking gel
Tris-HCI, pH 8.8 375 mM Tris-HCI, pH 6.8 125 mM
Acrylamide 12 % (w/v) Acrylamide 4 % (w/v)
SDS 0.1 % (w/v) SDS 0.1 % (w/v)
APS 0.1 % (w/v) APS 0.1 % (w/v)
Temed 10 uL Temed 10 uL

Table 17: 5x sample buffer for SDS-PAGE protein samples.

Tris-HCI, pH 8.8 200 mM
Glycerol 25 % (v/v)
bromophenol blue 1.5 mM
B-mercaptoethanol 710 mM

Table 18: Contents of 1x TGS buffer (Bio-Rad).

Tris-HCI, pH 8.3 25 mM
Glycine 129 mM
SDS 0.1 % (W/v)

Table 19: Contents of Coomassie Brilliant Blue stain.

Coomassie Brilliant Blue R-250 (Sigma)
Methanol
glacial acetic acid

0.1 % (w/v)
50 % (v/v)
10 % (v/v)

Table 20: Contents of destaining solution.

25 % (v/v)
10 % (v/v)

methanol
glacial acetic acid

4.4 Western blot

Western blot analysis was used for the detection of specific proteins in protein samples.
Samples separated by SDS-PAGE were transferred from polyacrylamide gel to PVDF
membrane (Amersham) by Trans-blot turbo transfer system (Bio-Rad). The membrane
was activated in pure methanol for a few seconds prior to transfer. The gel, membrane
and four pieces of filter paper were soaked in transfer buffer (Table 21) and assembled
in a sandwich. The transfer was carried out for 30 minutes using a built-in protocol for
mini format gels.

For blocking of non-specific antibody binding, the membrane was blocked with a
blocking solution (Table 22) for 1 hour at room temperature. After blocking, the
membrane was incubated with a primary antibody diluted in the blocking solution

(dilution ratio depending on the antibody used) for 1 hour at room temperature. After that,
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the membrane was washed with 0.1% PBS/Tween 20 3x for 10 minutes. An HRP
(horseradish peroxidase)-conjugated secondary antibody (Sigma) at 1:2000 dilution in
the blocking solution was added and the membrane was incubated for 1 hour at room
temperature. Finally, the membrane was washed in 0.1% PBS/Tween 20 3x for 10
minutes.

The PVDF membrane was developed by chemiluminescence in Amersham

Imager 600 (GE Healthcare) using Clarity Western ECL peroxidase substrate (Bio-Rad).

Table 21: Composition of western blot transfer buffer.

Trizma base 25 mM
Glycine 192 mM
SDS 0.25 % (w/v)
Methanol 20 % (v/v)

Table 22: Composition of the blocking solution, all components were dissolved in 1x PBS.

low fat dried milk | 5 % (w/v)

Tween 20 (Sigma) | 0.25 %

4.5 SufC antibody preparation and testing

Purified protein was delivered to the laboratory of prof. Roland Lill in Philips Universitit
Marburg for polyclonal antibody production in the rabbit. Immunized serum was then
cleaned on affinity resin using purified SufC protein.

The antibody was tested using western blot analyses using the lysate of M. exilis and
P pyriformis. For more accurate results antibodies were also tested using
immunoprecipitation on M. exilis lysate. Immunoprecipitation was carried out using
Dynabeads G-protein coupled immunoprecipitation kit according to the manufacturer’s
procedure (ThermoFisher Scientific, USA). The resulting beads-antibody-antigen

mixture was analysed using mass spectrometry in Biocev proteomics core facility.
4.6 Immunofluorescence slide preparation

Fluorescence slides were prepared following a protocol according to Dawson (Dawson
et al. 2008). 250 ml cultures of M. exilis and P. pyriformis were filtered and the cells were
washed. The cells were fixed by the addition of formaldehyde to a final concentration of
1% (v/v) and pelleted by centrifugation at 1200g for 10 minutes at 4°C. The pellet was
washed by gently resuspending in 5 ml of 1x PEM buffer (Table 23) and centrifuged at
1200g for 10 minutes at 4°C. The supernatant was discarded and the cells were

resuspended in 200 pl of 1x PEM buffer. To attach the cells to coverslips, poly-L-lysine
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was used. Two coverslips were cleaned using ethanol and wiped dry with a paper tissue.
15 ul of poly-L-lysine was placed on one of the coverslips and both coverslips were
rubbed together. Coverslips were then placed into a 6-well plate with the poly-L-lysine
side facing upwards. 100 pul of cell suspension were pipetted on the polylysine coverslip.
Using a pipette tip the suspension was spread and left to attach at room temperature for
30 minutes. The cells were then permeabilized with 1 ml of 0.1% (v/v) TritonX-100 in
PEM buffer for 10 minutes. The slides were then washed 3 times with PEM buffer for 30
seconds. Non-specific binding was blocked by adding 1 ml of PEMBALG buffer (Table
24) and incubating for 30 minutes. Primary antibodies were diluted in 1 ml PEMBALG
and slides were incubated for 2 hours at room temperature. The primary antibody was
washed away three times in 1 ml of PEM bufter for 5, 10 and 15 minutes. AlexaFluor
secondary antibodies (ThermoFisher scientific) were diluted in 1 ml of PEMBALG using
a 1:1000 dilution. The slides were incubated for 1 hour at room temperature. After
incubation, the secondary antibody was washed away using 1 ml of PEM buffer three
times for 5, 10 and 15 minutes. The slides were then mounted using Vectashield mounting
medium (Vector Laboratories, Inc.) with DAPI. For each slide, roughly 15 pl of mounting
medium was used. Coverslip edges were then sealed using nail polish and the slides were

stored at 4°C in the dark.

