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Summary.

The piRNA pathway is a widely-represented, small RNA-based mechanism that takes part
in transposon silencing. It is mostly active in the germline and early embryos. Even though the
piRNA pathway is present in many species, mechanistic details of the pathway vary significantly.
For instance, in many animals piRNAs are produced from long precursor transcripts that are
processed afterward to form multiple mature piRNAs, whereas in C. elegans piRNA precursors are
transcribed from individual loci that each produce a single piRNA. PiRNAs in C. elegans are called
21U RNA, because they are 21 nucleotide long and have strong 5’ U bias. 21U RNA precursors are
roughly 28 nt long and contain a 5’ cap. To become a 21U RNAs, these precursors undergo
maturation both at the 5" and 3’ end.

The mechanism of the 5’ end processing of 21U RNA precursors in C. elegans is yet
unknown. Our lab previously identified a protein complex, named PETISCO, that binds 21U RNA
precursors and is required for their processing. Interestingly, PETISCO has two mutually exclusive
interactors: PID-1 and TOST-1. PID-1-PETISCO only plays a role in 21U RNA maturation, while
TOST-1-PETISCO has a different and still unknown maternal essential function, but does not affect
21U RNA biogenesis. However, how PETISCO can help 21U RNA production is still unclear.

| started with the purification of PETISCO proteins and obtained working antibodies
against TOFU-6, IFE-3, and PID-3. In collaboration with Sebastien Falk (Vienna), the crystal
structure of PETISCO was obtained and the effects of the disrupting interactions within PETISCO
were tested in vivo.

In my second project, | identified a novel nuclease complex, which had been named PUCH
(Precursor of 21U 5’ end Cleavage Holoenzyme), with an essential role in piRNA precursor
processing. PUCH is characterized by three subunits, TOFU-1, TOFU-2, and one of the newly
identified 21U RNA pathway factors SLFL-3 or SLFL-4. The active center of PUCH is formed by
Schlafen-like domains, present in all four proteins. | proved the activity of PUCH in vivo and in
vitro. Analysis of the substrate requirements showed that PUCH needs m’G-cap and U in position
three to perform the cleavage.

Again, in collaboration with Sebastian Falk, the link between PETISCO and PUCH was

identified. Interaction between TOFU-6 and TOFU-1 was demonstrated in vitro and crystal



structure of this interaction was obtained. CRISPR/CAS9 genome editing we disrupted the
interaction between PUCH and PETISCO and confirmed the relevance of this interaction for 21U
RNA maturation in vivo.

Thus, | identify PUCH as a novel 5’ end processing complex that drives piRNA precursor
maturation in C. elegans, in conjunction with the precursor-binding complex PETISCO. The
catalytic center of PUCH consists of three different SLFN domains. Given the multitude of non-
characterized SLFN homologs in mammalian genomes, PUCH may define a novel type of multi-

subunit nuclease enzymes with many different yet unknown functions.



Zusammenfassung.

Der piRNA-Signalweg ist ein weit verbreiteter, auf kleinen RNAs basierender
Mechanismus, der am Transposon-Silencing beteiligt ist. Er ist hauptsachlich in der Keimbahn und
in frihen Embryonen aktiv. Obwohl der piRNA-Signalweg in vielen Spezies konserviert vorkommt,
unterscheiden sich die mechanistischen Details erheblich. in vielen Tieren werden piRNAs aus
langen Vorlaufertranskripten gebildet, die nachfolgend zu mehreren reifen piRNAs prozessiert
werden, wahrend in C. elegans piRNA-Vorldufer von einzelnen Loci transkribiert werden, die nur
jeweils eine einzelne piRNA produzieren. In C. elegans werden piRNAs auch als 21U-RNA
bezeichnet, da sie 21 Nukleotide lang sind und einen starken Uracil-Bias am 5’-Ende aufweisen.
Deren Vorldufer sind etwa 28 nt lang und enthalten eine 5'-Kappe. Um zu einer 21U-RNA zu
werden, durchlaufen diese Vorlaufer sowohl am 5'- als auch am 3'-Ende eine Reifeprozessierung.

