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1. INTRODUCTION

The mitochondrion is a crucial organelle involved in energy production that houses
a small genome. While the loss or damage of the mitochondrial genome poses
significant challenges for higher eukaryotes, the Saccharomyces cerevisiae yeast
serves as a valuable model for studying mitochondrial DNA maintenance as it
can thrive without oxidative phosphorylation or a functional mitochondrial genome
when grown on a fermentable carbon source. Out of approximately 900 proteins
in the yeast mitochondrial proteome, around 25% are involved in mitochondrial
gene expression and DNA maintenance (Sickmann et al., 2003; Morgenstern
et al., 2017). These proteins play a crucial role in synthesizing seven essential
respiratory chain subunits encoded by the mitochondrial genome (Foury et al.,
1998). Amongst proteins involved in mitochondrial gene expression, S. cerevisiae
mitochondria contain at least six conserved helicases responsible for mito-
chondrial nucleic acid metabolism and protein biosynthesis (Lahaye et al., 1991;
Sedman et al., 2005; Szczesny et al., 2013).

Helicases are enzymes that utilize the energy of nucleoside triphosphate
(NTP) binding and hydrolysis to catalyze structural rearrangements in DNA or
RNA. Helicases have a wide range of roles in living cells, from replication, re-
combination, and repair to transcription, splicing, ribosome biosynthesis, and
translation (Singleton et al., 2007). These proteins play vital roles in the stability
and proper expression of the mitochondrial genome (Contamine and Picard, 2000).
Previous studies have identified three mitochondrial helicases (Mhr4, Mss116,
and Suv3) to be involved in mitochondrial RNA metabolism and three (Pifl,
Hmil, and Irc3) to be associated with DNA maintenance (Lahaye et al., 1991;
Sedman et al., 2005; Szczesny et al., 2013; Sedman et al., 2014). Recently, the
helicase Irc3 has garnered attention for further investigation due to its newly
found potential role in mitochondrial translation (Kaur and Datta, 2021).

The definition of the properties of a helicase using only in vivo methods is
complicated in the S. cerevisiae mitochondria due to the functional interconnec-
tions of the mitochondrial enzymes. The current thesis focuses on the biochemical
characterization of isolated recombinant Irc3 to gain fresh insights into yeast
nucleic acid metabolism processes. In the first part of the thesis, I present an
overview of helicase structure, function, and common roles in the cell on the
example of helicases similar to Irc3. In the second part of my thesis experiment,
I conducted a conservation analysis of Irc3 helicases and assessed whether its
homolog from a thermotolerant yeast, O. polymorpha, could complement the
respiratory deficiency phenotype resulting from Irc3 deletion in S. cerevisiae.
These results are followed by the characterization of nucleic acid ATPase stimu-
lation specificity and evaluation of the helicase translocation mechanism. Finally,
the obtained results are discussed in the context of the latest research and pro-
posed potential functions of Irc3 helicase.



2. REVIEW OF LITERATURE

2.1. Helicases, their Structure, and Function

Helicases are a class of enzymes that catalyze the remodeling of nucleic acid (NA)
or protein-NA complexes using energy derived from a nucleoside triphosphate
(NTP) binding and hydrolysis (Abdel-Monem et al., 1976; Pyle, 2008). Helicase
motifs, short sequences of amino acids, form structures responsible for critical
functions such as NTP binding and hydrolysis, NA binding, and the transfer of
energy from NTP hydrolysis to movement on the NA lattice (Singleton et al.,
2007; Fairman-Williams et al., 2010). In practice, nearly all processes involving
NA metabolism rely on helicase activity, and defects in helicase function are asso-
ciated with neurodegenerative symptoms, developmental diseases, and human
cancers (Stewart and Chinnery, 2021).

According to the current classification, helicases are divided into six super-
families (SFs) based on their motif and sequence conservation (Gorbalenya and
Koonin, 1993; Singleton et al., 2007). The enzymes of SFs 3 to 6 are typically
involved in functions associated with DNA replication and form toroidal multi-
meric complexes around DNA molecules (Singleton et al., 2007). On the other
hand, SF1 and SF2 helicases are monomeric or dimeric in nature. They are in-
volved in a broader range of NA-associated processes such as DNA replication,
DNA repair, DNA recombination, RNA splicing, RNA transcription, and trans-
lation (Lohman et al., 2008; Bourgeois et al., 2016).

Among helicase superfamilies, SF1 and SF2 have the highest sequence con-
servation (Gorbalenya and Koonin, 1993; Singleton et al., 2007). The SF1 and
SF2 enzymes display a conserved core structure, where the protein is folded to
form two cylindrical domains, also known as RecA-like domains (RecAl and
RecA2) (Figure 1) (Singleton et al., 2007; Fairman-Williams et al., 2010). The
helicase motifs are located at highly conserved positions on the surface of these
domains (Figure 1) (Fairman-Williams et al., 2010). The regions of the helicase
core responsible for NTP hydrolysis (motifs Q, I, II, VI) are the most conserved,
while the regions responsible for coupling the energy of NTP hydrolysis to
movement along the NA lattice (motifs III and Va) are conserved only within a
particular SF (Fairman-Williams et al., 2010). For example, the motif III consen-
sus of SF1 helicases is GDxxQL and SF2 helicases — xAT, often used to diffe-
rentiate the SF1 and SF2 enzymes (Singleton et al., 2007). The regions of the
helicase core responsible for binding the NA (formed by motifs la, Ib, IV, [Va, V)
are the least conserved and differ even within a particular SF, which makes those
motifs more helpful in differentiating subfamilies within a SF (Fairman-Williams
et al., 2010).

Group of at least three different helicases from a single organism that belong
to the same SF (conserved motifs III and Va) and have a high conservation of
motif position and sequence is typically called a subfamily (Fairman-Williams
et al., 2010). Although the distribution of helicases among different subfamilies
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is based solely on amino acid sequence comparison, it has been found that
members of a single subfamily share many structural and functional similarities
(Singleton et al., 2007; Fairman-Williams et al., 2010). By utilizing the amino
acid sequence information, it becomes possible to build hypotheses about the
potential activities of the protein and design experimental procedures aimed at
characterizing novel helicases.

B-hairpin

Figure 1. Schematic arrangement of conserved structural domains of an SF2 helicase
from RecQ-like subfamily. Conserved helicase core domains are shown in green (RecAl)
and blue (RecA2), with a molecule of ATP (red) bound between them. Roman numbers
indicate motif positions. The C-terminal domain (CTD) is purple. The B-hairpin structure
pushed between pairs of DNA nucleotides is marked with an arrow on the CTD (Pike
et al., 2009).

2.2. Characterization of SF2 helicases

Helicases are classified according to motif sequence and location conservation
(Gorbalenya and Koonin, 1993; Fairman-Williams et al., 2010). Some helicases
also have subfamily-specific domains or structures that help classification (Bern-
stein and Keck, 2003; He et al., 2010). For example, a B-hairpin required for
wedging between the pairs of complementary nucleotides could be located
between motifs V and VI of many DEAH/RHA helicases or just after motif VI in
RecQ-like helicases (Figures 3 and 4) (He et al., 2010; Kitano et al., 2010). The
ratchet domain necessary for stabilizing the unwound ssDNA in Ski2-like heli-
cases is located just after the helicase core of those enzymes (Figure 5) (Johnson
and Jackson, 2013). Without a functional B-hairpin or a ratchet domain, the heli-
case activity in corresponding enzymes is often unlinked from the hydrolysis of
NTP (Biittner et al., 2007; Kitano, 2014). Interestingly, not all biochemical activi-
ties of a helicase are always conserved within a subfamily. Generally, the polarity
of translocation and the ssDNA or dsDNA specificity are better conserved than
the specificity for DNA or RNA (Singleton et al., 2007; Fairman-Williams et al.,
2010).
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In addition to the sequence-based classification, helicases can also be classi-
fied based on their enzymatic activity (Singleton et al., 2007). Helicases with
fixed translocation polarity are called A (3’ to 5’ polarity) or B (5’ to 3’ polarity)
type helicases. Single-stranded DNA (ssDNA) specific helicases are called the
alpha type, and double-stranded DNA (dsDNA) specific helicases are called the
beta type (Table 1) (Singleton et al., 2007). Typically, all helicases use ATP or dATP
as the sole energy source, except for DEAH/RHA helicases of viral lineages that
can use all types of NTP or dNTP, so the NTP specificity is rarely used for heli-
case classification (Singleton et al., 2007; Belon and Frick, 2009). However, NA
specificity is crucial for understanding the in vivo role of a given helicase, as
helicases are typically specific to one type of NA: DNA, RNA, or DNA-RNA
hybrid molecules (Singleton et al., 2007). The mechanism of nucleic acid un-
winding is also essential, as some helicases processively move along the NA
lattice while others are distributive (Singleton et al., 2007).

Table 1. List of currently characterized SF2 subfamilies*

SE2 helicase subfamily Classification NA specificity
DEAD-box n.a.** RNA***
DEAH-box Aa DNA/RNA
NS3/NPH-II Aa DNA/RNA
Rad3-like Ba DNA
RecG-like AP DNA
T1R/T3R-like —B DNA
Rigl-like Aa/B DNA/RNA
Swi/Snf-like —B DNA
RecQ-like Aa DNA
Ski2-like Ao DNA/RNA
Suv3-like Aa DNA/RNA

(*) Functional classification according to the system proposed by Singleton et al. in 2007. Modified
and updated from Fairman-Williams et al., 2010 and Jedrzejczak et al., 2011.

(**) DEAD-box proteins do not translocate along NA molecules and have no defined polarity in
this classification system. Still, those proteins can exhibit 3’ to 5’ or 5’ to 3’ polarity depending on
the type of experiment performed.

(***) Some DEAD-box proteins display DNA-specific activities, but most DEAD-box subfamily
representatives are RNA-specific enzymes.

For processive helicases, two main models are proposed that tie together the pro-
tein structure with the mechanism of translocation (Patel and Donmez, 2006; Gao
and Yang, 2020). One of the best-known models of helicase action is the “inch-
worm” model (Velankar et al., 1999; Frick, 2006). It proposes that the helicase
protein possesses two binding sites for the NA lattice, which undergo confor-
mational changes upon the hydrolysis of NTP. Following that model, the enzyme
can function as a monomer where the first helicase domain binds tightly to the
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NA. In contrast, the second domain moves forward, followed by the second domain
binding tightly to the NA, while the first domain releases NA and moves closer
to the second domain (Velankar et al., 1999). This model could also be applied to
dimeric helicases, where each subunit functions as a unit capable of binding and
releasing the NA, resulting in unidirectional movement (Wong and Lohman, 1992).
The “inchworm” model has been demonstrated in the crystal structures of Prp43
with NA (He et al., 2017).

The second best-known model describing the mechanism of helicase trans-
location is the Brownian motor (Levin et al., 2005; Hwang and Karplus, 2019).
Unlike the previously proposed model, the Brownian motor model integrates the
statistical Brownian motion at the molecular scale with a directional power
stroke, which applies to monomeric and multimeric helicases. The model pro-
poses that the helicase functions through two conformational states, a tight binding
state and a weak binding state. The binding of the ATP switches the helicase to a
weak binding state, and the helicase can move along DNA randomly in either
direction due to Brownian motion. After hydrolyzing ATP, the helicase rebinds to
the lattice tightly while making a forward movement or power stroke (Levin et al.,
2005; Patel and Donmez, 2006).

In the following paragraphs, I will focus in more detail on the SF2 subfamilies
of helicases that are represented in S. cerevisiae, have some degree of similarity
to the S. cerevisiae mitochondrial helicase Irc3 and could help to understand the
function of Irc3.

2.2.1. DEAD-box subfamily

The DEAD-box subfamily is the largest group of SF2 helicases, distinguished by
containing the conserved motif I Asp-Glu-Ala-Asp (DEAD) (Fairman-Williams
et al., 2010). Interestingly, although DEAD-box helicases have different motif 11
sequence compared to the Irc3 helicase (DEAH), several members of the super-
family display conservation at motif Ia (Daugeron et al., 2001; Kikuma et al.,
2004). This motif is typically involved in NA binding and may confer the unique
properties of Irc3 NA specificity discussed in the Results section (paragraph 5.4.).
DEAD-box helicases play an essential role in RNA metabolism and participate
in various molecular processes, such as transcription, pre-mRNA splicing, ribo-
some biogenesis, translation, and RNA degradation. At present, at least 37 members
of the DEAD-box subfamily have been described in humans and 26 in S. cere-
visiae (Fairman-Williams et al., 2010; Linder and Jankowsky, 2011). In humans,
elF4A-III is one of the first and best-characterized DEAD-box helicases, eIF4A-
III participates in the formation of the exon junction complex (EJC) by remaining
bound to mRNA after splicing (Ballut et al., 2005; Nielsen et al., 2009). Mss116
is one of the most researched DEAD-box helicases in S. cerevisiae mitochondria,
involved in splicing mitochondrial introns (Del Campo and Lambowitz, 2009).
DEAD-box proteins share a highly conserved helicase core that consists of
two RecA-like domains tethered by a short, flexible linker (Figure 2) (Mohr et al.,
2011). Generally, the core remains loosely packed (as shown in Figure 2) until
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RNA and ATP molecules are bound, resulting in a tight protein-ATP-RNA
complex. Shortly after the formation of the tightly packed complex, the RNA
molecule that has entered a sterically unfavorable state is unwound, ATP hydro-
lyzed, ADP and inorganic phosphate released, and the protein-RNA complex dis-
sociates (Yang et al., 2007; Theissen et al., 2008). In most DEAD-box proteins,
the helicase core is flanked by ancillary N- or C-terminal domains, which are
enzyme-specific and contribute to the functional diversity of this protein family.
These auxiliary domains direct individual DEAD-box proteins to their functional
targets by interacting with specific proteins or RNA sequences or modulating the
activity of the helicase core (Cordin et al., 2006; Hilbert et al., 2009). For example,
Mss116 and its homologs possess a unique C-terminal extension proposed to
force a second kink in the bound RNA strand, potentially increasing its unwinding
activity (Figure 2) (Del Campo and Lambowitz, 2009).

linker RecA2

RecA1
Figure 2. Arrangement of conserved structural domains of Mss116 from S. cerevisiae
(RCSB ID: 3i5x). Conserved helicase core domains connected by a flexible linker are
shown in orange (RecAl) or blue (RecA2). The C-terminal extension domain (CTE) is
red (modified using information from Del Campo and Lambowitz, 2009).