Table 23: Composition of 1x PEM buffer.

PIPES 100 mM
EGTA 1 mM
MgSO4 0.1 mM

Table 24: Composition of 1x PEMBALG.
PIPES 100 mM
EGTA 1 mM
MgSO4 0.1 mM
Lysine 100 mM
Cold water fish skin gelatin (Sigma) 0.5 % (W/v)
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4.7 ATPase activity measurement

ATPase activity of SufC recombinant protein was measured using an ATP/NADH coupled
spectrophotometry assay (Figure 20). This assay enables visualization of ATP hydrolysis
by using phosphoenolpyruvate and two coupling enzymes, pyruvate kinase and L-lactate
dehydrogenase, to detect the change of added NADH to NAD, which is equivalent to the
change of ATP to ADP.

NADH NAD*
ATP pyruvate — [DH —> lactate
ATPase @
ADP PEP

Figure 20: ATP/NADH coupled assay for ATPase activity measurement. PK — pyruvate kinase; PEP —
phosphoenolpyruvate; LDH — L-lactate dehydrogenase.

The absorbance of NADH was measured using Shimadzu UV-2600 UV-Vis
spectrophotometer and UVprobe software at 340 nm wavelength. All reactions were
measured in quartz cuvettes with 1 ml volume and length of 1 cm for 5 minutes. Reaction
components are specified in Table 25. The reactions were incubated at room temperature
and started by the addition of ATP or SufC. To specify ideal conditions for SufC activity,
the activity was measured in buffers of different range of pH, salt concentration and
cofactor concentrations.

Table 25: Reaction components of ATPase activity measurement,
the reaction was carried out in 1 ml total volume.

Phosphoenolpyruvate 4 mM
L-lactate dehydrogenase 20 U/ml
Pyruvate kinase 20 U/ml
NADH 0.2 mM
ATP 1 mM
SufC recombinant protein 5.7 pg/ml
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The specific activity was calculated from AAbs (the change of absorbance) in the first 60
seconds after the reaction stabilized. The change of absorbance of NADH at 340 nm
equals the amount of NAD produced which equals the amount of ATP hydrolysed to ADP.

The concentration of hydrolyzed ATP was calculated from the following equation:

Absg — Abs, & — extinction coefficient of NADH (e = 6220 M. cm™)

c = —t - cuvette width (l=1cm)
exl Abso— starting absorbance
Abs;— absorbance at time t

t — time (min)

¢ — concentration of ATP hydrolyzed by the enzyme
(mmol/min/ml of enzyme)

Resulting concentration in mmol of hydrolyzed ATP/min/ml of the enzyme was then
converted to umol/min/ml (multiplied by 1000) and divided by the concentration of the
enzyme in the reaction mixture (mg/ml) to get a specific activity (umol of hydrolyzed

ATP/min/mg of enzyme).

4.7.1 pH standardization

For the standardization of buffer pH, a poly buffer adjusted to different pHs in a range
between 5-10 was used. Buffer composition and reaction components are listed in

Table 26.

Table 26: Buffer composition for pH standardization

MES 25 mM
HEPES 25 mM
TRIS 25 mM
KCl 200 mM
MgCl, 10 mM
DTT 1 mM

4.7.2 Ionic strength buffer standardization

For ionic strength standardization, a 50mM Tris-HC1 pH 9.0 buffer was used. Buffer
composition is listed below (Table 27), different concentrations in a range between 25-

400mM NacCl and KCl were used.

Table 27: Buffer composition for salt standardization

Tris-HCI pH 9.0 50 mM
MgCl, 10 mM
DTT 1 mM
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4.7.3 Metal cofactor standardization

For metal cofactor standardization a 50mM Tris-HCI buffer pH 9.0, 50mM NaCl buffer
was used (Table 28). MgCl> and MnCl, were tested in a concentration ranging between

1-10mM. ZnSO4 and CoCl, were tested in three concentrations, ImM, 2mM and SmM.

Table 28: Buffer composition for metal cofactor standardization

Tris-HCI1 pH 9.0 50 mM
NaCl 50 mM
DTT 1 mM

4.8 Size exclusion chromatography

Size exclusion fast protein liquid chromatography (FPLC SEC) was used to analyze the
size of putative complexes that may form between the co-expressed SufB and SufC. This
procedure is used to separate proteins according to size. The protein mixture was first
purified by affinity chromatography using Ni-NTA agarose. The analysis was performed
using liquid chromatograph FPLC BioLogic DuoFlow (Bio-Rad) with UV-Vis detector
(280 nm) by doc. RNDr. Ivan Hrdy, Ph.D. 500 pl of protein mixture was loaded onto
Superdex 200 increase 10/300 GL column and 36 fractions (500 ul each) were collected.
Chromatograms were created by the BioLogic DuoFlow software. Three runs were
performed altogether with three elution buffers with slightly different compositions
(Tables 29-31) to test whether the measured complexes were stable in increased salt
concentration or with the addition of ATP. All buffers were filtered and degassed before

use. All fractions were then analysed on SDS-PAGE.