Der Mechanismus zur Prozessierung des 5'-Endes von 21U-RNA-Vorlaufern in C. elegans
ist noch unbekannt. In vorausgegangenen Arbeiten konnte in unserem Labor bereits einen
Proteinkomplex namens PETISCO identifiziert werden, der 21U-RNA-Vorlaufer bindet und fir
deren Reifung erforderlich ist. Interessanterweise hat PETISCO zwei sich gegenseitig
ausschlieBende Interaktoren: PID-1 und TOST-1. PID-1-PETISCO spielt nur bei der 21U-RNA-
Reifung eine Rolle. TOST-1-PETISCO hingegen hat eine andere, noch unbekannte, jedoch
miutterlicherseits essentielle Funktion, die aber die 21U-RNA-Biogenese nicht beeinflusst. Wie
PETISCO zur 21U-RNA-Produktion beitragen kann, ist noch unklar.

In meiner Arbeit begann ich mit der Aufreinigung von PETISCO-Proteinen und erstellte
funktionierende Antikdrper gegen TOFU-6, IFE-3 und PID-3. In Zusammenarbeit mit Sebastien
Falk (Wien) wurde die rdumliche Struktur von PETISCO aufgeklart und die Auswirkungen der
Wechselwirkungen mit storenden Interaktoren von PETISCO in vivo getestet.

In einem weiteren Projekt beschaftigte ich mich mit der Identifikation eines neuartigen
Nukleasekomplex, der den Namen PUCH (Precursor of 21U 5'-end Cleavage Holoenzyme) erhielt
und eine wesentliche Rolle bei der Prozessierung von piRNA-Vorlaufern spielt. PUCH besteht aus
drei Untereinheiten, TOFU-1, TOFU-2 und einem der beiden neu identifizierten Fraktoren des
21U-RNA-Signalwegs, SLFL-3 oder SLFL-4. Das aktive Zentrum von PUCH wird durch “Schlafen”-

ahnliche Domanen gebildet, die in allen vier Proteinen vorhanden sind. Die enzymatische Aktivitat
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von PUCH konnte ich in vivo und in vitro nachweisen. Eine Analyse der Substratanforderungen
zeigte, dass PUCH eine m7G-cap-Struktur sowie Uracil in Position drei der piRNA bendtigt, um
eine Spaltung durchzufihren.

Ebenfalls in Zusammenarbeit mit Sebastian Falk wurde die Beziehung zwischen PETISCO
und PUCH untersucht. Die Interaktion zwischen TOFU-6 und TOFU-1 wurde in vitro nachgewiesen
und die Kristallstruktur dieser Proteine wahrend der Interaktion konnte aufgeklart werden. Durch
CRISPR/CAS9 Genomeditierung wurde die Interaktion zwischen PUCH und PETISCO gestort und
die Bedeutung dieser Interaktion fiir die 21U RNA-Reifung in vivo bestatigt.

Somit wurde PUCH, in Verbindung mit PETISCO, als neuartiger Prozessierungskomplex des
5'-Endes bei der Reifung von piRNA-Vorldufern in C. elegans identifiziert. Das katalytische
Zentrum von PUCH setzt sich aus drei verschiedenen SLFN-Domanen zusammen. Angesichts der
Vielzahl nicht charakterisierter SLFN-Homologe in Sdaugetieren kénnte PUCH eine neue Art von
Nuklease-Enzymen mit mehreren Untereinheiten und vielen verschiedenen, bisher unbekannten

Funktionen darstellen.
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1. Introduction.
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1.1. The problem of self and non-self

We are living in a world, where different species have to share their living spaces.
Multicellular organisms evolved by being in close contact with bacteria, fungi, other
microorganisms, and viruses. While the presence of some of those microorganisms may not be
harmful or even beneficial for the species, contact with the other microorganisms can be
detrimental and cause serious infections. Therefore, very complex immune systems have evolved,
helping organisms to distinguish the presence of pathogenic elements and eliminate them from
the host .