Most DEAD-box helicases are non-processive RNA helicases with no defined
polarity (Fairman-Williams et al., 2010). However, there are few examples of
DEAD-box enzymes capable of unwinding DNA molecules (Kikuma et al., 2004;
Talwar et al., 2017). For instance, Dbp9 of S. cerevisiae proposed to be involved
in the biogenesis of 60S ribosome subunit is capable of unwinding RNA hairpin
structures in vitro and was also demonstrated to unwind DNA and DNA-RNA
hybrid molecules (Daugeron et al., 2001; Kikuma et al., 2004). Moreover, the
ATPase activity of Dbp9 is stimulated only by DNA molecules, while RNA
molecules showed inhibitory activity (Kikuma et al., 2004). Similarly, the ATPase
activity of human DX43 is stimulated by both DNA and RNA, and the enzyme
can unwind DNA with a 3’ to 5’ polarity but displays a 5’ to 3’ polarity on RNA
(Talwar et al., 2017).
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2.2.2. DEAH-box subfamily

DEAH-box proteins are a family of SF2 helicases that share many sequence and
structural similarities with DEAD-box proteins but have the motif II sequence
Asp-Glu-Ala-His (DEAH), which is also the motif II sequence of Irc3 enzyme
(Jarmoskaite and Russell, 2014). Interestingly, this single amino acid substitution
separates DEAD-box and DEAH-box helicases into subfamilies (Fairman-
Williams et al., 2010). Compared to DEAD-box helicases, the DEAH-box heli-
cases have a different tertiary structure of the helicase core and a different
mechanism of NA duplex unwinding (Fairman-Williams et al., 2010). Moreover,
this subfamily consists of both DNA and RNA-specific enzymes (Pyle, 2008).
The best-characterized members of the DEAH-box subfamily from S. cerevisiae
are the RNA helicase Prp43, which is involved in spliceosome disassembly
during mRNA maturation, and the DNA helicase Mphl, which is associated with
DNA damage repair by homologous recombination (Tanaka and Schwer, 2006;
Bohnsack et al., 2009; Schiirer et al., 2004; Tay et al., 2010). DHX15 is one of
the most well-studied DEAH-box helicases in humans, with essential functions
in RNA metabolism and innate immune sensing of viral RNA (Imamura et al.,
1997; Fouraux et al., 2002).

The core of DEAH-box helicases consists of two RecA-like domains, which
contain the same set of conserved motifs as DEAD-box proteins (Fairman-
Williams et al., 2010; Jarmoskaite and Russell, 2014). Similarly to DEAD-box
helicases, the DEAH-box helicases have additional domains or regions flanking
their helicase core (Wang and Guthrie, 1998; Ozgur et al., 2015). In the crystal
structures of these proteins, the C-terminal domains interact strongly with the
helicase core (He et al., 2010; Walbott et al., 2010). The RecA-like domains,
along with ancillary C-terminal domains, are densely packed together and sur-
round the NA channel in a ring-shaped structure (Figure 3), which may be a
crucial feature of processive translocating helicases (Walbott et al., 2010;
Murakami et al., 2017). Another characteristic feature of DEAH-box helicases is
the B-hairpin located between motifs V and VI of the RecA2 (Figure 3) (He et al.,
2017). The exact function of this long N-terminal B-hairpin is not known, but in
Prp43, it is essential for holding the 5’ end of a bound RNA stack inside the
binding pocket in the ATP-bound state (He et al., 2017; Hamann et al., 2019). A
similar B-hairpin structure has also been observed in DNA helicase Hel308, where
it has been proposed to participate in strand separation by disrupting the double-
stranded structure of nucleic acids. Hence, it is tempting to speculate that it also
may be necessary for strand separation in DEAH-box helicases (Biittner et al.,
2007). On the other hand, in a structure of Prp22 in a complex with single-
stranded RNA, the location of the B-hairpin is far from the potential RNA duplex,
suggesting that the B-hairpin is mainly involved in translocation instead of strand
separation (Hamann et al., 2019). The N-terminal region of DEAH-box helicases
shows little conservation and is often involved in recruiting the helicase to the
correct complex or subcellular location, for example, the mitochondrial transport
signal peptide (Wang and Guthrie, 1998). The C-terminal region of DEAH-box
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helicases is highly conserved, consisting of three domains: a winged helix (WH),
a ratchet-like domain, and an oligosaccharide binding (OB) fold (Figure 3)
(Ozgur et al., 2015).

Figure 3. Arrangement of conserved structural domains of Prp43 from S. cerevisiae
(RCSB ID: 3kx2). Conserved helicase core domains are shown in orange (RecAl) or
blue (RecA2). The winged helix (WH) is magenta, the ratchet is yellow, the OB-fold
domain is red, and the N-terminal domain (NTD) is green. The B-hairpin structure is cyan
(modified using information from Walbott et al., 2010).

DEAH-box helicases predominantly possess 3’ to 5’ polarity (A type) and single-
stranded nucleic acid molecule specificity (a type) (Schwer, 2008; He et al., 2017).
Successful loading onto the substrate NA requires a single-stranded 3’ overhang
(Tanaka and Schwer, 2005; Smaldino et al., 2015). Some DEAH-box proteins
lack specificity for ATP and can hydrolyze all four nucleoside triphosphates
(Tanaka and Schwer, 2005; Belon and Frick, 2009). The translocation mechanism
of DEAH-box helicases is best understood for the Prp43 of S. cerevisiae (De
Bortoli et al., 2021). The translocation of Prp43 involves the movement of two
extended amino acid hairpin structures relative to the RNA strand during the
cycles of ATP hydrolysis. These hairpins trap the bases of the bound RNA
between them and move in cycles to incorporate a new base on the 5’ side and
exclude one on the 3’ side, resulting in the directional 3’ to 5’ translocation of the
helicase (De Bortoli et al., 2021). Both hairpin structures are highly conserved
among DEAH-box helicases and related DExH helicases, with the 3’ hairpin
being an extension of motif Ib on domain RecA1 and the 5 hairpin being a RecA2
structure that does not correspond to any currently identified motifs (He et al.,
2017). One proposed advantage of this translocation model is that the enzyme
does not necessarily need to move along the nucleic acid lattice. Instead, it can
pull onto one of the strands and remove it from the blocked region (winching
model) (Semlow et al., 2016). This type of action was experimentally shown with
DEAH-box helicase Prp22 (Semlow et al., 2016).
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2.2.3. RecQ-like subfamily

RecQ-like is a subgroup of SF2 helicases, with the prototype representative being
RecQ from E. coli (Bachrati and Hickson, 2003). Similarly to DEAH-box heli-
cases, RecQ-like helicases have motif II sequence Asp-Glu-Ala-His (DEAH),
which is also the motif II sequence of Irc3 (Fairman-Williams et al., 2010).
Members of the RecQ-like subfamily consist exclusively of DNA helicases and
are widely conserved in bacteria, archaea, yeasts, and higher multicellular orga-
nisms (Bachrati and Hickson, 2003). Moreover, representatives of this subfamily
have a high similarity of biochemical activities to our protein of interest, Irc3
(paragraph 5.5.2.). Typically, unicellular organisms have one homolog of this
helicase, while multicellular organisms have multiple RecQ-like subfamily repre-
sentatives (Kitano, 2014). Humans have five RecQ-like enzymes: BLM, RECQI,
RECQ4, RECQS5, and WRN (Bachrati and Hickson, 2003). Mutations in the
BLM, WRN, and RECQ4 genes are associated with severe autosomal recessive
conditions characterized by genomic instability, cancer predisposition, and pre-
mature aging (Ellis et al., 1995; Yu et al., 1996; Kitao et al., 1999; Manthei and
Keck, 2013). S. cerevisiae has only one RecQ-like helicase, Sgs1, involved in
double-stranded break repair during homologous recombination in the yeast
nucleus (Bennett et al., 1998; De Muyt et al., 2012).

In addition to the conserved helicase core, RecQ-like helicases have other
characteristic C-terminal domains: RQC (RecQ C-terminal), which is itself
divided into Zn-binding, winged helix (WH), and HRDC (Helicase RNaseD
C-terminal) domains (Figure 4) (Kitano et al., 2007, 2010; Kim and Choi, 2010;
Kim et al., 2013). Among different representatives of the RecQ-like subfamily,
RQC is much more conserved than HRDC (Gupta and Schmidt, 2020).

Figure 4. Arrangement of conserved structural domains of the human RECQ1
bound to DNA (RCSB ID: 2wwy). Conserved helicase core domains are shown in
orange (RecAl) or blue (RecA2). The winged helix (WH) is magenta, and the Zn-binding
domain is red. The B-hairpin structure pushed between pairs of DNA nucleotides is cyan
(modified using information from Pike et al., 2009).

17



For example, human RecQ-like helicase RECQ1 has no HRDC (Figure 4) (Pike
et al., 2009; Gupta and Schmidt, 2020). The RQC domain is involved in the spe-
cific recognition, binding, and unwinding of branched DNA molecules (Kitano
etal., 2010; Kim et al., 2013). HRDC has a less understood function but is
thought to facilitate contact with linear DNA molecules or participate in protein-
protein interactions (Kim and Choi, 2010).

Unlike other regions, the helicase core sequence inside the RecQ-like sub-
family is much better conserved (Bachrati and Hickson, 2003). However, the core
cannot unwind NA molecules without a functional RQC domain, with the
B-hairpin structure inside RQC being particularly important (Figure 4) (Tadokoro
et al., 2012; Swan et al., 2014). This B-hairpin structure is pushed between pairs
of NA duplexes, splitting them apart, while the helicase core region is used to
push the protein forward (Kitano et al., 2010). RecQ-like enzymes are processive
helicases with 3’ to 5’ polarity (A type) and are stimulated by ssDNA and dsDNA
(a type) (Umezu et al., 1990). Additionally, some of the best characterized RecQ
helicases, such as BLM and Sgs1, are exceptionally well stimulated by complex
DNA structures, such as G-quadruplexes, D-loop, R-loop, replication fork-like,
and Holliday junctions (Sun et al., 1998; Karow et al., 2000; van Brabant et al.,
2000; Mohaghegh et al., 2001; Huber et al., 2002). Interestingly, all currently
characterized RecQ-like helicases except for the founding member RecQ from
E. coli are inefficient at binding and unwinding blunt-ended dsDNA molecules
and need a free single-stranded 3’ overhang for efficient substrate loading (Bachrati
and Hickson, 2003; Hishida et al., 2004).

2.2.4. Ski2-like subfamily

Ski2-like helicases constitute a subfamily of SF2, with Ski2 from S. cerevisiae as
the prototype representative (Johnson and Kolodner, 1995). Ski2-like helicases,
like DEAH-box and RecQ-like helicases, have a motif II sequence, DExH
(Fairman-Williams et al., 2010). In addition, this subfamily encompasses RNA
and DNA-stimulated helicases (Richards et al., 2008; Weir et al., 2010). Irc3 pro-
tein structure prediction by AlphaFold indicates that the C-terminus of Irc3
protein could resemble the stalk and fist domains of Ski2-like helicases (para-
graphs 5.1. and 5.2.). Ski2-like helicases have homologs in yeasts and higher
multicellular organisms but are absent in bacteria, except for the archaea, where
Hel308 is present (Guy, 2005; Biittner et al., 2007; Weir et al., 2010).

Ski2-like helicases, such as Ski2, Mtr4, Brr2, and Slhl, are stimulated by RNA
in vitro and play essential roles in RNA metabolism in vivo, including trans-
cription, translation, pre-mRNA splicing, and RNA decay (Martegani et al., 1997,
Pena et al., 2009; Jackson et al., 2010; Halbach et al., 2012). On the other hand,
Hel308 is a processive DNA helicase with 3’ to 5’ polarity that unwinds branched
DNA structures in vitro, preferentially unwinding lagging strand replication fork-
like structures, and has ssDNA stimulated ATPase activity (Guy, 2005; Li et al.,
2008). In addition, Hel308 requires a free 3° or 5’ overhang for successful sub-
strate loading and unwinding and is capable of unwinding D-loop and Holliday
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junction-like DNA structures (Guy, 2005; Fujikane et al., 2006; Biittner et al.,
2007). Furthermore, genetic experiments have associated archaeal Hel308 with
stalled replication forks in vivo. At the same time, the human homolog of Hel308,
HELQ, is involved in DNA double-stranded break repair through homologous
recombination and forms complexes with RADS51 and RPA (Marini and Wood,
2002; Muzzini et al., 2008; Woodman et al., 2011; Adelman et al., 2013).

One of the distinctive features of the Ski2-like subfamily is that all helicases
in the family have strong conservation of the helicase core while having only
structural conservation in the C-terminal part of the protein (Jackson et al., 2010;
Halbach et al., 2012). Unlike RecQ-like but similarly to DEAH-box proteins, the
B-hairpin is located within the RecA2 domain between motifs V and VI (Figure 5)
(Biittner et al., 2007; Bernstein et al., 2008). The C-terminal part of Ski2-like
helicases is made up of three main components: a winged helix domain, a fist
domain (a B-barrel-like structure composed of multiple antiparallel B-sheets), and
a ratchet domain (Figure 5) (Biittner et al., 2007; Jackson et al., 2010; Weir et al.,
2010). The ratchet domain is crucial for unwinding nucleic acids and stabilizing
unwound single-stranded DNA (Biittner et al., 2007). The winged helix domain
links the helicase core with the C-terminal part of the protein, likely serving as a
central hub for all necessary motions between the other parts of the protein
(Figure 5) (Biittner et al., 2007; Northall et al., 2017). The fist domain (Figure 5),
represented by the KOW domain in Mtr4, binds in vitro transcribed tRNA but not
single-stranded RNA, while in Hel308, it acts as a molecular brake, interacting
with ssDNA extruded through the central pore of the helicase, resulting in an
autoinhibitory activity (Richards et al., 2008; Weir et al., 2010).

Figure 5. Arrangement of conserved structural domains of Mtr4 from S. cerevisiae
(RCSB ID: 4u4c). Conserved helicase core domains are shown in orange (RecAl) or
blue (RecA2). The winged helix (WH) is magenta, the ratchet domain is yellow, the stalk
structure is red, and the fist domain (KOW) is pink. The B-hairpin structure is cyan
(modified using information from Weir et al., 2010).
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2.3 Mitochondrial DNA metabolism of S. cerevisiae

S. Cerevisiae, as a facultative anaerobe with well-characterized genetics, is an
excellent model organism for studying mitochondrial NA metabolism (Ephrussi
and Slonimski, 1955). Like all eukaryotes, S. cerevisiae has a separate auto-
nomous mitochondrial DNA (mtDNA) (Foury et al., 1998). However, a peculiar
feature of the mitochondrial function of S. cerevisiae is the ability of this yeast to
live without a functional mitochondrial genome (Ephrussi and Slonimski, 1955).
Cells with functional mitochondrial genome are referred to as rho’, cytoplasmic
mutants that have completely absent mitochondrial genome — rho” and cyto-
plasmic mutants with extensive deletions in mtDNA followed by multiplication
of the remaining fragment — rho™ (Faye et al., 1973; Dujon, 1981). Most proteins
functioning in the mitochondria are of cytoplasmic origin, as the mitochondrial
genome encodes only a small subset of genes (Foury et al., 1998; Perocchi et al.,
2006). The total mitochondrial nucleic acid metabolism of the yeast consists of
multiple processes: DNA replication and reparation, DNA transcription, RNA
post-processing, RNA translation, and RNA degradation. These processes prob-
ably depend on helicase activity (Contamine and Picard, 2000).

2.3.1. mtDNA replication

Yeast mitochondrial DNA (mtDNA) composition varies among different species,
with some having primarily circular double-stranded DNA (dsDNA) and others
linear or branched DNA molecules (Maleszka et al., 1991). The mitochondrial
DNA is packaged into compact DNA-protein complexes or nucleoids (Chen and
Butow, 2005; Kucej and Butow, 2007). Nucleoids are mainly formed by the
DNA-binding protein Abf2 and other proteins essential for maintaining mtDNA
(Mgm101, Rim1, etc.) (Chen et al., 2005). The 85.8 kb mitochondrial genome of
S. cerevisiae contains seven to eight ori-like elements, three active ori regions,
and is mainly composed of concatemeric branched or linear DNA molecules that
can be double-stranded, single-stranded, or partially single-stranded (Maleszka
etal., 1991; Foury et al., 1998). Experimental evidence has shown that in vitro
ori sequences can be primed by transcription with the mitochondrial RNA poly-
merase Rpo41, which is essential for the preservation of tho" mtDNA (Baldacci
and Bernardi, 1982; Sanchez-Sandoval et al., 2015). However, tho mtDNA does
not require Rpo41 for replication, suggesting other initiation mechanisms in vivo
(Fangman et al., 1990; Lorimer et al., 1995).