Table 29: FPLC elution buffer 1 Table 30: FPLC elution buffer 2
HEPES-KOH pH 8.0 | 50 mM HEPES-KOH pH 8.0 50 mM
NaCl 300 mM NaCl IM
Glycerol 10 % (v/v) Glycerol 10 % (v/v)
p-mercaptoethanol 10 mM S ] 10 mM

Table 31: FPLC elution buffer 3
HEPES-KOH pH 8.0 | 50 mM

NaCl 300 mM
ATP 1 mM
Glycerol 10 % (v/v)

B-mercaptoethanol 10 mM
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To calculate the size of protein complexes present in each fraction, Bio-Rad gel filtration
standards (Table 32) were run on the same column. The FPLC chromatograph of the
standards with corresponding molecular weights may be seen in Figure 21. The
calibration curve (Figure 22) was plotted using the gel-phase distribution coefficient
(Kav*) against the logarithmic function of the expected molecular size of each standard
(logMW). The sizes of SufB and SufC eluted fractions were calculated from the linear

regression equation of the calibration curve.

*Kav = (Ve — Vo)/(Ve - Vo), where V= elution volume, V, = void volume, V. = bed

volume (total volume of material in the column)

Table 32: Gel filtration standard components (Bio-Rad)

Component Molecular weight (kDa)
Thyroglobulin (bovine) 670.00
y-globulin (bovine) 158.00
Ovalbumin (chicken) 44.00
Myoglobin (horse) 17.00
Vitamin B12 1.35
Fraction #: 1 345878980 2 " LI 0 oz R N 2z MU X B 0 212345678
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Figure 21: FPLC chromatograph of the SEC standards. Each peak represents a protein standard with its
molecular weight in a box above it.
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Figure 22: Calibration curve of Bio-Rad size exclusion chromatography standards. The graph
shows a linear regression of gel-phase distribution coefficient plotted against logarithmic function
of molecular weight of the standards. Sizes of SufB-SufC eluted fractions were calculated using
the equation of linear regression.
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5 Results

5.1 Isolation of recombinant SufC under native conditions

SufC was purified by affinity chromatography using Ni-NTA agarose. All fractions of
purification were analyzed by SDS-page and western blot (Figure 23). The His-tagged

protein displayed an approximate molecular weight of 40 kDa (marked by an arrow).

kDa
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Figure 23: SufC purification fractions analyzed on SDS-PAGE stained by Coommassie
briliant blue (top) and a western blot of the purification gel stained by an anti His-tag
antibody (bottom). CL — cleared lysate; IF — insoluble fraction; FT — flow-through; W1,
W2 —wash 1 and 2; E1, E2, E3 — elutions 1, 2 and 3.
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5.2 SufC antibody testing

5.2.1 Western blot

Polyclonal antibody against purified SufC protein (produced in rabbit) was tested using
western blot analysis. Figure 24 shows the western blot, the antibody was tested on
M. exilis and P. pyriformis cell lysates. The black arrow shows an approximate molecular
weight of SufC. The antibody seems to detect an unspecific band around 100 kDa on
P. pyriformis lysate and a faint band of correct molecular weight along with some

unspecific bands in M. exilis lysate.

P. pyriformis M. exilis
kDa

250 —
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Figure 24 — Western blot testing SufC
polyclonal antibody on P. pyriformis (left
lane) and M. exilis (right lane) lysates.
The arrow shows approximate molecular
weight of SufC with a His-tag.
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5.2.2

Immunoprecipitation

To confirm the affinity of the antibody to M. exilis SufC, immunoprecipitation of target

antigens was performed using M. exilis cell lysate. Fold change represents the enrichment

of the protein in the sample and was calculated by the proteomics core facility in Biocev,

based on a negative control (M. exilis lysate without antibody). Table 33 shows the Mass

spectrometry analyses of the antigens bound to the anti SufC antibody.

Table 33: Mass spectrometry results of immunoprecipitation of M. exilis lysate using antibody against
SufC. Protein hits are arranged base on occurrence in the sample, which is described by fold change (amount
of protein present in the sample compared to the negative control).