There are two kinds of immune systems —innate and adaptive. Innate immunity is present
in all multicellular organisms, and it is a major immune system in plants, insects, and primitive
multicellular organisms (Gonzalez et al. 2011). Innate immunity provides an immediate, but not
long-lasting response for the pathogens, and this kind of immunity is shared by all organisms
belonging to the same species. An adaptive immune system is present in vertebrates and provides
the possibility of immune response to a wide range of changing pathogens. Each organism

develops its immunological memory of the pathogens it meets during life.

1.1.1. Innate immunity.

To recognize the pathogens, organisms should be able to distinguish specific signatures,
called pathogen-associated molecular patterns (PAMPs), which are present in the invaders and
are absent in the host (CA. Janeway 1992). Recognition of PAMPs relies on the system of germline-
encoded receptors and does not depend on previous exposure to the pathogen. One of the most
known examples of this system is Toll-like receptors, which recognize the least variable elements
of pathogens, and curtail their survival or virulence (Roach et. al. 2005).

The innate immune system not only recognizes “non-self” molecules but also exploits
more sophisticated mechanisms, for example, it recognizes changes in “self”, caused by infection.
Modifications, performed on self-molecules by pathogenic enzymes trigger the recognition or
expression of certain infection-related molecules (Janeway and Medzhitov 2002; Kawai and Akira
2010). Another strategy is recognizing the “missing self, first described for the infected cells,
which lost the ability to express major histocompatibility complex (MHC) class | molecules. Such
cells were shown to become a target for Natural Killer cells (Karre et. al. 1986). In addition to

“missing self”, the innate immune system can recognize “induced or stressed self” —an expression
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of the infection-induced molecules in the cell, which helps to prevent the formation of malignant

cells (Gasser and Raulet 2006; Lopez-Larrea et al. 2008; Cerwenka and Lanier 2001).

1.1.2. Adaptive immunity.

In many years of battle between pathogens and immune systems, pathogens developed
multiple mechanisms helping to avoid the recognition by the innate immune system. In
vertebrates, a second kind of immune system appeared, helping to respond to the various
numbers of pathogens. The adaptive response starts within 4-6 days after the infection and relies
on two mechanisms, provided by two different kinds of lymphocytes — B cells and T cells.

A special class of lymphocytes, B cells is responsible for humoral immunity and targets the
toxins and pathogens that are present in the blood or lymph. Each of the B cells possesses a
certain kind of receptor, which is capable of recognizing one pathogen. Thus, one B cell is pretty
useless, however, a repertoire of the B cells of a healthy organism covers the most pathogens. B
cells stay inactive unless they meet the pathogen they can bind. After the activation, caused by
binding of the pathogen to the B cell receptor, the B cell divides many times to multiply the
response by producing clones. Some of those clones of the activated B cell become plasma cells,
which produce antibodies against the pathogen, and some become special long-live cells that
provide the memory to initiate a fast response to the pathogen in case the organism meets it
again (Bonilla and Oettgen 2010).

T cells provide the response against the host cells, invaded by the pathogen. T cells are
also present in an inactive state and activated by interaction with the pathogen. T cells are not
capable of the recognition of the pathogen themselves and need signals from the innate immune
system to start the response. There are two kinds of T cells — Helper T cell (CD4+), which is not
able to kill the infected cell and affects other immune cells by producing cytokines, and killer T
cell (CD8+), which is capable of killing the infected cells. T killers are especially important in the

viral response (Bonilla and Oettgen 2010).

1.1.3. Immunity against nucleic acids.
Another important aspect of the immune response is a response to the invasive nucleic
acids in the application of the antiviral defense. There are many mechanisms, found in both

eukaryotes and prokaryotes, to distinguish non-self nucleic acids and eliminate them.
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In prokaryotes, one of the most known systems, which helps to recognize foreign nucleic
acids is the restriction-modification-based system. The genomes of many bacteria encode
modification and restriction enzymes; modification enzymes modify host DNA so it is not
cleavable by the restriction enzymes. Invader DNA would be most probably unmodified and be
digested by restriction endonucleases (Koonin et al. 2017).