One proposed model for mtDNA replication in yeast is recombination-
initiated replication (Maleszka et al., 1991; Ling and Shibata, 2002; Shibata and
Ling, 2007; Prasai et al., 2017). Mitochondria contains at least a single double-
stranded break (DSB)-generating homing endonuclease — Scel, that could po-
tentially lead to free 3’ DNA tail generation required for site-specific homologous
recombination (Nakagawa et al., 1991). Scel was shown in vivo to increase the
recombination rate (Paques and Haber, 1999). Next, the DSB should be processed
by one of the 5 — 3’ exonucleases present in the mitochondria, for example, the
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mtDNA recombination rate was affected by the deletion of the Nucl nuclease
(Zassenhaus and Denniger, 1994). After generating a free 3’ DNA tail, it should
be annealed to complementary DNA molecules. For that purpose, at least two
proteins were found in the yeast mitochondria, Mhrl and Mgm101 (Ling et al.,
2009; Mbantenkhu et al., 2011). Mhrl was discovered first, but MHRI deletion
mutants have only a limited effect on the crossing of unlinked mitochondrial
genes, and Mhrl protein is at least eight times less efficient at binding ssDNA
molecules than Mgm101 (Ling et al., 1995; Mbantenkhu et al., 2011). Additio-
nally, independent research has described Mhrl as an important component of the
mitochondrial ribosome, so the observed in vivo phenotype could probably be
explained by the translation defect of Mhrl mutants (Amunts et al., 2014).
Mgml01 is a Rad52-related protein, and similarly to Rpo4l, it is essential for
preserving rho” mtDNA (Wang and Shadel, 1999; Zuo et al., 2002). It was shown
to directly participate in mtDNA recombination events in vivo (Mbantenkhu et al.,
2011). Recombinant Mgm101 was demonstrated in vitro to catalyze the annealing
of complementary ssDNA strands, even when ssDNA was bound by the mito-
chondrial ssDNA binding protein Rim1 (Mbantenkhu et al., 2011). Some rho™
strains also depend on Mgm101 for their mtDNA stability (Zuo et al., 2002). The
resulting structures could be a suitable substrate for DNA polymerase Mipl to
begin the synthesis of the leading strand (Foury, 1989). When the whole mtDNA
leading strand is synthesized, the polymerase is thought to switch templates onto
the first annealed DNA molecule to complete the synthesis of the complementary
strand, or the complementary strand is synthesized from a separate round of
annealing and synthesis (Chen and Clark-Walker, 2018).

It is poorly understood how most rho™ strains, which lack Mgm101 and Rpo41,
can maintain their remaining mtDNA (Zuo et al., 2002). This suggests that there
may be a third, undiscovered replication pathway or a successful enzyme-inde-
pendent formation of recombinational structures (Clark-Walker, 1989; Ling et al.,
2007). The fact that multiple linked replication pathways function inseparably
makes it particularly challenging to understand mtDNA replication in yeast.

2.3.2. mtDNA repair

The mitochondrion is vital for the oxidative phosphorylation (OXPHOS) path-
way. Still, its role also means that it is regularly exposed to various endogenous
damaging agents, including reactive oxygen species (ROS) (Kang and Hamasaki,
2005). As a result, repairing newly emerging defects in the mitochondrial DNA
is essential for the survival of most higher eukaryotes (Druzhyna et al., 2008).

Current knowledge about the mechanisms involved in S. cerevisiae mtDNA
repair is fragmented, and all existing models are inferred from protein homology
or genetic evidence (Allkanjari and Baldock, 2021). The first layer of defense
relies on mitochondrial polymerase Mipl proof-reading exonuclease activity
(Foury et al., 2004). Mutations targeting the exonuclease activity of Mipl in-
crease mismatch occurrence approximately 500-fold in vivo (Foury and Vander-
straeten, 1992).
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The next layer of defense depends on multiple intertwined repair pathways
(Allkanjari and Baldock, 2021). One of the crucial pathways of mtDNA repair
could be associated with HR, which was discussed in the previous paragraph for
its potential role in mtDNA replication (Chen and Clark-Walker, 2018). It has
been proposed that nuclear Mrel1/Rad50/Xrs2 complex (MRX) is transported to
the yeast mitochondria, but so far, only the Rad50 protein has been located in the
mitochondria (Kalifa et al., 2012; Schulte et al., 2023). In the yeast nucleus, the
MRX complex binds the blunt ends of DSB, followed by Mrell 5’ — 3’ exo-
nuclease activity (Ghodke and Muniyappa, 2013). Rad50 regulates the activity of
Mrell by either repositioning or unwinding DNA ends and directing them toward
the active site of Mrell (Hopfner et al., 2001; Trujillo and Sung, 2001). In addi-
tion, Xrs2 participates in DNA binding and is also proposed to regulate Mrell
exonuclease activity (Trujillo et al., 2003). After the exonuclease treatment by
MRX, the free 3’ tail could be annealed to the complementary DNA strand either
by Mgm101 or Mhrl, and new DNA is synthesized by Mipl (Chen and Clark-
Walker, 2018).

Another mtDNA repair pathway was proposed when the Mshl protein was
found to function in the yeast mitochondria (Mookerjee and Sia, 2006). Msh1 is
a bacterial MutS protein homolog that presumably participates in the DNA mis-
match repair pathway (MMR) (Mookerjee and Sia, 2006). Heterozygous deletion
of Msh1 in diploid yeast cells causes at least a seven-fold increase in point muta-
tion accumulation in yeast mtDNA when grown on erythromycin-containing
media (Chi and Kolodner, 1994a). Additionally, in vivo overexpression of Mshl
was shown to suppress mtDNA hypermutation phenotypes caused by the defec-
tive oggl gene (Dzierzbicki et al., 2004). In vitro, recombinant Msh1 protein effi-
ciently binds dsDNA fragments, and the binding affinity is increased by nucleo-
tide mismatches (Chi and Kolodner, 1994a, 1994b). Other components of the
yeast MMR pathway have yet to be described, but they should minimally include
a daughter strand-specific endonuclease, helicase, and exonuclease (Foury et al.,
2004).

One of the best-characterized mtDNA repair pathways in the yeast mito-
chondria is base excision repair (BER) (Foury et al., 2004). At least four BER
pathway enzymes are currently found to localize to mitochondria, N-glycosylases
Ntgl, Oggl, Ungl, and abasic position (AP) endonuclease Apnl (Percival et al.,
1989; van der Kemp et al., 1996; You et al., 1999; Vongsamphanh et al., 2001). The
existence of the BER pathway in mitochondria was further supported by the
localization of Rad27 flap endonuclease (FEN) in yeast mitochondria (Kalifa et al.,
2009). FEN is essential for the long patch BER pathway, where after damaged
base excision by the glycosylase and strand cutting by AP endonuclease, the 5’
strand is partially displaced by synthesis of a new DNA strand with Mipl DNA
polymerase (Foury, 1989; Boiteux and Guillet, 2004). When the DNA strand is
partially displaced, the formed DNA flap structure could be cut, removing the
damaged DNA strand, and the newly synthesized DNA strand ligated to create a
unified DNA duplex (Boiteux and Guillet, 2004).
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The last mtDNA repair pathway currently discussed in S. cerevisiae mito-
chondria is nonhomologous end-joining (NHEJ), but currently, the components
of that complex have not been definitively proven to localize to mitochondria
(Kalifaetal., 2012; Schulte et al., 2023). The yeast nucleus contains the Yku70/80
protein complex, which competes for binding and protection of DSB with
Mrel1/Rad50/Xrs2 complex and, after binding Yku70/80, religates the dsDNA
back together, restoring the original sequence or causes a deletion in between
joined mtDNA ends (Clerici et al., 2008; Shim et al., 2010).

2.4. Mitochondrial genome expression of S. cerevisiae

S. cerevisiae genome encodes seven proteins that are essential for the functioning
of three respiratory chain complexes involved in energy production: apocyto-
chrome b (complex I1I), subunits I-III of the cytochrome ¢ oxidase (complex IV),
and subunits 6, 8, 9 of the FO component of the mitochondrial ATP synthase
(complex V). In addition to these proteins, the genome also encodes 24 tRNAs,
two rRNAs, and a component of the small subunit of the mitochondrial ribosome
(Foury et al., 1998). According to current understanding, the mitochondrial genome
expression is mainly controlled by transcriptional and post-transcriptional means
(Costanzo and Fox, 1990; Steele et al., 1996). Protein expression in the yeast
mitochondria is primarily based on the balance between transcription, transcript
maturation, and RNA degradation (Grivell, 1989). Defective phenotypes of
strains deficient in mitochondrial RNA degradation, which ultimately results in a
loss of respiratory function, can be partially restored by partial loss-of-function
mutations in RNA polymerase Rpo41 or transcription factor Mtfl, effectively
reducing the transcription rate (Rogowska et al., 2006).

2.4.1. RNA Synthesis and Maturation

The first step of gene expression in the yeast mitochondria is managed by exclu-
sive RNA polymerase Rpo41 (Greenleaf et al., 1986). Rpo41 in complex with the
transcription factor Mtf1 binds 9-nucleotide promoter sequences with a different
affinity that determines the transcription rate (Osinga et al., 1982; Jang and
Jachning, 1991). Here it was proposed that transcription initiation is straight-
forwardly linked to the ATP levels within the organelle, as all newly synthesized
transcripts begin with adenine (Amiott and Jachning, 2006). In addition to this
mechanism, binding multiple sequence-specific proteins to the 5’ UTR of mito-
chondrial mRNA transcripts stabilized RNA, increasing molecule longevity in
vivo (Steele et al., 1996). For example, 5° UTR binding Cbp1 protein is needed
for the maturation and stability of the mitochondrial cytochrome b transcripts,
and similarly, Aepl is required for the stability of A7P9 mRNA (Ziaja et al., 1993;
Krause et al., 2004).

The mitochondrial genome of S. cerevisiae can contain up to 13 introns in
three of its genes, which can vary in number among different yeast strains (Foury
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et al., 1998). Specifically, the COX1 gene can have up to seven introns, COB can
have up to five, and 21S rRNA can have one (Séraphin et al., 1987). These introns
can encode proteins that assist in splicing or DNA repair, endonucleases, and
reverse transcriptases that enable intron mobility (Séraphin et al., 1987). Intron
splicing in the yeast mitochondria is a multi-step process that involves multiple
factors, beginning with sequence-specific intron-binding proteins like Mss18 or
Cbp2 and ending with the nuclear-encoded RNA helicase Mss116 (Séraphin
et al., 1988; Huang et al., 2005). Mss116 is essential for resolving misfolded RNA
structures and guiding other splicing-related proteins to their target sites (Huang
et al., 2005; Bifano and Caprara, 2008). For example, in vitro studies have shown
that Mss116 promotes exon ligation after cutting the cytochrome oxidase 1
(COX1) gene intron al5p with sequence-specific enzyme Mrsl (Bifano and
Caprara, 2008).

2.4.2. RNA degradation

In S. cerevisiae mitochondria, two distinct RNA degradation pathways play a
crucial role in the yeast mitochondrial gene expression system (Wiesenberger and
Fox, 1997; Dziembowski et al., 2003).

The first pathway is mediated by the 5’ to 3’ exoribonuclease Pet127, which
processes RNA in a non-specific manner (Fekete et al., 2008). However, the
activity of this pathway can be regulated by the binding of sequence-specific
proteins to the 5> UTR of mRNA molecules. For example, the Cbpl protein can
protect the 5° UTR of the COB gene from complete digestion (Fekete et al., 2008).

The second RNA degradation pathway in S. cerevisiae mitochondria is
dependent on the mitochondrial degradosome complex (mtEXO), which consists
of the RNA helicase Suv3 and an RNase Dssl (Dziembowski et al., 2003;
Malecki et al., 2007). Loss-of-function mutations in either of these components
result in the overaccumulation of excised intronic sequences, depletion of mature
mRNA transcripts, gradual loss of translational activity, and ultimately, the loss
of tho" DNA (Stepien et al., 1992; Golik et al., 1995; Dziembowski et al., 2003;
Rogowska et al., 2006).

2.4.3. Translation

In yeast mitochondria, transcription is immediately followed by translation using
specialized membrane-bound ribosomes (mitoribosomes) (Naithani et al., 2003;
Rodeheffer and Shadel, 2003). Simultaneous transcription and translation could
increase mRNA stability, making RNA less accessible to nucleases (Naithani
et al., 2003). The mitochondrial genome encodes 15S, 21S rRNA, and a component
of the small subunit Varl while the rest of the ribosomal proteins are encoded in
the nucleus (Mason et al., 1996).

A recent model proposes that mitoribosomes interact with many transiently
bound proteins involved in RNA processing, translation, and even mtDNA
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maintenance (Kehrein et al., 2015; Schulte et al., 2023). According to this model,
mitoribosomes with their associated proteins could be collectively called mito-
chondrial organization of gene expression (MIOREX) complexes. For example,
purified ribosomes from S. cerevisiae mitochondria contain RNA post-processing
factors such as Sls1 or Cbpl, as well as RNA helicases Mss116, Mrh4, Suv3, and
proteins involved in mtDNA maintenance such as Mgm101, Rim1, Abf2, and
Ccel (Kehrein et al., 2015). Interestingly, this model aligns well with previous
finds of ribosome components in the yeast mitochondrial nucleoid preparations
(Sato and Miyakawa, 2004; Miyakawa, 2017).

According to this model, the specific interactions between ribosomes and
elements involved in mRNA processing suggest that mRNA maturation and
translation occur regulated through the MIOREX complexes (Kehrein et al.,
2015). In addition to previously discovered RNA processing factors Cbpl and
SIs1, RNA helicases were also found to be associated with the mitoribosome
(Rodeheffer and Shadel, 2003; Krause et al., 2004; Kehrein et al., 2015; Schulte
et al., 2023). Additionally, ribosomes were found to be linked to RNA processing,
maturation, and degradation not only in RNA granules located near the nucleoid
but also through the peripheral MIOREX complexes, which could potentially
form an expressosome-like assembly (Kehrein et al., 2015). Recent S. cerevisiae
mitochondrial proteomic studies partially support the MIOREX model, as many
RNA post-processing factors such as Sls1, Cbpl, and RNA helicases indeed co-
localize with 37S ribosome subunit components like Nam9 and Rt35 (Schulte
et al., 2023).

2.4.4. The fragility of S. cerevisiae mitochondrial genome

The lack of robustness in the yeast mitochondrial genetic system has been a topic
of discussion for a long time (Tzagoloff and Dieckmann, 1990). When grown in
glucose media under normal environmental conditions, wild-type S. cerevisiae
strains exhibit background mtDNA instability, and this phenotype is always
considered when studying mutants deficient in mitochondrial gene expression
(Contamine and Picard, 2000).