Protein ID Description Expected Fold
MW (kDa) change
MONOS 7909 conventional actin 425 37.8
SufC_translation SufC 294 8.2
MONOS_4852 Dpy-30 motif 54.9 6.8
MONOS_8492; 6335; 3652 | T-typeATPase superfamily 126.8 35
- protein
aspartate/ornithine
EIONO A carbamoyltransferase 45.0 22
MONOS 5230 protein kinase 10.7 2.2
MONOS _740 peroxiredoxin 19.1 1.8
MONOS 15594 actin-related protein 2 447 1.7
MONOS _1066 glutamine synthetase 49.4 1.6
MONOS 6009 GTP—bmdmg protein-related 40.9 16
- isoform 1
aminoacyl-histidine
MONOS 6123 Humpicnms 56.3 1.6
MONOS 14853 large subunit ribosomal 15
- protein L29e 18.6 '
MONOS 9439 Rab32A1 25.0 1.4
MONOS 231; 577; 871 Phosphoserine transaminase 439 1.4
Clan MH, family M20,
MONOS 4780; 1296 peptidase T-like 56.3 1.3
metallopeptidase
MONOS _2187;10869;10869 | fructose bisphosphate aldolase 34.6 1.1
MONOS 199 Slyl 74.3 1.1
V-type proton ATPase
MONOS 14814 subunit D 39.7 1.1
MONOS 1461; 10363 acetyl-CoA syn.thetase (ADP- 779 1.0
- forming)
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5.3 Immunofluorescence

SufC antibody was used for in situ localization of SufC in cells using
immunofluorescence. Permanent slides for immunofluorescence were viewed under
Leica SP8 confocal microscope. 7. vaginalis cells transfected with the SufC gene tagged
with an HA-tag were used as a control of SufC antibody specificity. Figure 22 shows
pictures of a T. vaginalis cell stained with anti SufC (1:500 dilution) and anti HA-tag
(1:100 dilution) antibodies. The primary antibodies were visualized using AlexaFluor 488
and AlexaFluor 594 secondary antibodies (1:1000 dilution), respectively. Panel A shows
anti SufC antibody signal and panel B displays anti HA-tag antibody signal (Figure 25).

Figure 25: Immunoflurescence assay of 7. vaginalis expressing M. exilis SufC. A — SufC, rabbit
primary anti SufC antibody in a 1:500 dilution and secondary AlexaFluor 488 antibody in a 1:1000
dilution; B — anti HA-tag primary antibody + AlexaFluor 594 secondary antibody (both 1:1000),
C —nucleus stained with DAPI (VectaShield mounting medium), D — merge of A, B and C;
E — bright field image of the cell

The anti SufC antibody was used for localisation of SufC in M. exilis and P. pyriformis.
Figures 26 and 27 show M. exilis and P. pyriformis cells (only partially preserved in case
of M. exilis) stained with anti SufC primary antibody (1:500) and secondary AlexaFluor
488 in a 1:1000 dilution.
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Figure 26: Immunoflurescence assay of SufC in a cell of M. exilis. A — SufC, primary anti SufC antibody
in a 1:500 dilution and secondary AlexaFluor 488 antibody in a 1:1000 dilution; B — nucleus stained with
DAPI (VectaShield mounting medium); C — merge of A and B; D — bright field image.

Figure 27 Immunoflurescence assay of SufC in a cell of P. pyriformis. A — SufC, primary anti SufC
antibody in a 1:500 dilution and secondary AlexaFluor 488 antibody in a 1:1000 dilution; B — nucleus

stained with DAPI (VectaShield mounting medium); C — merge of A and B; D — bright field image of the
cell.
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5.4 SufC activity

The ATPase activity of SufC was measured using an NADH-coupled spectrophotometric
assay. To standardize the ideal conditions for the enzyme, the activity was measured in

different ranges of pH, salt concentrations and different metal cofactors.

5.4.1 pH standardization

All reactions for standardization of pH were initialized by the addition of SufC. However,
this way the activity of the enzyme took too long to become stable, therefore in all other
instances, reactions were initialized by the addition of ATP. Figure 28 shows the specific
activity of SufC in different pHs of the reaction buffer. The curve shows an average of
three independent measurements. All graphs were processed using GraphPad Prism

software. From this graph, an ideal pH for activity was determined as pH 9.0.
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Figure 28: Specific ATPase activity of SufC based on pH of the reaction buffer. Graph shows an
average of three independent measurements, error bars show standard deviation calculated by
GraphPad Prism software.

5.4.2 lonic strength buffer standardization

The reactions were measured in different concentrations of KCl or NaCl ranging from
25-400mM. The enzyme was active in all measured concentrations of salts. Activities
measured in different concentrations of KCI showed no trend in the change of activity. In
the case of NaCl, activity peaked at 50 mM concentration. 50 mM NaCl was therefore
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determined as the ideal salt and its concentration. Figures 29 and 30 show graphs of

specific activities of SufC based on the concentration of NaCl and KCl, respectively.
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Figure 29: Specific initial activity of SufC based on  Figure 30: Specific initial activity of SufC

concentration of NaCl. Graph shows an average of three  based on concentration of KCI. Graph shows an

independent measurements, error bars indicate standard  average of three independent measurements,

deviation calculated by GraphPad Prism software. error bars indicate standard deviation calculated
by GraphPad Prism software.

5.4.3 Metal cofactor standardization

The activity was measured in the presence of MgClo, MnCl,, ZnSOs4, and CoClz. No
activity was measured in the presence of CoClz, and ZnSO4 caused the enzyme to
precipitate. The enzyme showed some activity with lower concentrations of MnClo,
however, when the concentration was increased over 4 mM, a precipitate was observed
in the solution resulting in an increase of the absorbance (Figure 31). In the presence of
MgCl,, the enzyme was active in all concentrations of the compound, showing no
significant change above 4 mM concentration (Figure 32). The specific activity
(concentration of hydrolyzed ATP per minute per mg of purified SufC) measured at pH
9.0, 50 mM NaCl and 8 mM MgCl, was 1.18 pmol/min/mg (an average of three

independent measurements with a standard deviation 0.09).
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Figure 31: Specific initial activity of SufC based on Figure 32: Specific initial activity of SufC based on

concentration of MgCl,. Graph shows an average of concentration of MnCl,. Graph shows an average of
three independent measurements. error bars three independent measurements. error bars indicate
indicate standard deviation calculated by GraphPad standard deviation calculated by GraphPad Prism
Prism software. software.
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5.5 Co-expression of SufB and SufC

SufB and SufC were co-expressed in pETDuet-1 expression vector, with an N-terminal
6x His-tag and a C-terminal 6x HA-tag, respectively. Co-expression was achieved by
autoinduction in Rosetta2 E. coli cell line in a volume of 800 ml. The protein mixture was
purified using Ni-NTA agarose and all fractions were analyzed using SDS-page and
western blot (Figure 33). His-tagged SufB had an approximate molecular weight of 60
kDa and HA-tagged SufC had an approximate molecular weight of 40 kDa. Western blot
with an anti-His-tag antibody (ThermoFisher) gave clear bands at the correct molecular
weight, however western blot with an anti-HA-tag antibody (Roche) gives many clear

bands of lower molecular weights.
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Figure 33: Purification fractions of SufB-SufC co-expression analyzed on Coommassie-stained
SDS-PAGE gel (top image) and western blots of the purification gel stained by an anti-His tag
antibody (middle image) and by an anti HA-tag antibody (bottom image). CL — cleared lysate, IF
— insoluble fraction, FT — flow-through, W1, W2 —wash 1 and 2, E1, E2, E3 — elutions 1, 2 and 3.
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5.5.1 Activity of SufC co-eluted with SufB

After the copurification of SufB with the SufC enzyme, the activity of SufC in the eluate
was measured. This way I could make sure SufC is both present in the mixture in an intact
active form and that purified SufC is active in the presence of SufB. Figure 34 shows the
progression curve of SufC activity in presence of SufB at pH 9.0, 50 mM NaCl and § mM
MgCla. The specific ATPase activity (concentration of hydrolyzed ATP per min per mg
of protein mixture) was 5.25 umol/min/mg (an average of three independent

measurements with a standard deviation 1.35).
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Figure 34: Progression curve of SufC activity in the presence with SufB. Graph shows the
decrease of absorbance with time, which indicates ATPase activity.

5.5.2 Size exclusion chromatography

The mixture of SufB and SufC proteins isolated by affinity chromatography was
separated according to size by size exclusion chromatography. Three runs using different
elution buffers (300 mM NaCl, 1M NaCl and 300mM NaCl + ImM ATP) were collected
in 36 fractions. The resulting figures (Figure 35-37) show three chromatographs created
by BioLogic DuoFlow software. Each peak represents UV absorption by a component of
the protein mixture. Approximate molecular weights of each peak calculated from the
calibration curve are listed in boxes above each peak. The numbers above the curve
represent fraction numbers. Each fraction was analysed on SDS-PAGE gel. SDS-PAGE
lanes below the chromatograph show the fractions corresponding to the fractions in the

graph. All three runs confirmed the presence of a SufBC association.
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Figure 35: Size exclusion chromatography of purified M. exilis SufB and SufC, co-expressed in E. coli
Rosetta2, in a buffer containing 300mM NaCl (50mM Hepes, pH 8.0, 300mM NaCl, 10mM BME,
10% glycerol). Fraction number is indicated at the top X axis. Left axis (blue) denotes absorbance at
280 nm (blue curve). SDS-PAGE of corresponding fractions is shown below each fraction. SufB and
SufC are indicated by arrows.
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Figure 36: Size exclusion chromatography of purified M. exilis SufB and SufC, co-expressed in E. coli
Rosetta2, in a buffer containing 1M NaCl (50mM Hepes, pH 8.0, 1M NaCl, 10mM BME, 10% glycerol).
Fraction number is indicated at the top X axis. Left axis (blue) denotes absorbance at 280 nm (blue
curve). SDS-PAGE of corresponding fractions is shown below each fraction. SufB and SufC are
indicated by arrows.
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Figure 37: Size exclusion chromatography of purified M. exilis SufB and SufC, co-expressed in E. coli
Rosetta2, in a buffer containing 300mM NaCl and ImM ATP (50mM Hepes, pH 8.0, 300mM NaCl, ImM
ATP 10mM BME, 10% glycerol). Fraction number is indicated at the top X axis. Left axis (blue) denotes
absorbance at 280nm (blue curve). SDS-PAGE of corresponding fractions is shown below each fraction.
SufB and SufC are indicated by arrows.
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6 Discussion

The SUF pathway has been the subject of numerous studies in bacteria, however, its
presence in eukaryotic cells, apart from its presence in plastids, is a recent discovery.
M. exilis and P. pyriformis are the first eukaryotic cells discovered to possess a complete
SUF pathway instead of the canonical ISC. This finding together with the absence of
mitochondria in M. exilis raised many questions. How does the pathway function in these
cells? Does the fusion of SufD, SufS and SufU affect the complex formation? How does
the SUF pathway communicate with the CIA pathway? And last but not least, where is
the pathway localized in both of these organisms? Is the SUF pathway cytosolic in both
M. exilis and P. pyriformis, even though one of these organisms possesses mitochondria
and the other does not?