Given the proposed tight integration of DNA and RNA metabolisms in
S. cerevisiae mitochondria, it is unsurprising that many factors responsible for
RNA post-processing or translation lead to the loss of mitochondrial DNA
(Kehrein et al., 2015). For example, the deletion of Mrh4, a DEAD-box RNA
helicase that has been shown to participate in the late stages of mitoribosome
assembly, results in no mitochondrial protein synthesis, an inability to generate
ATP through oxidative phosphorylation, and a transition to rho~ or rho° petites
(Schmidt et al., 2002). Deletion of Suv3 helicase participating in RNA de-
gradation pathways results in a total conversion to tho™ or rho” petites in strains
containing the complete set of mitochondrial introns (Rogowska et al., 2006).
Numerous findings where dysregulated gene expression leads to defective
mtDNA maintenance have led scientists to question whether there is a specialized
feedback pathway involved, as misregulated protein synthesis could potentially
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lead to erroneous oxidative phosphorylation and possibly fatal consequences
(Duvezin-Caubet et al., 2006). Alternatively, this phenomenon could be just a
consequence and limitation of the design of the S. cerevisiae mitochondrial gene
expression system.

2.5. Yeast mitochondrial helicases

Currently, there are six helicases described to be localized in the mitochondria of
S. cerevisiae, three of them are RNA helicases (Mss116, Mrh4, Suv3), two are
DNA helicases (Pifl, Hmil, Irc3), and one has ATPase activities with both DNA
and RNA cofactors (Irc3) (Séraphin et al., 1989; Lahaye et al., 1991; Stepien
etal., 1992; Sedman et al., 2000; Schmidt et al., 2002; Sedman et al., 2014;
Piljukov et al., 2023). DNA helicases are thought to take part in some form of
mtDNA repair or directly in one of the pathways of mtDNA replication (Lahaye
et al., 1991; Sedman et al., 2000). RNA helicases participate in pre-mRNA matu-
ration, ribosome biogenesis, and RNA degradation (Séraphin et al., 1989; Stepien
et al., 1992). The data on the yeast mitochondrial helicases is still incomplete,
leaving many topics for future clarification and discovery.

2.5.1. Pif1

Pifl is a conserved helicase in eukaryotes classified as a member of the Pifl-like
subfamily of helicases, belonging to the SF1 helicase superfamily (Malone et al.,
2022). The PIF1 gene was first discovered in yeasts through genetic screening to
detect mtDNA recombination (Lahaye et al., 1991). Pifl has two isoforms in
budding yeast, the longer isoform containing a mitochondrial targeting sequence
(MTYS) is transported to mitochondria, while the shorter isoform remains in the
nucleus, regulating telomerase activity and preventing de novo telomere for-
mation on double-strand break (DSB) sites (Schulz and Zakian, 1994; Zhou et al.,
2000; Makovets and Blackburn, 2009). In yeast, the biochemical characterization
of Pifl shows that the mitochondrial Pifl isoform is a 5’ to 3’ directional (B)
distributive DNA helicase and an ssDNA-stimulated ATPase capable of duplex
DNA unwinding (Bochman et al., 2011; Ononye et al., 2020).

Even though mutant strains deficient in the mitochondrial form of Pifl can
grow on non-fermentable carbon sources like glycerol, they display higher levels
of mtDNA instability resulting in higher levels of point mutations, deletions (tho"),
or loss (tho”) of mtDNA (O’Rourke et al., 2002). Pifl is involved in repairing or
preventing dsDNA breaks in mtDNA and is proposed to interact with various
factors to promote DNA repair via recombination or participate in controlling un-
wanted recombination events (Cheng et al., 2007). Additionally, Pifl has an in
vitro preference for RNA-DNA hybrids as its favored substrate, mainly when
using forked substrates, and can unwind G-quadruplexes, which are most likely
frequent in mtDNA (Ribeyre et al., 2009; Zhou et al., 2014; Ononye et al., 2020).
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2.5.2. Hmi1

Hmil is an 80 kDa mitochondrially targeted protein encoded by S. cerevisiae
nuclear genome, which does not have homologs in higher eukaryotes. Curiously,
Hmil uses a C-terminal mitochondrial targeting signal when other known nuclear-
encoded mitochondrial proteins have an N-terminal signal (Lee et al., 1999).
Furthermore, Hmil is a distributive mitochondrial DNA helicase and ATPase,
which according to motif homology, belongs to SF1 (Sedman et al., 2000).

HMII gene deletion causes complete or partial loss of mtDNA in rho” strains.
HM]I1 gene products with mutations that cause loss of ATPase or helicase activity
are capable of partially supporting tho” mtDNA stability which could indicate
that Hmil has another important role in mitochondria besides being a helicase
(Sedman et al., 2005). In rho™ strains with defective mtDNA, the presence of
Hmil is not required to preserve the remaining mtDNA fragment (Sedman et al.,
2005). Additionally, HMII is not needed for the transcription of mtDNA genes,
so the effect of HMI1 deletion is most likely not caused by deficient transcription
of some other mitochondrial genome-encoded gene (Sedman et al., 2000).
Biochemical studies have revealed that Hmil has a 3’ — 5’ translocase activity and
helicase activity, which requires a 3’ single-stranded overhang, and that it needs
the presence of Mg**, ATP and a single-stranded DNA cofactor to perform ATP
hydrolysis (Kuusk et al., 2005).

Hmil is most likely not the main replicative helicase in the yeast mitochondria
as it is not required to stabilize rho™ genomes. At the same time, it still could be
involved in the mtDNA replication as HMI1 deletion causes loss of tho" pheno-
type (Sedman et al., 2000, 2005).

2.5.3. Mss116

Mss116 is an SF2 helicase belonging to the DEAD-box subfamily. In S. cerevisiae
Mss116 was identified in a genetic screen for nuclear-encoded factors involved
in the splicing of the intron-containing transcripts of mitochondrial genes (Séraphin
et al., 1989). Its deletion only affected strains containing introns in mitochondrial
genes, resulting in a respiratory-deficient phenotype (Séraphin et al., 1989).
Mss116 was shown to be required for efficient splicing of all mitochondrial group
I and II introns, including those that do not require the assistance of an intron-
encoded maturase (Huang et al., 2005). Mss116 was also shown to be involved
in translation, with this function being independent of its role in splicing and
primarily affecting the translation of COX1 mRNA (De Silva et al., 2017).

In splicing of a group I intron — ai5B, Mss116 functions by binding the Mrs1
protein bound intron RNA and facilitates the exon ligation (Bifano and Caprara,
2008). Similarly, in the maturase-dependent splicing of the ai2 group II intron,
Mss116 acts after the binding of the maturase protein to the intron RNA and helps
in forming the catalytically active ribozyme (Bifano and Caprara, 2008). More-
over, Mss116 alone can induce self-splicing of the group II aiSy intron that does
not encode a maturase in vitro (Solem et al., 2006).
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Purified recombinant Mss116 exhibits RNA-dependent ATPase activity in vitro
and can separate short RNA duplexes without the requirement of 5 or 3° over-
hangs (Halls et al., 2007).

2.5.4. Mrh4

Mrh4 is an SF2 helicase belonging to the DEAD-box subfamily, which functions
within the yeast mitochondria. The MRH4 gene was isolated in a genetic screen
as a suppressor of a splicing defect of the self-splicing group II aiSy intron
(Schmidt et al., 2002). After MRH4 gene deletion, yeast cells experience a complete
and irreversible loss of respiratory competence and convert to the rho /rho” pheno-
type, regardless of the presence or absence of introns in mtDNA. This severe
phenotype is inconsistent with a primary function involving splicing, hinting that
Mrh4 has other roles in the cell (Schmidt et al., 2002).

Recent studies indicate that Mrh4 is likely associated with the ribosomal
fraction in the yeast mitochondria and is involved in the late stages of mitoribo-
some assembly, where it is required for efficient binding of at least two ribosomal
proteins, Mrpl16 and Mrpl39 (De Silva et al., 2013). The association of Mrh4
with mitoribosome biogenesis is further supported by the fact that mutants defi-
cient in mitochondrial protein synthesis exhibit similar phenotypes to those ob-
served in MRH4-deleted cells (Contamine and Picard, 2000).

Overall, the Mrh4 helicase appears to have dual roles in the splicing and mito-
ribosome biogenesis in the mitochondria of S. cerevisiae (Schmidt et al., 2002;
De Silva et al., 2013).

2.5.5. Suv3

Suv3 is an SF2 helicase localized to the yeast and human mitochondria and a
member of the Suv3-like subfamily, bearing a unique DEIQ tetrapeptide in the
motif Il (Jedrzejczak et al., 2011). Suv3 helicase is essential for RNA metabolism,
and its absence also results in a total conversion to rho~ or rho petites in strains
containing the complete set of mitochondrial introns (Stepien et al., 1992). How-
ever, in intronless strains or strains containing only a few mtDNA introns, some
rho” mtDNA can be maintained (Golik et al., 1995; Rogowska et al., 2006). Suv3
forms a 1:1 complex with Dss1 that is also known as mtEXO (yeast mitochondrial
degradosome), responsible for 3’ — 5° exoribonucleolytic processing of RNA in
the yeast mitochondria (Dziembowski et al., 2003). The mtEXO complex is the
primary pathway for maintaining the balance between RNA synthesis and degra-
dation as the degradation deficient phenotype of the suv3A could be partially
rescued by point mutations in RPO41 which decrease the catalytic efficiency of
the only mitochondrial RNA polymerase (Rogowska et al., 2000).

In vitro analysis of the mtEXO revealed that Suv3 in complex with Dss1 dis-
plays an ATP-dependent directional 3’ to 5 RNA duplex unwinding activity and
needs a free 3’ ssSRNA overhang for efficient loading (Malecki et al., 2007, 2008).
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Moreover, Suv3 can unwind RNA/DNA and dsDNA duplexes in vitro, although
with lower efficiency than dsRNA (Malecki et al., 2007). The presence of Suv3
in the mtEXO complex increases the exoribonuclease activity of the Dss1, while
point mutations in the Suv3 protein that affect ATP hydrolysis result in a loss of
the RNase activity of the degradosome (Malecki et al., 2007). These results
suggest that the Suv3 helicase most likely acts as an RNA chaperone that prepares
RNA for degradation by Dss1 (Malecki et al., 2007).

2.5.6.1Irc3

According to the signature motif sequence, Irc3 belongs to the SF2 of helicases
of a currently unclear subfamily bearing DEAH amino acids in the motif II posi-
tion (De La Cruz et al., 1999; Sedman et al., 2014). Irc3 is highly conserved in
different yeast and fungi species with no homologs in other organisms (Piljukov
etal., 2023). IRC3 (increased recombination centers 3) was discovered in a whole
genome screen for genes involved in the recombination-driven repair of nuclear
DNA in S. cerevisiae (Alvaro et al., 2007). Our previous studies have shown that
the protein localizes to mitochondria. Moreover, mutants with a defective /RC3
gene displayed a rapid decline in respiratory activity and loss of the functional
mitochondrial genome in S. cerevisiae when grown on glucose-containing media
(Sedman et al., 2014).

Analysis of rho™ Airc3 cells using 2D-gel electrophoresis demonstrated the
appearance of specific dsSDNA breaks and the loss of branched DNA structures.
Interestingly, deleting mitochondrial RNA polymerase Rpo41 in Airc3 restored
the branched DNA structures on 2D-gels (Sedman et al., 2014). Those findings
indicate that Irc3 is directly involved in mitochondrial NA metabolism, with a
possible role in recombination pathways and control over aberrant Rpo41 asso-
ciated structure formation in mtDNA (Sedman et al., 2014). Moreover, one of the
recent studies found that Irc3 cofractionates with the mitochondrial small ribo-
somal subunits, and deletion of the /RC3 gene, first of all, leads to decreased
mitochondrial translation, which consequently results in the loss of mtDNA as
the expression is needed for mtDNA stability (Kaur and Datta, 2021).

Irc3 ATPase and helicase are stimulated by dsDNA and branched DNA mole-
cules, with four-way DNA structures mimicking a Holliday junction and DNA
structures mimicking stalled replication forks being efficiently unwound in vitro
(Gaidutsik et al., 2016). Additionally, Irc3 helicase functions as a monomeric
enzyme and can translocate on dsDNA molecules (Sedman et al., 2017; Piljukov
et al., 2020).

One of the main problems limiting the research of Irc3 helicase of S. cerevisiae
(Irc3sc) is the rapid inactivation of this enzyme at temperatures exceeding 30 °C.
Consequently, a homolog of Irc3 from a thermotolerant yeast species Ogataea
polymorpha (termed Irc3,p) has been identified and characterized (Piljukov et al.,
2023). Irc3,p helicase remains fully active above 40°C and has similar enzymatic
properties to Irc3. However, contrary to Irc3s, Irc3,, ATPase is also stimulated by
structured RNA molecules and ssDNA (Piljukov et al., 2023).
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Overall, right now, it is evident that Irc3 helicases are important players in the
yeast mitochondrial NA metabolism with possible ties to the mitochondrial gene
expression and translation, but the exact function of Irc3 in the cell is not clear
(Sedman et al., 2014; Kaur and Datta, 2021).
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3. AIMS OF THE STUDY

Our research primarily aimed to comprehend the role of Irc3 proteins within yeast
mitochondria. Despite extensive investigations conducted over decades of re-
search, knowledge regarding yeast mitochondrial DNA and RNA metabolism still
needs to be improved. Therefore, we employed various in vivo and in vitro bio-
chemical methodologies to elucidate the biological function of the Irc3 helicase
with the objective of gaining fresh insights into the processes of yeast nucleic
acid metabolism.

The experimental part of this work concentrated on the following topics:

1. Conservation analysis of Irc3 helicase homologs in silico.

2. Evaluation of thermal stability and functional complementarity of Irc3,, from
O. polymorpha as an alternative to Irc3,. from S. cerevisiae.

3. Analysis of the oligomerization status of Irc3 proteins through in vivo experi-
ments and in vitro hydrodynamic measurements and sedimentation studies.

4. Exploration of Irc3 binding preferences with DNA and RNA. Determination
of Irc3 specificity, affinity, and translocation mechanism.
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4. MATERIALS AND METHODS

The thesis is based on three publications that employed traditional techniques of
biochemistry and molecular biology. For each publication, I have included a para-
graph that briefly summarizes the methods used. More details about the experi-
ment can be found in the original publications and corresponding supplemental
materials. The list of used materials can be found in the supplemental materials
of the corresponding articles.

4.1. Reference |

In this publication, two main assays were used, triple helix displacement and ATP
hydrolysis assay. In the triple helix displacement assay, a mixture of triple helix
substrate and Irc3 was prepared in a buffer solution. The mixture was incubated
at 30 °C for a specified duration, after which a reaction-stopping solution was
added. The resulting products were then analyzed using polyacrylamide gels with
electrophoresis. The gels were subsequently dried, exposed to phosphoimager
screens, and analyzed using ImageQuant TL software (GE Healthcare).

For the ATP hydrolysis assays, two different methods were employed. The
first method involved monitoring ATP hydrolysis (ATPase) through charcoal
binding. The second method utilized an NADH oxidation-coupled spectrophoto-
metric assay. Following ATP conversion to ADP by the enzyme, a multi-step
reaction of ATP regeneration occurs. First, pyruvate kinase catalyzes the con-
version of phosphoenolpyruvate and ADP to pyruvate and ATP. Second, lactate
dehydrogenase catalyzes the conversion of pyruvate and NADH to lactate, and
NAD" and the equimolar conversion of NADH to NAD" is monitored spectro-
photometrically at 340 nm using € = 6220 m—1 cm-1. Finally, the rate of ATP
hydrolysis is calculated, considering the equimolar relation of NADH conversion
to ATP hydrolysis. The steady-state reaction rate was determined by linear fitting
of the linear portion of the reaction curve. The cofactors were tested in triplicate,
covering at least a 400-fold range of DNA concentrations. The kinetic parameters
vmax and Kpna were determined using nonlinear curve fitting in GraphPad
Prism v5.