Addressing these questions is difficult using Monocercomonoides, as it is not a
genetically tractable organism. Hence, an effort to answer these questions with in vitro
assays was made by expressing SUF pathway proteins in recombinant form. Only after
we are able to express and isolate the components of the pathway, we can use them to
perform functional experiments. As a part of my thesis, I managed to optimize the
conditions for heterologous expression of the recombinant version of two proteins from
M. exilis, SufC and SufB. Both of these proteins were expressed in Rosetta2 E. coli cell
line. The 6x His-tagged SufC was expressed using pET30a expression plasmid in E. coli
Rosetta2, yielding large quantities of the protein in soluble form. Similarly, a 6x His-
tagged SufB was co-expressed with 6x HA-tagged SufC in pETDuet-1 vector.

For the localization of the SUF pathway in M. exilis and P. pyriformis, a rabbit
antibody against recombinant M. exilis SufC has been produced by our collaborators.
When testing the antibody by western blot analysis on P. pyriformis and M. exilis cell
lysates, the antibody detected a large band of approximately 100 kDa in P. pyriformis
lysate. Since the expected size of SufC is approximately 30 kDa in both M. exilis and
P. pyriformis, it is safe to assume this antibody does not bind to SufC in P. pyriformis and
instead gives an unspecific signal. On the other hand, in M. exilis this antibody detected
multiple bands of approximately 30 kDa, 40 kDa and 50 kDa. Since some of these bands
are near the expected molecular size of SufC, the possibility that one of them may indeed
be SufC could not be ruled out based on western blot only. The specificity of the antibody
was therefore tested using immunoprecipitation. These results suggested that the band

observed at approximately 40 kDa is in fact actin, with a fold change (compared to the
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control) of 38, meanwhile SufC, though it is detected, is detected in a mere 8 fold-change
in M. exilis lysate.

The SUF pathway localization was assessed by immunofluorescence using the same
antibody against recombinant M. exilis SufC. Since these experiments were done before
the immunoprecipitation data was obtained, I wanted to test the specificity of the antibody
on T vaginalis TvT1 cells. The slides were prepared with TvT1 culture transfected with
HA-tagged M. exilis SufC. This culture was kindly provided by Mgr. Zuzana Vaitova,
Ph.D. and was previously used to predict the localization of the SUF pathway in M. exilis
by heterologous expression (Karnkowska et al. 2016). The cells were stained by the
antibody against SufC as well as an anti HA-tag antibody. If the anti SufC antibody
detected the HA-tagged SufC produced by 7. vaginalis cell, the signal detected by this
antibody would overlap with the signal detected by an anti HA-tag antibody. Even though
the anti SufC antibody gave a signal throughout the cell in a pattern similar to the one
reported in Karnkowska et al., where SufC was detected by anti HA-tag antibody only,
no signal was detected by the anti HA-tag antibody. This was most probably due to the
loss of expression by the transfected cells and unspecific binding of the anti SufC
antibody. When detecting SufC in M. exilis and P. pyriformis cells, the slides were
prepared with the same fixation as the 7. vaginalis control. This fixation technique,
however, proved insufficient for both M. exilis and P. pyriformis. All M. exilis cells
observed under the microscope were disrupted and only the nucleus stained with DAPI
and the flagella remained intact. P. pyriformis cells were disrupted or misshapen as well,
although less severely than in the case of M. exilis and the cytosol remained detectable in
most of the cells. In both M. exilis and P. pyriformis, the antibody gave off strong signal
in the flagella, suggesting once again unspecific binding of the antibody. Since the results
of immunoprecipitation settled that the antibody has the highest affinity towards actin, it
is safe to assume that none of the immunofluorescence photos show any signal coming
from SufC, but rather from actin which is an abundant protein in essentially all eukaryotic
cells. Moreover, apart from being localized in the cytosol, conventional actin has been
found to associate with the inner dynein arm complexes within flagella (Hirono et al.
2003), explaining why the most signal has been detected in M. exilis and P. pyriformis
flagella. Given these results, the immunofluorescence experiment was not repeated using
different fixation techniques to obtain intact cells, as better-quality slides would not
provide any more information about the localization of the SUF pathway with an

unspecific antibody.
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A 6x His-tagged version of SufB was successfully co-expressed with a 6x HA-tagged
SufC in pETDuet vector. Previous attempts of expressing SufB on its own, which have
been performed by my colleague Priscila Penia-Diaz, Ph.D., only ever yielded the protein
in an insoluble form. SufB-SufC co-expression provided us with SufB recombinant
protein in a soluble form, as proven by its presence on the cleared lysate after
ultracentrifugation at 100,000g for 1 hour (Staudinger and Bandrés 2003). This result also
suggests that the interaction of SufB and SufC may aid in the folding of SufB.
Interestingly, most reports of SufB overexpression in bacteria involved its co-expression
with other components of the suf operon, and subsequent separation from the mixture, yet
rarely SufB alone (Layer et al. 2007; Hirabayashi et al. 2015; Yuda et al. 2017, Garcia et
al. 2019). The western blot analysis of the purification fractions showed a large clear band
corresponding to SufB detected by the anti His-tag antibody. The anti HA-tag antibody
detected multiple bands of smaller molecular weight than the recombinant SufC,
suggesting extensive degradation of this protein. However, when trying to measure the
ATPase activity of the whole protein mixture, the mixture still displayed ATPase activity,
proposing that some SufC has conserved its activity regardless of its binding to the
scaffold protein.

Since the purification of recombinant SufC was successfully done in a native state, |
tested whether the enzyme possesses ATPase activity, which was previously reported for
this enzyme in bacteria (Nachin et al. 2003; Petrovic et al. 2008; Tian, He, and Liu 2014).
The recombinant SufC possessed ATPase activity, with the optimal conditions for the
activity being pH 9.0, 50mM NaCl, and 8mM MgCl,. The specific activity measured was
quite low, with 1.18 umol of hydrolyzed ATP/min/mg. However, the specific activity of
SufC on its own was also previously reported in similar orders, for example, Nachin et al.
report 0.3 umol of inorganic phosphate/min/mg. Standardization of pH demonstrated a
clear peak of activity at pH 9.0, which is unusually high for a protein with predicted
cytosolic localisation, since cytosolic pH of eukaryotic cells is generally maintained at
pH 7.0-7.4 (Madshus 1988). For example, the cytosolic pH of Giardia intestinalis is
maintained at pH 6.7-7.1 (Biagini et al. 2001). Moreover, the ideal pH for ATPase activity
of SufC from bacteria has been reported as pH 7.5 (Nachin 2003; Petrovic et al. 2008;
Tian, He, and Liu 2014). This observation further increases the need to precisely establish
the localisation of this protein in the cell. For ionic strength buffer standardization,
different concentrations of NaCl and KCI were tested. The enzyme maintained a very

similar level of activity in all measured salt concentrations, with a slight peak at 50mM
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NaCl. Finally, the activity was measured in the presence of various metal compounds to
determine which cofactor was favoured by the ATPase and what concentration leads to
the optimal ATPase activity. Four divalent metals were tested in various concentrations,
namely MgCl,, MnClo, ZnSO4, and CoClo. SufC displayed no measurable activity in the
presence of CoCl,, suggesting that SufC is incapable of functioning with Co*" as a
cofactor. Similarly, in the presence of ZnSOs, no activity was detected, and the enzyme
precipitated from the solution after some time, which manifested itself by the reaction
mixture becoming cloudy, resulting in an increase of absorbance. Some activity was
measured in the presence of lower concentrations of MnClz, but concentrations higher
than 4mM caused the enzyme to precipitate from the solution in a similar manner to
ZnSOq4. Finally, when measured in the presence of MgClz, SufC displayed a steady
activity, which increased with concentration up to 4mM MgCla. Above this concentration
of the cation, the activity did not change significantly, peaking ever so slightly at 8mM
MgCly. This result suggests that SufC is able to use Mg?" ions as its cofactor, which is in
agreement with magnesium ions found in its crystal structure (Watanabe, Kita, and Miki
2005). Mg?* is favoured as a cofactor by many other ATPases, such as the Fi-ATPase
(Frasch 2000) and the Na*/K" ATPase (Pilotelle-Bunner et al. 2009). Moreover, Mg?* ions
have been proven essential for phosphoryl transfer during ATP synthesis and hydrolysis
(Voet and Voet 2010).

The review of literature revealed, that SufC activity can be increased upon the
interaction with SufB (Petrovic et al. 2008; Tian, He, and Liu 2014). Petrovic et al.
documented a 180-fold increase in activity upon SufC-SufB interaction, whereas Tian,
He and Liu reported a mere 2-fold increase. M. exilis SufC ATPase activity was also
increased upon the interaction with SufB. Under aforementioned conditions (pH 9.0, 50
mM NaCl, 8 mM MgCl,) the specific activity of SufC alone was 1.18 pumol/min/mg (per
mg of purified SufC), whereas the specific activity of SufC co-expressed with SufB under
the same conditions was 5.25 pmol/min/mg (per mg of purified mixture of SufC and
SufB). The SufB:SufC ratio in the protein sample is unknown and therefore the precise
increase in the specific activity of SufC cannot be determined, but from this data, it can
be concluded that there is at least 4.5-fold increase in activity of SufC in SufBC complex
compared to SufC alone.