4.2. Reference Il

The research conducted in this publication involved four main methods: DNase 1
Footprinting, Sedimentation Analysis, Size-Exclusion Chromatography, and ATP
Hydrolysis Assay.

For DNase I Footprinting, varying amounts of Irc3 protein were blended with
radiolabeled DNA cofactors in a buffer solution. These mixtures were then in-
cubated on ice and treated with DNase I enzyme. After being separated on a
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denaturing gel, the intensity of the bands was measured to differentiate between
the Irc3-DNA complex protected and naked DNA.

The Irc3 protein and Irc3-DNA complex were analyzed through Sedi-
mentation Analysis, which employed running samples on glycerol gradients in an
ultracentrifuge. The protein content in the gradient fractions was evaluated using
protein ATP Hydrolysis Assay and SDS/PAGE, while the Irc3-DNA complex was
detected using electrophoresis in a non-denaturing gel.

In Size-Exclusion Chromatography, a gel filtration column was utilized to
determine the Stokes radius of Irc3. A protein sample was run through a 24 mL
Superdex-75 gel filtration column, while the column was calibrated using protein
standard. Chromatography fractions were analyzed for protein content and ATP
hydrolysis activity.

Finally, the NADH oxidation-coupled assay was used to measure Irc3 ATP
hydrolysis activity, similar to the method described in paragraph 4.1.

4.3. Reference lll

This publication utilized three primary methods for analysis: Circular Dichroism
Analysis, Analysis of Irc3op-DNA Complex Formation by Fluorescence Aniso-
tropy, and ATP Hydrolysis Assay.

In order to analyze the Irc3op protein, Circular Dichroism Analysis was con-
ducted. This involved performing Full CD spectra and secondary structure melting
experiments within a wavelength range of 180-280 nm using a CD spectrometer.
The recorded signals were corrected for protein concentration and presented as
molar ellipticity. For the secondary structure melting experiments, CD signals
were recorded at 208 nm while gradually increasing the temperature, and the
resulting change in molar ellipticity values was plotted as a function of tem-
perature.

In addition, to analyze the Irc3op-DNA Complex Formation, Fluorescence
Anisotropy was used. This involved using fluorescein-labeled DNA cofactors and
varying the concentration of the Irc3op protein while maintaining a constant DNA
concentration. Fluorescence anisotropy measurements were then taken at a spe-
cific temperature, and the anisotropy value was calculated based on the parallel
and perpendicular emitted fluorescence signals. The resulting data were fitted to
a hyperbolic function to determine the apparent dissociation constant (Kd).

Finally, the NADH oxidation-coupled assay was used to measure Irc3 ATP
hydrolysis activity, similar to the method described in paragraph 4.1.
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5. RESULTS AND DISCUSSION

5.1.Irc3 is a mitochondrial helicase in yeasts

With the growing availability of full genome sequences and protein annotations,
we decided to investigate the conservation of the Saccharomyces cerevisiae Irc3
(Irc3sc) protein across different organisms. Through in silico analysis using the
BLAST algorithm, we identified homologs of the Irc3 helicase in both ascomy-
cete and basidiomycete yeasts but not in organisms outside of the fungus kingdom
(Fig. 1A, B in III). Of particular note is the presence of a putative mitochondrial
matrix targeting signal and conserved set of helicase motifs in all homologs of
Irc3. Moreover, these homologs lack additional N-terminal domains, while their
C-terminal domains display weak sequence conservation (Fig. 1A, B in III).

When we compared Irc3, with other S. cerevisiae helicases reviewed in this
study, we found no homology for regions besides the helicase core. Therefore, we
decided to align the helicase core sequences of Irc3, with helicases of S. cere-
visiae belonging to the subfamilies reviewed in this study: Mss116, Prp43, Sgsl,
and Mtr4 (Figure 6). Interestingly, according to UniProt, Mssl16 protein,
belonging to the DEAD-box helicase subfamily, showed the highest sequence
identity of 26.2% with Irc3sc (The UniProt Consortium, 2023). Similarly, the
Prp43 protein from the DEAH-box helicase subfamily exhibited a sequence
identity of 20.1% (The UniProt Consortium, 2023). Concurrently, both proteins
demonstrated significant conservation in motif sequences and positions compared
to Irc3 (Figure 6).

Notably, DEAD-box helicases are significantly different from DEAH-box
helicases biochemically, being distributive enzymes with a more loosely packed
helicase core. In contrast, DEAH-box enzymes are tightly packed around the NA
channel (Singleton et al., 2007). The intriguing aspect lies in the similarity ob-
served between Irc3 and the DEAD-box helicase subfamily, as Irc3, was initially
annotated as a part of the DEAD-box subfamily, despite featuring a DEAH motif
in the motif II position (De La Cruz et al., 1999). This classification was based
on the remarkable resemblance of other motifs to enzymes within the DEAD-
box-like subfamily (De La Cruz et al., 1999).

The high similarity of the helicase core region of Irc3,. to Mss116 and gene-
rally helicases of the DEAD-box subfamily is particularly intriguing concerning
domains la and V, which are likely responsible for NA specificity and could hint
to unique properties of Irc3 enzymes in relation to NA utilization (Figure 6).
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Motif I Motif Ia Motif II Motif III
Q06683_Irc3 O TGGGKT 7 30 LILVHRRELA 41 97 DEAH 102 129 SAT 133
P15424_Mss116 0 TGTGKT 7 30 VIVAPTRDLA 41 113 DEAD 118 151 SAT 155
P53131_Prp43 0 TGSGKT 7 26 ACTQPRRVAA 37 97 DEAH 102 129 SAT 133
P35187_Sgs1 0 TGGGKS 7 24 IVISPLISLM 35 106 DEAH 111 141 TAT 145
P47047_Mtr4 0 TSAGKT 7 23 IYTSPIKALS 34 89 DEVH 94 120 SAT 124

Motif IV Motif V Motif Va Motif VI
Q06683_Irc3 221 LLFGVD 228 270 VLMNC 276 278 TEGTD 284 303 QMIGRGLR 312
P15424 _Mss116 223 IIFAPT 230 275 ILVCT 281 283 ARGMD 289 308 HRIGRTAR 317
P53131_Prp43 225 PLYGSL 232 272 YVVDP 278 280 KQKVY 286 305 QRAGRAGR 314
P35187_Sgs1 203 IIYCHS 210 251 VICAT 257 259 GMGID 265 284 QETGRAGR 293
P47047_Mtra 237 IVFSFS 244 325 VLFAT 331 333 SIGLN 339 366 QMSGRAGR 375

Figure 6. Alignment of helicase motifs of S. cerevisiae helicases. Numbers define the
position of previous or subsequent amino acids relative to the helicase motif I position of
marked helicases. Motifs sharing 0-50% similarity to Irc3s are colored orange. Motifs
sharing 50—80% similarity — yellow and 80—100% — green. Similarity is defined as identi-
cal amino acids or amino acids sharing similar chemical properties in the same position
(The UniProt Consortium, 2023).

Our study was followed by modeling the Irc3, structure using AlphaFold, an
artificial intelligence-based system trained on a database of known protein
structures and capable of predicting the structure of proteins from their sequences
(Jumper et al., 2021). The predicted structure of Irc3,. (Figure 7) has an expected
configuration of RecAl and RecA2 domains at the protein N-terminus and a
C-terminal structure resembling the fist domain of the Ski2-like subfamily of
helicases at the protein C-terminus (as compared in Figure 7 and Figure 5). This
observation aligns with the previous knowledge that the C-terminuses of Ski2-
like helicases have a low sequence conservation despite folding into similar
structures (Jackson et al., 2010; Halbach et al., 2012). Additionally, Hel308, a
well-studied Ski2-like helicase, exhibits biochemical properties similar to those
of Irc3.p, such as preferential binding to single-stranded DNA over double-
stranded DNA (with Kd values of 140 nM and 5300 nM, respectively) (Richards
et al., 2008), unwinds all types of replication fork-like cofactors with the best
specificity for lagging strand replication fork (Guy, 2005), and the ATPase
activity of Hel308 could be inhibited by ssDNA (Richards et al., 2008). Moreover,
Irc3,, ATPase activity is stimulated by structured RNA, such as tRNA and rRNA,
which is a characteristic trait of another Ski2-like subfamily helicase — Mtr4 (Weir
et al., 2010).

However, it should be noted that the conservation of the Irc3 helicase core
sequence and motif position is lower with Ski2-like helicases than with other
helicase subfamilies discussed in this work (as demonstrated in Figure 6).
Additionally, none of the Ski2-like representatives are measurably stimulated by
double-stranded DNA, one of the better nucleic acid stimulants of the ATPase
activity of Irc3 (Gaidutsik et al., 2016).
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Figure 7. Predicted structure of Irc3 from S. cerevisiae. The structure of Irc3g
predicted the protein sequence using AlphaFold (Jumper et al., 2021). Conserved helicase
core domains are shown in orange (RecAl) or blue (RecA2). The C-terminal domain
(CTD) is red. (B) Predicted structure colored according to AlphaFold per-residue confi-
dence metric (pLDDT), darker blue is > 90% confident, lighter blue is 70-90% confident,
yellow is 50-70% confident, and orange is < 50% confident.

5.2. Irc3 of Ogataea polymorpha

Previously recombinant Irc3 of Saccharomyces cerevisiae has been used in all of
our biochemical experiments. Unfortunately, this has always constrained our
assays due to technical difficulties associated with the protein thermal stability
(I and II). Particularly, the low thermal stability of Irc3, limited the duration of
our kinetic measurements and hindered purification in concentrations required by
protein-NA complex formation studies, which has presented challenges for
enzyme characterization (I and II). Given the widespread conservation of Irc3
homologs across different yeast species, we have decided to switch to a homo-
logous Irc3 helicase from a thermotolerant yeast for further purification and
experimentation (III). Specifically, we purified Irc3.p, a 68.5 kDa homolog of
Irc3,, from the thermotolerant yeast Ogataea polymorpha (Fig. 2A in III). Irc3,,
has 82% helicase core sequence similarity to Irc3s. and a comparatively much
shorter C-terminal region of 29.9 kDa, compared to 36 kDa in Irc3, (Fig. 1A, B
in III). Our study highlighted the importance of the C-terminal part of Irc3 in its
capacity to bind branched DNA molecules (I). The observed variability in size
and sequence of the Irc3 C-terminal region raises the question of whether this
domain is structurally and functionally similar between these two homologs of
Irc3. Consequently, we performed a comparative analysis of AlphaFold-gene-
rated predictions of Irc3,. and Irc3,, structures (Figures 7 and 8) and observed
that the most C-terminal region of both enzymes is structurally similar and bears
resemblance to the fist domain of the Ski2-like subfamily (Figure 5).
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RecA1

Figure 8. Predicted structure of Irc3 from O. polymorpha. The structure of Irc3,, was
predicted from the protein sequence using AlphaFold (Jumper et al., 2021). (A) Con-
served helicase core domains are shown in orange (RecAl) or blue (RecA2). The
C-terminal domain (CTD) is red. (B) Predicted structure colored according to AlphaFold
per-residue confidence metric (pLDDT), darker blue is > 90% confident, lighter blue is
70-90% confident, yellow is 50-70% confident, and orange is < 50% confident.

Although the high degree of sequence similarity exhibited between Irc3s. and
Irc3,,, we aimed to demonstrate the possibility of in vivo complementation of the
respiratory deficiency phenotype resulting from the deletion of Irc3s with Irc3,,
(Fig. 1C in III), as well as prove the superior stability of Irc3,, (Fig. 2B, D in III).
For assessment of /RC3,, complementation of /RC3 deletion in vivo, the
S. cerevisiae irc3sA strain was transformed with a centromeric plasmid con-
taining /RC3,, cloned between the /RC3,. regulatory elements, 400 nucleotides
upstream and 400 nucleotides downstream of the naturally occurring /RC3,. gene
(III). Next, we assessed the dynamics of loss of respiratory proficiency amongst
the cells grown in glucose-containing media with four different strains: previ-
ously constructed /RC3,, construct, similar /RC3,. construct as a positive control,
empty plasmid vector as a negative control, and bacterial RecG helicase that was
shown previously to have partial /RC3,. complementation in a similar assay
(Fig. 1C in III and Gaidutsik et al., 2016). The assay consisted of three steps: pre-
growth of transformed cells in selective glycerol-containing media, the release of
cells into liquid synthetic complete medium — Leu containing 2% glucose, and
taking samples at 24 h, 72 h, 168 h followed by plating them onto media con-
taining 0.15% glucose and 3% glycerol. Respiration-proficient cells successfully
utilize both carbon sources and give rise to distinctly larger colonies on this type
of media, while the colonies of respiration-deficient cells remain small. Our
experiments showed that /RC3,, could partially rescue the irc3,A phenotype as
approximately 60% of the irc3,A cells expressing IRC3,, gave rise to large
colonies even after 168 h of growth in a glucose-containing media (Fig. 1C in III).
At the same time, irc3,.A cells gave rise to about only 5%, and the positive control
strain with wt /RC3,. returned on a plasmid with 100% large colonies on a plate.
The complementation of irc3,.A by bacterial RECG resulted in around 20% of the
cells giving rise to large colonies, similar to our previous results of 12% (Fig. 1C
in III and Gaidutsik et al., 2016).
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Next, we aimed to understand whether Irc3,, protein has greater thermal sta-
bility than Irc3s. For that purpose, we used two distinct methods: measurement
of DNA-stimulated ATP hydrolysis by Irc3., at varied temperatures (Fig. 2B
in IIT) and the melting of the secondary structure of the Irc3,, protein as a measure
of circular dichroism (CD) signal decrease at 208 nm (Fig. 2D in III). First of all,
we expressed a recombinant Irc3,, protein without mitochondrial import signal
from E. coli BL21 RIL (DE3) strain as a His10-SUMO-(A19)Irc3,, fusion protein
(IIT). Then, recombinant Irc3,, was obtained by a combination of Ni-NTA agarose
affinity chromatography, Sumo-tag specific protease cleavage, and heparin
agarose chromatography (III). After purification, the catalytic activity of Irc3,,
DNA-stimulated ATP hydrolysis was measured by detecting the release of
y-phosphate from the radiolabeled y**P-ATP (III). During the experiment, the
temperature of the ATP hydrolysis reaction was increased from 30 °C to 52 °C.
As aresult, the maximum rate of ATP hydrolysis for Irc3,, was measured at 41 °C,
with about 80% of enzymatic activity retained up to 45 °C (Fig. 2B in III).

Another approach used to assess the thermal stability of Irc3,, was based on
circular dichroism (CD) spectroscopy. Circular dichroism (CD) spectroscopy is a
valuable technique for analyzing the secondary structure of proteins. It involves
measuring the differential absorption of left- and right-circularly polarized light
at different wavelengths by a sample, which can provide information about the
presence of alpha-helices and beta-sheets. First, we measured the full CD
spectrum from 180 to 280 nm to investigate the secondary structure of the Irc3,,
protein sample (Fig. 2C in III). From the full spectrum (Figure 2C in II1), we have
chosen a 208 nm wavelength with a high CD signal, most likely corresponding
to mainly alpha-helices (Koster et al., 2015). Next, we continuously recorded the
CD signal at 208 nm while gradually increasing the temperature of the protein
solution (Fig. 2D in III). This allowed us to monitor the changes in the secondary
structures inside the protein as it underwent thermal denaturation. The results
showed that as the temperature increased, the protein secondary structures began
to melt, causing a gradual decrease in the CD signal (Fig. 2D in III). By analyzing
the melting curve, we determined the melting temperature to be around 45 °C,
corresponding to the temperature at which half of the change in the CD signal
occurred.

The secondary structure melting data is consistent with our ATPase experi-
ment and supports the hypothesis that Irc3,, exhibits improved thermal stability
when compared to Irc3s (Fig. 2D in III). It is worth noting that the measured
melting temperature is not particularly high, even when compared to other heli-
cases of S. cerevisiae that were investigated in a large-scale proteomic study. For
example, Dedl, a DEAD-box helicase with nuclear localization, had a melting
temperature of 43 °C, while RNA helicase elF4A had a melting temperature of
50 °C (Leuenberger et al., 2017). However, the higher thermal stability of Irc3,,
in comparison to Irc3s. was enough to reach our goal of increasing the quality of
our kinetic measurements while simultaneously increasing the purity and con-
centration of our recombinant protein preparations.
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5.3. Oligomerization of Irc3 proteins

5.3.1. Irc3 of Saccharomyces cerevisiae

Previously conducted studies have demonstrated that Irc3 has a DNA-stimulated
ATPase activity (Gaidut$ik et al., 2016). In addition, it has been observed that
branched DNA molecules like Y-shaped DNA forks or Holliday junctions exhibit
greater ATPase stimulation activity, which aligns with the capabilities of Irc3 to
facilitate branch migration and reversal of replication forks (Gaidutsik et al.,
2016). However, the intricacies of how Irc3 forms complexes with DNA, moves
along the DNA molecule, and unwinds the DNA remains largely unexplored.

In this part, we seek to determine whether Irc3 functions as a monomer or
multimer. Our prior research revealed that deleting the /RC3,. gene in S. cere-
visiae results in a swift decline of respiratory-proficient cells without selection
(fermentable growth media) (Sedman et al., 2014). Similarly, in our irc3s.A
complementation by /RC3,, experiment, we demonstrated that the negative
control transformed with empty plasmid primarily produced respiratory-deficient
yeast cells that formed small colonies on low glucose media (Fig. 1C in III).
Building upon these results, we aimed to examine the phenotypes of S. cerevisiae
strains with extra copies of mutant or wild-type (wt) IRC3,. genes. We constructed
four in vivo expression plasmids based on pRS315, containing either wt or mutant
IRC3,. genes. The plasmids contained copies of /RC3,. genes bearing point muta-
tions in the helicase motifs I, III, and IV derived from the alignment of Irc3
enzymes (Fig. 1B, Sup. Fig. 1 in III). These point mutations alter amino acids in
conserved helicase motifs that are potentially critical for the ATPase or helicase
activity of Irc3s. According to current knowledge about helicase motif functions,
the Irc3-K65A mutation in the motif I should impair ATP hydrolysis activity and
was also shown to be inactive in ATPase and DNA unwinding assays in our
previous work (Sedman et al., 2014). Irc3-S190A, T192A bearing mutations in
the motif III sequence, which is expected to be essential for linking ATP hydro-
lysis to movement along the NA lattice, and Irc3-L284 A mutation in the motif IV,
which is expected to play a role in nucleic acid substrate binding (Singleton et al.,
2007). Then, we transformed wt yeast strain W303-1A with the constructed
plasmids and analyzed the strains for petite colony formation frequency for six
days, using the same scheme described previously for the /RC3,, complemen-
tation experiment (see section 5.2.).

The results indicated that moderate overexpression of wt Irc3 did not alter the
frequency of petite colony formation (Fig. 1B in II). However, yeast strains
transformed with the Irc3 mutants (Irc3-65A; Irc3-190A, 192A, or Irc3-284A)
had significantly more petite colonies Fig. 1B in II). This dominant negative
phenotype could suggest that Irc3 could form an oligomer in vivo, and adding
mutant Irc3 monomers to the oligomeric structure disables the Irc3 helicase.
Alternatively, this phenotype could also result from mutant Irc3 proteins com-
peting with wt Irc3 for a limited number of some specific NA targets in the yeast
mitochondria. Thus, we decided to further investigate the oligomerization of Irc3
in vitro.
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5.3.2. Hydrodynamic analysis of Irc3

One way to analyze the oligomerization of a protein is to calculate its apparent
molecular weight from hydrodynamic measurements. The sedimentation coeffi-
cient (S) of a given protein indicates the velocity at which it migrates through a
gradient. The protein mass affects the sedimentation rate, with increased mass
resulting in increased sedimentation. However, larger or asymmetric proteins
exhibit decreased sedimentation (Erickson, 2009). Stokes radius (R) is a measure
of protein mobility through a gel filtration column defined as the radius of an
imaginary sphere that would have the appropriate friction coefficient to explain
the observed protein mobility (Erickson, 2009). Knowing the sedimentation
coefficient (S) and the friction coefficient defined through the experimentally
measured Stokes radius (R), the apparent molecular weight of a protein could be
calculated using a simplified equation of Siegel and Monte, Mw(app)=4.205(SR)
(Erickson, 2009). Here we used hydrodynamics to investigate the oligomerization
state of Irc3,, and Irc3s, two members of the Irc3 family. Both proteins were
expressed as recombinant proteins without the mitochondrial import signal in
E. coli BL21 RIL (DE3) strain as a His10-SUMO-(A28)Irc3. or His10-SUMO-
(A19)Irc3,, fusion proteins. The purification protocol was the same as described
for Irc3,p purification in the previous paragraph (see section 5.2.). Next, Svedberg
coefficients (S) were measured for both proteins from the sedimentation analysis
on 10-20% glycerol gradients and Stokes radiuses (R) from the mobility analysis
on a Superdex-75 size-exclusion column (Fig. 3A, B in I and Sup. Fig. 2A, B in
IIT). The S values were 3.8S and 3.9S for Irc3. and Irc3,p, respectively, less than
the S value of bovine serum albumin (BSA) (4.7S). The R values were 4.2 nm
and 3.85 nm for Irc3s. and Irc3,p, respectively, higher than the Stokes radius of
BSA (3.6 nm). Using the equation Mw(app)=4.205(SR) (Erickson, 2009), we
calculated the apparent molecular weight of Irc3s. and Irc3.p to be 67 kDa and
63 kDa, which is close to their theoretical molecular weight of 75.4 kDa and
68.5 kDa derived from the amino acid sequence. This data indicates that both
recombinant Irc3 proteins are monomeric in solution.

5.3.3. Hydrodynamic analysis of Irc3sc complexes with DNA

Our analysis revealed no evidence of protein oligomerization in samples con-
taining purified recombinant Irc3,. protein (see section 5.3.2.). However, given
that the proteins are always present in cells alongside nucleic acids, we decided
to examine the sedimentation rates of Irc3s.-DNA complexes (II). For this pur-
pose, we utilized a similar method, sedimentation in 10-20% glycerol gradients.
Complexes were formed by combining 100 nM Irc3, with an equal amount of
32p-labeled DNA cofactors that resembled the lagging strand replication fork or
the Holliday junction. The lagging strand replication fork cofactor contains a
dsDNA region of 25 bp which branches to a 25 nt ssDNA and a 25 bp dsDNA
region, resembling a replication fork with a nascently synthesized lagging strand.
The Holliday-junction cofactor contained four 25 bp dsDNA regions joined
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together, resembling a DNA recombination intermediate. Next, we fixed the re-
sulting Irc3-DNA complexes with 0.5% glutaraldehyde and proceeded with the
fractionation on glycerol gradients. The sedimentation velocity of Irc3-DNA
complexes was analyzed by resolving gradient fractions on 5% non-denaturing
polyacrylamide gels, followed by autoradiography (Fig. 4C in II). Our analysis
revealed that the complex formed by Irc3,. with the replication fork-like substrate
exhibited a Svedberg coefficient of 6.4S, while the complex with a Holliday-
junction model substrate exhibited a coefficient of 7.8S. These values correspond
to globular proteins with molecular weights of 125 kDa and 164.5 kDa, respec-
tively, whereas the calculated molecular weights for these complexes were
116.3 kDa and 140.8 kDa (II).

We designed an alternative experiment to confirm that Irc3sc forms a 1:1 stoi-
chiometric complex with DNA. In that experiment, we purified a 10His-Sumo-
Irc3s. (Sumo-Irc3.) fusion undigested protein that can form protein-DNA comp-
lexes similarly to the full protocol-purified Irc3s (II). Sumo-Irc3, complexes
with DNA move more slowly in the electrophoresis mobility shift assay (EMSA)
on the native polyacrylamide gels due to their higher molecular weight (Fig. 4B
in II). We formed complexes with three different **P-labeled DNA cofactors
resembling the lagging strand replication fork, leading strand replication fork, or
the Holliday-junction, using Sumo-Irc3s., Irc3s, or a mixture of both protein
types. Our results indicated that the fastest moving complexes, where most of the
signal resides, corresponded to 1:1 protein to DNA complexes, as no intermediary
band appeared with a mixture of both protein types, only bands corresponding to
complexes with either of the protein types separately (Fig. 4B in II). Interestingly,
new bands formed in the region with slower-moving complexes, suggesting that
a small population of complexes with higher than 1:1 protein-to-DNA ratios are
still formed, with this effect being more prominent at higher protein concent-
rations (Fig. 4B in II). Nonetheless, this experiment supports the idea that most
Irc3s-DNA complexes are stoichiometric 1:1 complexes.

5.3.4. Oligomerization of Irc3sc during ATP hydrolysis

Data from the previous experiments indicated that both Irc3 proteins are mono-
meric in solution, and the majority of complexes of Irc3, with DNA are 1:1
complexes (see sections 5.3.2. and 5.3.3.). However, the overexpression of
mutant Irc3s proteins had a dominant negative phenotype (Fig. 1B in II), which
could mean that the functional form of Irc3,. is multimeric in vivo in the presence
of ATP and a nucleic acid cofactor. Thus, we decided to use steady-state ATP
hydrolysis analysis to determine whether the kinetic properties of Irc3s. are
affected by oligomerization.

For the measurement of the ATP hydrolysis rate of Irc3s, we used an assay
where ATP hydrolysis is linked to NADH oxidation. Following ATP conversion
to ADP by the enzyme studied (Irc3, in our case), a multi-step reaction of ATP
regeneration occurs. First, pyruvate kinase catalyzes the conversion of phospho-
enolpyruvate and ADP to pyruvate and ATP. Second, lactate dehydrogenase
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catalyzes the conversion of pyruvate and NADH to lactate, and NAD" and the
equimolar conversion of NADH to NAD" is monitored spectrophotometrically at
340 nm using £ = 6220 m ' cm™. Finally, the rate of ATP hydrolysis is calculated,
taking into account the equimolar relation of NADH conversion to ATP hydrolysis
(Figure 9).

Irc 3 —> PK —> LDH

7N /N YN

ATP ADP+Pi ADP ATP NADH NAD*
+ + + +

PEP Pyruvate Pyruvate Lactate

Figure 9. Scheme of the conjugated ATP hydrolysis assay. In the first step, ATP
conversion to ADP by Irc3 enzyme is shown, which is followed by ATP regeneration
where pyruvate kinase catalyzes the conversion of phosphoenolpyruvate and ADP to
pyruvate and ATP and lactate dehydrogenase catalyzes the conversion of pyruvate and
NADH to lactate and NAD". NADH to NAD™ (marked red) conversion is monitored
spectrophotometrically at 340 nm.

The first set of steady-state ATP hydrolysis experiments was based on the hypo-
thesis that if protein multimerization is necessary for ATPase activity, titration of
ATPase inactive mutant Irc3,-K65A to wt Irc3s-containing reactions should
generate complexes where one or more monomers are replaced by Irc3..-65A.
Therefore, the apparent specific activity should decrease as a response to
Irc3s-K65A titration. The ATPase inactive mutant was purified using the same
protocol as the wt Irc3, protein. We found that the ATPase activity of Irc3s. did
not change upon adding up to four times higher amounts of Irc3,-K65A to the
reaction (Fig. 6A, B in II).

The second set of experiments was based on the assumption that if protein
multimerization is required for ATPase activity, increasing the concentration of
Irc3, in the reaction should promote oligomerization, and the measured specific
activity at higher enzyme concentrations should be higher than at lower enzyme
concentrations (positive cooperativity). However, contrary to our hypothesis, we
found that the specific ATPase activity of Irc3s. decreased in response to an
increase in enzyme concentration. This indicates that Irc3, could form multi-
meric complexes at higher protein concentrations. However, the formed comp-
lexes are inactive or less active than the monomeric protein (Fig. 6C, D in II).

5.3.5. Irc3sc enzyme oligomerization during DNA unwinding

After revealing that the specific ATPase activity of Irc3. is negatively correlated
with the enzyme concentration, we asked if this correlation extends to the helicase
activity of Irc3, the likely main biochemical activity of the protein in the cell.
Similarly to the previous analysis of ATPase activity, we measured the rates of
DNA cofactor unwinding in response to an increase of Irc3,. concentration in the
helicase assay (II). Here, the activity of Irc3 was followed by the release of
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unwound ssDNA. Irc3 was mixed with ATP and an appropriate DNA cofactor
labeled with radioactive **P at one of the strands, followed by taking samples
from the reaction mixture at specified time points and analyzing the samples on
10% nondenaturing PAGE (Fig. 7A, B in II). DNA cofactors resembling either
the lagging strand replication fork or leading strand replication fork were used,
with the nascent DNA strand labeled with **P at the 5° terminus. The unwinding
reaction products were detected by radioactive signal imaging, and the reaction
rate was assessed from the relative decrease in the radioactive signal of the sub-
strate band. Similarly to the ATP hydrolysis measurement experiments, the rate
of DNA unwinding activity, when normalized to Irc3s. concentration, decreased
in response to the increase of enzyme concentration (Fig. 7C, D in II).

The functional studies of Irc3 oligomerization indicated that all components
required for the ATPase and helicase activities of Irc3, are contained in each
protein subunit. Therefore, the protein is most likely functioning as a monomer,
and the multimeric complexes detected in vitro at elevated concentrations of Irc3.
represent inactive or less active forms of the protein.

5.4. Nucleic acid specificity of Irc3 proteins

5.4.1. Stimulation of ATP hydrolysis activity of Irc3op
by DNA and RNA cofactors

In this series of experiments, we aimed to investigate whether the NA cofactor
specificity of Irc3, and Irc3,, is similar. Our previous research indicated that
Irc3s ATP hydrolysis is stimulated by the mitochondrial DNA of S. cerevisiae and
synthetic DNA molecules containing dsDNA regions (Sedman et al., 2014;
Gaidutsik et al., 2016). To measure the ATPase activity of Irc3,,, we used a
conjugated assay where ATP hydrolysis is linked to NADH oxidation, as pre-
viously described in 5.3.4. paragraph. We obtained two parameters for each
cofactor: ke, the rate of ATP hydrolysis normalized to enzyme concentration at
the saturating NA concentration, and Kpna (or Krna), the concentration of a DNA
or RNA cofactor when the rate of ATP hydrolysis is half of the maximum obtained
with the same NA cofactor. Additionally, we calculated the specificity coefficient
Keat/Kpna or Kea/ Krna for each NA cofactor used, which takes into account the
maximal rate of ATP hydrolysis for any given NA cofactor and the concentration
of a cofactor needed to reach that to gain a more comprehensive understanding
of enzyme cofactor specificity.