To examine the complex formation between the co-expressed SufB and SufC, the
protein mixture has been analysed using size exclusion chromatography. Firstly, the

mixture was analysed in buffer containing 300mM NaCl, which was the same buffer used
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for protein purification. In this condition, the chromatograph detected two small peaks of
a large molecular size (fractions 10 and 14), corresponding to approximately 1311 kDa
and 415 kDa at the top of the peak, respectively. When analysed by SDS-PAGE, no bands
were detected in fraction 10 and two bands of approximately 60 kDa and 70 kDa were
detected in fraction 14. This suggests that SufB may be capable of forming very large
complexes with itself, yet its amount was so low it was barely detected on the gel,
suggesting its concentration in the complete mixture is negligible. The second peak
(fraction 14) could suggest an association of His-SufB (60 kDa) in a multimer with a
larger protein, which is visible on the gel as a second band right above SufB at around 70
kDa. 70 kDa is a size which could very well correspond to a chaperone contaminant such
as Hsp70 (DnaK) from E. coli. Chaperones are the most common contaminants of
recombinant proteins produced in bacteria (Rohman and Harrison-Lavoie 2000; Morales,
Parcerisa, and Ceccarelli 2019). The largest detected peak (containing the majority of the
protein) was detected in fraction 18, which represents a molecular weight of
approximately 153 kDa. Since both SufB and SufC were detected on the SDS-PAGE gel
in this fraction it can be concluded that these two proteins form a complex in vitro. The
SufB:SufC stoichiometry can be estimated from the size of the eluted complex. The
approximate molecular weight of His-SufB is consistently around 60kDa, whereas SufC-
HA should be around 40 kDa in theory. However, HA-tagged SufC exhibited extensive
degradation when co-expressed with SufB, and the majority of the protein was detected
at 30 kDa. With this in mind, a SufB>C stoichiometry fits the size of the complex ideally.
The last peak detected by the FPLC (fraction 24) was around 26 kDa, which was either
contamination or a residue of SufC. It may be speculated that the HA-tag on the C-
terminus of the protein could be unstable and hence cleaved and lost in solution, soon
after purification.

To test the stability of the eluted complex, a second measurement was done in a buffer
containing 1M NaCl. An unstable or transient complex would likely be disrupted in high
concentrations of salt, due to the high ionic strength that would disrupt salt bridges
between proteins. Most importantly, a peak representing the SufB-SufC complex
(fraction 18) was still observed, with SufC detected in the fraction on SDS-PAGE,
suggesting a stable binding of SufB to SufC. This peak was detected slightly later in the
elution, with the corresponding molecular weight of approximately 133 kDa. The 20 kDa

difference might be contributed to SufC degradation or an artefact in the measurement.
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However, given this shift in size, the possibility that our complex exists in a SuBC>
stoichiometry as well should not be omitted.

The last measurement was performed in a buffer containing 300mM NaCl and
ImM ATP in order to detect changes in the organization of the complex upon ATP
hydrolysis by SufC. In presence of ImM ATP, two major peaks were detected, one in
fraction 16 with the size of approximately 270 kDa, which displayed a “shoulder” most
probably due to the presence of two, very closely eluted peaks, and a second smaller one
in a similar size to the previously measured complexes (fraction 18, ~155 kDa). This
result suggests that the SufB-SufC complex changes its conformation in vitro into a large
complex upon the ATPase activity of SufC. SufC has been documented to dimerize within
the SufBC,D complex upon ATPase activity (Hirabayashi et al. 2015). Therefore, it can
be proposed that this complex is a dimerization of the SufB>C or SufBC> complex,
especially since a putative SufB,C lacks a second SufC to form the interaction.

The scaffold exists predominantly as a SufBC,;D complex in most of the bacterial
systems where it has been assessed. An in vitro interaction between SufB and SufC as
well as between SufC and SufD has been documented to yield a SufB>C, and SufC,D;
complex, respectively (Chahal and Outten 2012; Wada et al. 2009). This is not surprising
since SufB and SufD are structural homologues, which bind to each other and each of
these proteins have been known to bind one SufC (Hirabayashi et al. 2015). So far, there
has been experimental evidence of the existence of neither SufBC; nor SufB.C
complexes, but since M. exilis and P. pyriformis SufD is a part of a SufDSU fusion gene,
chances are that both of the SUF subcomplexes function in a different manner to the one
we know from bacteria. Whether SufD from a SufDSU fusion is cleaved upon translation
to join the scaffold and yield a SufBC>D complex, should remain the subject of future
experiments. Further experimentation should be also performed to determine the
stoichiometry of M. exilis SufB and SufC binding more accurately, and to rule out the
existence of SufB and SufC in a SufBC, complex, as it is not certain which functional
residues could take place in the binding of a second SufC to SufB. That being said, these
data provide us valuable insight into the functionality of the SUF pathway in M. exilis
and P. pyriformis.
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7 Conclusion

This thesis was focused on the SUF pathway of M. exilis and P. pyriformis. To briefly

summarize, these results were obtained:

1)

2)

3)

4)

A recombinant version of M. exilis SufC was prepared successfully in a native state.

Antibody production against M. exilis SufC was unfortunately not successful since
the resulting antibody had a higher affinity towards actin than towards SufC. The
localization of the SUF pathway in the cells of M. exilis and P. pyriformis is therefore
still waiting to be settled.

The recombinant SufC showed ATPase activity and the conditions for the activity
were standardized as pH 9.0, 50mM NaCl, and 8mM MgCl.. The activity increased

at least 4.5x upon the interaction with SufB.

SufB was successfully co-expressed with SufC. These two proteins formed a stable
complex in vitro. Size exclusion chromatography analysis suggested a possible
stoichiometry of the complex to be SufBC, or SufB>C which putatively dimerises in

the presence of ATP.
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