For these experiments, we prepared a set of synthetic DNA cofactors: repli-
cation fork-like cofactor with 25 bp long dsDNA parental duplex and two 25 nt
long ssDNA branches, 50 bp long dsDNA cofactor, and 50 nt long ssDNA
cofactor. Similar DNA cofactors were used previously with Irc3s. (GaidutSik
et al., 2016). All the DNA cofactors were prepared by annealing commercially
purchased oligonucleotides. Equivalent RNA cofactors were assembled similarly
to the DNA cofactors, with the only difference being that RNA oligonucleotides
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were synthesized by in vitro transcription with T7 RNA polymerase. Additionally,
we purified structured RNA from O. polymorpha mitochondria and separated it
into tRNA and rRNA fractions on a Superose-12 column (III).

The specificity factors of Irc3,, for all synthetic RNA cofactors fluctuated
around 1 s' uM ™" or was immeasurable due to an exceptionally high Krna value.
In contrast, the specificity for corresponding synthetic DNA cofactors was much
higher, with values of 39.8 s' uM™! for ssDNA, 33.2 s' uM™! for dsDNA, and
376.4 s uM™ for replication fork-like DNA cofactors. Measurements with struc-
tured RNA revealed specificity factors of 6.3 s' uM ™' for rRNA and 9.8 s pM™!
for tRNA (Table 1 in III). Interestingly, our study also found that ssDNA inhibits
the ATPase activity of Irc3,, observed in the presence of other nucleic acid
cofactors (Table 2 in III). This is likely due to ssDNA challenging the binding of
dsDNA or branched DNA to an overlapping binding site on Irc3,y.

In our previous articles, we have demonstrated that Irc3,. ATPase activity is
stimulated by synthetic dsSDNA molecules, branched replication fork-like mole-
cules, and 4-way Holliday junction-like cofactors, while ssDNA and RNA mole-
cules had no detectable activation for Irc3s. (Sedman et al., 2014; Gaidutsik et al.,
2016). In those articles, the ATP hydrolysis of Irc3,c was measured by detecting
the release of y-phosphate from the radiolabeled y**P-ATP which is a much less
sensitive method than the currently used NADH-oxidation coupled ATP hydro-
lysis assay. Moreover, detecting y-phosphate from the radiolabeled y*?P-ATP is
often associated with high radioactive background levels, which could hinder the
ATP hydrolysis measurement with weakly stimulating cofactors. Contrary to our
previous ATP hydrolysis measurements with Irc3s., Irc3,, was stimulated by
ssDNA and RNA cofactors and all cofactors containing a dsDNA region (Table 1
in III). All synthetic RNA cofactors used could stimulate the Irc3,, ATPase
activity but were approximately 5—10-fold less efficient when compared to the
corresponding DNA cofactors (Table 1 in III). Furthermore, our results suggest
that the most effective cofactor for Irc3,, among the tested nucleic acid cofactors
is a 50 bp long replication fork-like DNA cofactor. In contrast, Holliday junction-
like cofactor was previously found to be the best for Irc3sc (Table 1 in III,
Gaidutsik et al., 2016). Additionally, we found that Irc3,, is 5—10 times better
stimulated by structured native RNA molecules than by synthetic RNA cofactors
(Table 1 in III). We suggest that Irc3,, has the potential to bind and remodel
various structured nucleic acid molecules with a better specificity for branched
DNA molecules.

5.4.2. Irc3sc binding to branched DNA cofactors

The apparent preference for branched DNA molecules was already suggested for
Irc3sc (Gaidutsik et al., 2016). Here we used DNase I footprinting to understand
the structure of Irc3,. complexes with branched DNA cofactors (II). Analysis was
started by forming complexes of Irc3,. and replication fork-like model cofactors
labeled with radioactive *?P at one of the strands with a 1:1 or 3:1 protein to NA
cofactor ratio. Formed Irc3s. complexes with DNA cofactors were subjected to
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DNase I digestion for different time periods, followed by the digestion pattern
analysis on a 15% (19:1 acrylamide:bis-acrylamide) 7 M urea denaturing gel
(Sup. Fig. 3 in II).

The results of the digestion pattern analysis from footprinting of Irc3s. comp-
lexes with branched DNA molecules indicated that Irc3,. was capable of pro-
tecting the branching point of DNA replication fork-like model structures that
contained nascent leading, nascent lagging or neither of the nascent strands
(Fig. 5A, B in II). Additionally, the first base pair of both parental duplex strands
was protected and up to five nucleotides away from the branching point in the
lagging strand template of all used model cofactors (Fig. 5B in II). Interestingly,
only a small number of protected nucleotides were detected in the parental duplex
upstream of the fork, hinting that Irc3 could be loaded directly onto DNA struc-
tures from the branching point and not from the free dsDNA end. Observed
stronger protection of the lagging strand raises the hypothesis that Irc3, has a 3’
to 5’ polarity.

5.4.3. Measurement of Irc3,, nucleic acid binding specificity
by fluorescence anisotropy

Our previous analysis of the Irc3,, ATPase activity demonstrated a dependence
of the enzymatic activity on the type of nucleic acid cofactor used. In contrast to
most SF2 helicases, the ATPase of Irc3 is more efficiently stimulated with double-
stranded and branched DNA cofactors, ke 16 s and 43 7', respectively (Table 1
in III). In the next series of experiments, we used fluorescence anisotropy to
measure the complex formation efficiency of Irc3,, binding to fluorochrome-
labeled synthetic DNA molecules of different lengths (III). The principle of
fluorescence anisotropy measurement is based on the polarization of light. When
a molecule is excited by polarized light, the emitted fluorescence is also pola-
rized. Therefore, the anisotropy value can describe the degree of polarization of
the emitted fluorescence. Here, the sample is excited by polarized light, and the
emitted fluorescence is measured using polarizers at both parallel and per-
pendicular positions. The anisotropy value (A) is then calculated by dividing the
difference between the parallel and perpendicular fluorescence intensities by the
sum of parallel and two times perpendicular light intensities:

N
I, + 21,

In the equation, (Ill) is the parallel emitted fluorescence signal, and (IL) is the
perpendicular emitted fluorescence signal. Biomolecules of higher mass have
higher light polarization at these experimental conditions due to generally slower
molecular movement inside the solution.

The reaction mixes contained 2 nM of ssDNA or dsDNA molecules of 12—
50 nt/bp in length titrated with 1-1000 nM of Irc3,,. The binding data of triplicate
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assays were fitted to hyperbolic functions. The complex formation efficiency is
characterized by equilibrium dissociation constant Kp, defined as the concent-
ration of Irc3,, when 50% of the fluorescein-labeled DNA molecules are in
complex with the protein. The Kp was deduced for each type of DNA cofactor
(Sup. Fig. 4A, B in III).

Our measurements have shown that ssDNA molecules bound Irc3,, with, on
average, two times smaller Kp than the double-stranded DNA molecules of the
same length, despite being less efficient as cofactors in stimulating the ATPase
activity but in line with slightly better specificity measured previously. Moreover,
we found that the Kp values of all tested DNA cofactors longer than 21 nt or 21 bp
formed a plateau at the measurement curve at approximately 20 nM for ssDNA
and 40 nM for dsDNA, hinting that the length of DNA needed for efficient
binding by Irc3,, is in between 12 and 21 nt/bp (Figure 6A in III).

5.5 Irc3 enzymes are processive translocases

5.5.1. Irc3 enzymes follow the processive model of translocation
during ATP hydrolysis

As a part of the next series of experiments, we aimed to distinguish between dis-
tributive and processive models of the Irc3 helicases by investigating the impact
of the length of a DNA cofactor on the ATP hydrolysis rate of the enzyme (I and
III). Here we examined a set of dsDNA cofactors (12—75 bp) prepared by
annealing complementary synthetic oligonucleotides. The steady-state rate of
ATP hydrolysis was determined using the coupled NADH oxidation assay (see
paragraph 5.3.4.). To obtain ke, and Kpna parameters for each DNA cofactor, the
measured data points were fitted to either hyperbolic (1) or tight-binding
(2) equations.

_ [Elkcqt[DNA]
- Kpna+[DNA]

([E1+[DNAl+Kpn )y ([E]1+[DNAI+Kpy 4)*-4[E][DNA]
2[E]

2. v = [Elkcqs

[E] is the enzyme concentration, [DNA] is the DNA cofactor concentration, Kea
is the apparent catalytic constant measured for each cofactor type, and Kpna is
the cofactor concentration when half of the ke is reached. The tight-binding
equation was used if the measured Kpna was five times or less the used enzyme
concentration, enabling us to consider the depletion of the free cofactor pool by
forming Irc3-DNA complexes.

We found that the shortest dsSDNA cofactor (12 bp) showed no cofactor con-
centration-dependent stimulatory effect on ATP hydrolysis for Irc3p. In contrast,
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low and cofactor concentration-dependent ATP hydrolysis was still detectable
with Irc3s (Fig. 4A in III and 4B in I). The double-stranded DNA cofactors that
were longer than 12 bp stimulated ATP hydrolysis of both Irc3s and Irc3,,, and
the rate of ATP hydrolysis was dependent on the length of the DNA cosubstrate.
The kea increased approximately 7-fold for Irc3s. and 4-fold for Irc3., as the
cofactor length increased from 21 to 75 bp (Fig. 4A in III and 4B in I). On the
other hand, Kpna decreased 3-fold for Irc3s. and 2-fold for Irc3,, as the length of
the cosubstrate increased from 21 to 35 base pairs and then remained relatively
constant for both enzymes (Fig. 4B in III and 4C in I). This type of behavior of
kinetic parameters when ke.: but not Kpna is dependent on dsDNA cosubstrate
length is not expected for distributive helicases and according to the model
(Young et al., 1994) suggests that both Irc3, and Irc3,, are processive trans-
locases with the slowest kinetic step related to the enzyme association with DNA,
the first isomerization step before processive translocation or the dissociation at
the end of the molecule.

5.5.2. Unwinding of triple-stranded DNA molecules by Irc3sc

In this series of experiments, we investigated the translocation of Irc3s. with
triple-stranded DNA structure disruption experiments (I). To accomplish this, we
constructed triple-stranded DNA structures with a third, shorter *’P-labeled
polypyrimidine strand connected with dsDNA duplex via Hoogstein bonds. We
created three sets of constructs, one containing a longer segment of dsDNA at one
or from both sides of the triple-stranded region and another containing an
elongated dsDNA region only on one side, with six nt gaps in either of the dsSDNA
strands just next to the triple-stranded region (Figure 2A, 3A in I). Additionally,
we constructed a control construct where the third strand is approximately the
same size as dsDNA, with only short two bp long dsDNA overhangs (Figure 2A
in ). Irc3 was incubated with the substrate DNA in the presence of ATP, and the
products were analyzed on non-denaturing PAGE, followed by autoradiography
(Figure 2, 3 in I).

Our findings revealed that Irc3,. was able to unwind all triple-stranded DNA
structures from the first set with similar efficiency, regardless of the position of
the dsDNA segment present either before or after the triple-stranded region
(Figure 2C, D, E in I). However, Irc3,. could not unwind a triple-stranded struc-
ture with short two bp long dsDNA overhangs, indicating that the dsDNA region
is necessary for successful enzyme loading (Figure 2B in I). When we introduced
constructs from the second group, with six nt long gaps in either strand of the
dsDNA region, the ability of Irc3, to displace the third strand was severely
hampered (Figure 3B, C in I). We concluded that Irc3 requires contact with both
DNA strands of the duplex. However, we found that the cofactor containing a gap
in the 5’ to 3’ strand was unwound with better efficiency than the cofactor con-
taining a gap in the 3’ to 5’ strand, supporting the model of 3’ to 5’ polarity of
Irc3, (Figure 3B, C in I).
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The same experiment was performed with Irc3,-AC(29-482) and Irc3s-
AN(386—-689) halves of Irc3s. The purification procedure of truncated Irc3c
forms was similar to the previously discussed for full-length Irc3, purification
(see paragraph 5.2.). We found that [rc3-AC(29—482), the N-terminal part of Irc3c
containing the helicase core, had functioning DNA cofactor-stimulated ATP
hydrolysis activity. However, the ATPase activity was unchanged between dsDNA
and branched DNA cofactors, hinting that Irc3-AC(29—482) has lost specificity
for branched DNA (Figure 6E in I). Irc3-AN(386—689), the C-terminal part of
Irc3s, did not hydrolyze ATP but bound branched DNA molecules in the EMSA
assay (Figure 6E, H in I). Interestingly, neither of the protein halves was able to
displace the third strand from the triplex, suggesting that the isolated N-terminal
and C-terminal part of Irc3s. cannot function as a dsDNA translocase (Sup.
Fig. 2B, C in I). Our results indicate that the C-terminal domain (CTD) of Irc3c
is responsible for the binding of Irc3s to branched DNA and is required for
dsDNA translocase activity, and the N-terminal domain alone is incapable of
processive movement along the DNA lattice, similarly to the RecQ-like sub-
family of helicases (Tadokoro et al., 2012; Swan et al., 2014).

5.6. Putative functions of Irc3 proteins in yeast
mitochondria

In this study, we aimed to understand better the biochemical properties and
possible functions of Irc3 helicase. This SF2 enzyme is conserved in different
yeast and fungi species but has no homologs in higher eukaryotes (II1). Further-
more, the analysis of the Irc3 sequence indicates that this enzyme has no specific
positioning in any currently characterized SF2 helicase subfamilies (see para-
graph 5.1.). The deletion of the /RC3 gene in S. cerevisiae leads to a rapid decline
in respiratory activity and loss of the functional mitochondrial genome when cells
are grown on glucose-containing media (Figure 1C in III and Sedman et al., 2014).
In a non-fermentable media selective for mitochondrial respiratory function, the
deletion of /RC3 results in a slow-growth phenotype. This suggests that Irc3
participates in one of the mtDNA repair pathways or has a nonessential role in
mtDNA replication or gene expression (see paragraphs 2.3.1. and 2.3.2.).
According to current models of yeast mtDNA replication, classical replication
forks with leading and lagging strands are unrequired (see paragraph 2.3.1.).
However, mtDNA intermediates that could be associated with recombinational
events have been detected in rho™ cells with 2D gel electrophoresis in one of our
previous studies (Sedman et al., 2014). These intermediates prove that fork for-
mation events can still occur in mitochondria, for example, in the form of re-
combinational structure migration. Interestingly, the deletion of Irc3 causes a
dramatic decrease in these recombinational mtDNA intermediates, and at the
same time, the effect could be recovered by double-deletion of mitochondrial
RNA polymerase Rpo41 (Sedman et al., 2014). These findings indicate that Irc3
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is directly involved in forked DNA metabolism in S. cerevisiae mitochondria,
and, at the same time, the function of Irc3 is somehow associated with Rpo41.

One of the main focuses of this thesis was the biochemical characterization of
Irc3 enzymes. In terms of enzyme kinetics, it has been observed that Irc3,. and its
homolog from a thermotolerant yeast O. polymorpha Irc3,p function as processive
monomeric enzymes (see paragraphs 5.3. and 5.5.). Additionally, we have found
that the C-terminus of the Irc3,. is essential for translocation activity and is also
responsible for the binding of branched DNA molecules (paragraph 5.5.2.). We
have demonstrated that Irc3s disrupts triple-stranded DNA structures by dis-
placing the third DNA molecule from the complex in an ATP-dependent manner
while requiring dsDNA adjacent to the triplex and being inhibited by single-
stranded gaps. This results in AP biochemical classification of the Irc3 protein
and supports the previous hypothesis that Irc3 could bind and migrate branched
DNA structures, or in other words, stimulate fork regression by a processive
mechanism (Ref. I and GaidutSsik et al., 2016).

In another set of biochemical experiments with Irc3,p, from O. polymorpha,
we have found that the ATPase activity of Irc3,, is the most efficiently stimulated
by branched and double-stranded DNA cofactors, and in contrast to Irc3s., sSDNA
cofactors also activate ATPase activity (paragraph 5.4.1. and Gaidutsik et al.,
2016). Notably, including ssDNA oligonucleotides in ATPase reactions with
dsDNA or branched DNA cofactors resulted in competitive inhibition (paragraph
5.4.1.). This phenomenon may have fascinating implications in vivo, where free
ssDNA could impede certain Irc3,, functions, ultimately inhibiting Irc3.p-
dependent branched DNA remodeling. Furthermore, Irc3,, ATPase activity was
efficiently stimulated by structured RNA purified from O. polymorpha mito-
chondria and weakly stimulated by synthetic RNA cofactors (paragraph 5.4.1.).
These findings suggest that Irc3,, exhibits dual specificity for both DNA and
RNA and may potentially regulate R-loop (dsDNA molecules with ssSRNA
insertions) formation in vivo. This could tie the function of Irc3 with one of the
current mtDNA replication models, specifying the importance of mtDNA ori
regions in replication (Sanchez-Sandoval et al., 2015). According to the proposed
model, ori regions in the mtDNA of S. cerevisiae can be primed by RNA poly-
merase Rpo41, effectively forming R-loop structures that could be subsequently
extended by DNA polymerase Mip1 (see paragraph 2.3.1.).

In addition to Irc3 ties with the yeast mtDNA metabolism, recently, Kaur and
Datta showed that Irc3s. co-localizes with the 37S subunit of mitoribosome and
is required for mitochondrial translation (Kaur and Datta, 2021). They proposed
that Irc3sc may function as an RNA helicase during the elongation stage of
translation (Kaur and Datta, 2021). Previously we had no success with the in vitro
measurement of ATP hydrolysis of Irc3s. with a mitochondrial RNA extract of
S. cerevisiae (Sedman et al., 2014). It has led us to a not entirely accurate assump-
tion that all Irc3 homologs are DN A-specific enzymes. As a part of this study, we
have demonstrated that the ATPase activity of Irc3,, is stimulated by bulky struc-
tured RNA. These results suggest that Irc3 could be a part of the yeast mito-
chondrial gene expression organization complex (MIOREX) (see ref. III and
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paragraph 5.4.1.). The MIOREX model proposes that mitoribosomes interact
with many transiently bound proteins involved in RNA transcription and pro-
cessing (Kehrein et al., 2015). In a recent study of the S. cerevisiae mitochondrial
proteome, Irc3 was found to co-localize with RNA post-processing factors Sls1
and Cbp1, RNA helicase Mrh4, and 37S ribosome subunit components Nam9 and
Rt35. However, this co-localization occurs in the fraction of protein complexes
that have a relatively low molecular weight of approximately 120 kDa, and this
suggests that Irc3 could cofractionate with unassembled 37S subunit components
or be responsive for mitochondrial subunit biogenesis similarly to Mrh4 (De Silva
et al., 2013; Schulte et al., 2023).

In conclusion, the collected data concerning the Irc3 enzymes reveals their
potential versatility, encompassing various functions. These functions span from
involvement in DNA fork regression within a pathway of mitochondrial DNA
repair or replication to its potential contribution to multiple aspects of mito-
chondrial RNA metabolism in S. cerevisiae. The latter may encompass roles in
gene expression, structured RNA quality control, translation, and potentially
bridging the connection between mitochondrial DNA and RNA metabolisms.
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CONCLUSIONS

This study investigates the conservation, characteristics, and potential functional
roles of the Irc3 helicase. Despite extensive investigations conducted over
decades, knowledge regarding yeast mitochondrial DNA and RNA metabolism is
still far from complete. Therefore, we employed various in vivo and in vitro bio-
chemical tools to elucidate the biological function of the Irc3 helicase with the
objective of gaining fresh insights into the processes of yeast nucleic acid meta-
bolism. The main results of this thesis can be summarized as follows:

1. The study identified conserved homologs of the Irc3 helicase in yeasts be-
longing to the ascomycete and basidiomycete classes within the fungal king-
dom, while no homologs were found in other eukaryotes. In silico analysis
revealed that Irc3 proteins possess a conserved set of helicase motifs, a
putative mitochondrial matrix targeting signal, and a C-terminal region with
low sequence conservation. Structural predictions using AlphaFold indicated
that Irc3,c from S. cerevisiae and Irc3o, from O. polymorpha might exhibit a
C-terminal structure resembling the "fist" domain of the Ski2-like subfamily
of helicases.

2. In vivo complementation assays demonstrated that /RC3,, could partially
rescue the respiratory deficiency phenotype in the S. cerevisiae irc3sA strain.
Furthermore, purified recombinant Irc3,, retained approximately 80% of its
enzymatic activity at temperatures up to 45 °C, with an optimal ATP hydro-
lysis temperature of 41 °C, surpassing the previous stability parameters of
Irc3se.

3. In vitro experiments indicated that recombinant Irc3 proteins exist as mono-
mers in solution and form 1:1 complexes with DNA molecules.

4. The ATPase activity of Irc3,, was stimulated by a wide range of synthetic and
native cofactors, including replication fork-like DNA molecules, single-
stranded DNA, synthetic RNA, and structured native RNA. However, Irc3op
exhibited higher specificity for DNA cofactors compared to RNA cofactors.

5. Both Irc3s and Irc3,, displayed processive translocation during ATP hydro-
lysis, with the rate of ATP hydrolysis depending on the length of the DNA
cofactors. Moreover, Irc3, demonstrated the ability to unwind triple-stranded
DNA structures, with a potential 3’ to 5’ polarity and the requirement of
contacts with both strands of the DNA duplex.
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SUMMARY IN ESTONIAN

Irc3 helikaasi biokeemiliste parameetrite analtuus

Mitokonder on oluline energiatootmises osalev organell, millel on oma véike ge-
noom. Mitokondriaalse genoomi kadumine vdi kahjustumine pdhjustab korge-
mates eukariiootides tavaliselt rakusurma, samal ajal pagariparm Saccharomyces
cerevisiae voib elada ilma funktsionaalse mitokondriaalse genoomita, kui seda
kasvatada kidritataval siisinikuallikal. See teeb pagariparmist ideaalse mudeli
mitokondriaalse DNA séilitamise uurimisel. Pdrmi mitokondriaalse proteoomi
koosseisu kuulub ligikaudu 900 valku ja nende hulgast on umbes 25% seotud
mitokondriaalse geeniekspressiooni ja DNA sdilitamisega. Need valgud méngi-
vad ka olulist rolli seitsme hingamisahelasse kuuluva valgu siinteesil, mis on
kodeeritud mitokondriaalses genoomis. Mitokondriaalses geeniekspressioonis
osalevate valkude hulgas on S. cerevisiae mitokondris vihemalt kuus konser-
veerunud helikaasi, mis vastutavad mitokondriaalse nukleiinhappe metabolismi
ja valkude biosiinteesi eest.

Helikaasid on ensiiiimid, mis kasutavad nukleosiidtrifosfaadi (NTP) sidumise
ja hidroliiiisi energiat DNA vdi RNA struktuursete timberkorralduste ldbi-
viimiseks. Helikaasidel on elusrakkudes palju rolle, alates replikatsioonist, re-
kombinatsioonist ja parandamisest kuni transkriptsiooni, splaissimise, ribosoomi
bioslinteesi ja translatsioonini. Need valgud mingivad ka olulist rolli mito-
kondriaalse DNA stabiilsuses ja geenide ekspressioonis. Varasemad uuringud on
tuvastanud kolm mitokondriaalset helikaasi (Mhr4, Mss116 ja Suv3), mis on
seotud mitokondriaalse RNA metabolismiga, ja kolm (Pifl, Hmil ja Irc3) heli-
kaasi mis on seotud DNA siilitamisega. Hiljuti on helikaas Irc3 palvinud tdhele-
panu edasiseks uurimiseks, kuna sellel leiti ka potentsiaalne roll mitokondriaalses
translatsioonis.

See uuring keskendub peamiselt Saccharomyces cerevisiae Irc3 (Irc3s.) valgu
ja selle homoloogi Irc3op (Ogataea polymorpha, termotolerantne parm) ulatus-
likule uurimisele biokeemiliste meetodite abil. In silico analiiiis néitas, et Irc3
helikaasi homolooge leidub nii kottseente kui ka kandseente hulka kuuluvates
parmides, kuid mitte kdrgemates eukariiootides. Nendel homoloogidel on konser-
veerunud helikaasi motiivide komplekt, oletatav mitokondriaalse maatriksi
sihtsignaal ja vihese konserveerumistasemega C-terminaalne piirkond. Struktuuri-
ennustused, kasutades AlphaFoldi, nditasid, et Irc3s ja Irc3,, omavad N-termi-
nuses klassikalisi RecAl ja RecA2 helikaasi domeene ning C-terminuses arva-
tavalt struktuuri, mis sarnaneb Ski2-taoliste helikaaside alamperekonna “rusika”
domeeniga. Mtr4 valgus vastutab “rusika” domeen, niiteks struktureeritud RNA
sidumise eest.

Uuring keskendus Irc3p, kui Irc3s termiliselt stabiilsema homoloogi bio-
keemilisele iseloomustamisele. Irc3,, omab suhteliselt korget helikaasi piirkonna
jéarjestuse sarnasust (82%), kuid tal on vorreldes Irc3g.-ga lithem C-terminaalne
piirkond. /n vivo komplementatsiooni katsed, kasutades S. cerevisiae irc3.A tiive,
nditasid, et JRC3,, suudab osaliselt pdésta raku hingamispuudulikkuse fenotiiiibi
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teket. DNA-stimuleeritud ATP hiidroliiiisi katsed erinevatel temperatuuridel néi-
tasid, et Irc3,, sdilitab ligikaudu 80% oma ensiimaatilisest aktiivsusest kuni
45 °C, aktiivsuse maksimumiga 41 °C juures, mis on oluliselt korgem kui Irc3g-1.
Tsirkulaarse dikroismi spektroskoopia analiilis néitas, et Irc3,, sekundaarsed
struktuurid sulavad umbes 45 °C juures.

Superpereckond 2 helikaaside seas esineb valke mis funktsioneerivad nii
monomeeridena kui ka dimeeridena. Meie tulemused néitasid, et Irc3 valgud vdi-
vad teoreetiliselt moodustada multimeere, ent mutantsete Irc3 valkude iile-
ekspresseerimise dominant negatiivse fenotiilibi analiiiis ja hiidrodiinaamilised
modotmised in vitro niitasid, et rekombinantsed Irc3 valgud eksisteerivat lahuses
monomeeridena. Irc3,.-DNA komplekside sedimentatsiooni uuringud kinnitasid,
et replikatsioonikahvli laadsete ja Holliday-ristmiku laadsete DNA kofaktoritega
moodustuvad pdhiliselt stohhiomeetrilised 1:1 kompleksid.

Jargmisena uurisime Irc3 valkude nukleiinhappe (NA) spetsiifilisust ja trans-
lokatsioonimehhanisme. Leidsime, et siinteetilised DNA kofaktorid, sealhulgas
replikatsioonikahvli laadne ja itheahelaline DNA (ssDNA), samuti struktureeritud
natiivsed RNA molekulid, stimuleerisid Irc3,, ATPaasi aktiivsust. Siiski oli Irc3,,
spetsiifilisem DNA kofaktorite suhtes. Protektsiooni uuringud, kasutades DNaasi
I jalajélge meetodit, nditasid, et Irc3s kaitseb kdige paremini DNA-d endo-
nukleaasi eest replikatsioonikahvli struktuuride hargnemispunkti vahetus ldhe-
duses. Fluorestsents-anisotroopia katsed néitasid, et Irc3,-1 oli suurem afiinsus
ssDNA suhtes, kusjuures optimaalseks seondumiseks vajatakse DNA-d pikku-
sega 12 kuni 21 nukleotiidi voi aluspaari. Lisaks niitasid nii Irc3s kui ka Irc3,p
ATP hiidroliiiisi kdigus protsessiivset translokatsiooni, sest ATP hiidroliiiisi kiirus
soltus DNA kofaktorite pikkusest. Irc3,. nditas voimet lahtikeerata kolmeahelalisi
DNA struktuure, mille kdigus oli valgul vajalik kontakt DNA dupleksi mdlema
ahelaga, samas tiheldasime selle protsessi kdigus 3’ — 5’ liikkumise polaarsust.

Selle uuringu tulemusena saime me uut toetust eelnevaltes toddes pakutud
hiipoteesile, et Irc3 on vdimeline siduma ja migreerima hargnenud DNA struk-
tuure voi teisisonu stimuleerima replikatsiooni v3i reparatsiooni kahvli regres-
siooni protsessiivse mehhanismi abil. Lisaks viitavad uued andmed sellele, et
Irc3qp-1 on spetsiifilisus nii DNA kui ka RNA suhtes ning ta v3ib potentsiaalselt
osaleda RNA metabolismis vdi siduda parmi mitokondri DNA ja RNA meta-
bolisme. Niiteks potentsiaalseks valgu rolliks vdiks olla R-loop (ssRNA sises-
tustega dsDNA molekulid) struktuuride moodustumise reguleerimine in vivo. See
seoks Irc3 funktsiooni iihe praecguse mtDNA replikatsiooni mudeliga, mis véidab
mtDNA ori piirkondade téhtsust replikatsioonis. Selle mudeli kohaselt saab
S. cerevisiae mtDNA ori piirkondi praimeerida RNA poliimeraasiga Rpo41,
moodustades R-loop struktuure, mida on vdimalik hiljem pikendada DNA polii-
meraasi Mip1 abil. Teiseks potentsiaalseks valgu rolliks voib olla osalemine parmi
mitokondriaalse geeniekspressiooni organisatsiooni kompleksis (MIOREX).
Seda rolli toetab asjaolu, et Irc3,, ATPaasi aktiivsust stimuleerisid paremini just
mahukad struktureeritud RNA molekulid. MIOREX mudeli kohaselt mitoribo-
soomid interakteeruvad suure hulga ajutiselt seostuvate valkudega, mis tegelevad
RNA transkriptsiooni ja tootlemisega. Kuid toetudes hiljutistele proteoomika
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toodele kofraktsioneerub Irc3 just kokkupanemata 37S ribosoomi subiihiku
komponentidega seega vdib Irc3 osaleda ribosoomi kokkupanekus ja mitte otse
kiipse ribosoomi translatsiooni protsessis.

Kokkuvdtteks nditavad kogutud andmed Irc3 ensiiiimide kohta nende potent-
siaalset suurt mitmekiilgsust. Irc3 valkude vdimalikud funktsioonid ulatuvad
osalemisest DNA kahvli regressioonis mitokondriaalse DNA parandamise voi
replikatsiooni rajas kuni panustamiseni S. cerevisiae mitokondriaalse RNA meta-
bolismi aspektidesse. Viimane voib holmata rolle geeniekspressioonis, struktu-
reeritud RNA kvaliteedikontrollis ja translatsioonis.
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