Another example is CRISPR/CAS9, which relies on the encoded in the genome sequences
of the nucleic acids and is capable of recognizing the specific target based on the complementarity
of the target to the effector RNA (Koonin et al. 2017). Prokaryotic Argonauts can detect invader
DNA and cause its degradation (Hur et al. 2014; Koopal et al. 2023). | will discuss prokaryotic
Argonautes in more detail in the dedicated chapter below.

In general, responses to invading nucleic acids can be divided into innate and adaptive.
The innate immune response relies on the receptors that are encoded in the genome, and the
adaptive immune response uses the host's experience to recognize the invaders. Thus, the
CRISPR/CAS9 system would be an example of adaptive immunity: even though the effector RNA
is encoded by the host, the variations of that depend on the experience of the organism (Rath et
al. 2015).

There are several innate immune receptors, that recognize damage-associated nucleic
acids based on some features, which are not present in the host nucleic acids. Toll-like receptors
TLR3, TLR7, TLR8, and TLR9 are shown to participate in the recognition of nucleic acids (Schlee
and Hartmann 2016). Reasons, why nucleic acid could be recognized as non-self are many.
Bacterial DNA has been shown to give a strong immune response, and the cause is lower
methylation of CpG islands compared to the host DNA (Krieg et. al 1995) and TLR9 is responsible
for the detection of unmethylated CpGs (Hemmi et. al 2000). TLR3 recognizes double-stranded
RNA (Alexopoulou et. al. 2001), and ssRNA can initiate the immune response provided by TLR7
and TLR8 in the immune cells (Diebold et. al. 2004).

In vitro transcribed RNA causes a stronger immune response, compared to synthetically
synthesized RNA, because of the presence of 5’-triphosphate ends (Schlee et al. 2009; Hornung
et al. 2006). The presence of the 5'-triphosphate in the cytosol is a sign of a viral infection,
recognition of the 5’-phosphate happens by RIG-1 helicase, which was reported to be the immune

receptor (Kato et al. 2005).
19



DNA in the cytoplasm could be a sign of infection or tumorigenesis, therefore, recognition
of its presence in the cytosol and the initiation of the immune response is a very important
process. The cGAS-STING pathway is responsible for recognizing DNA and initiating the immune
response (Ablasser and Chen 2019). Cyclic GMP-AMP synthase (cGAS) recognizes cytosolic DNA
and binds it, the binding results in the synthesis of the message molecule, 2'3'-cGAMP (Wu et al.
2015; Zhang et al. 2013). 2'3'-cGAMP binds the simulator of Interferon Genes (STING), which
initiates the start of interferon signaling (Ishikawa et al. 2009; Ishikawa and Barber 2008).

As recognition of foreign nucleic is a crucial function for host survival, there are many
factors and pathways involved and | will not mention all of them here (Schlee and Hartmann
2016). At last, | want to mention RNA interference (RNAI) - one of the mechanisms, responsible
for the antiviral response in plants and invertebrates (Szittya and Burgyan 2013, (Zhou and Rana
2013). In mammals, RNAI is mostly involved in the host gene regulation and transposon silencing
— another kind of invasive nucleic acids, which are already located in the genome. Below, | will
discuss the different types of transposons, the RNAI effect, and the piRNA pathway, as a major
transposon controller. Conceptually, the piRNA pathway could be seen as the genetic "immune"
system against transposons. Later in my results, | will demonstrate the connection between the

innate immune system and the production of piRNAs in C. elegans.

1.2. Transposons.

Transposable elements (TEs, transposons) have been discovered over 80 years ago by
Barbara McClintock. She observed, that phenotype changes in maize were caused by deletions
and translocations in maize chromosomes. Further, transposons have been identified in almost
all sequenced species from bacteria to humans (Huang et al. 2012).

Transposable elements (TEs), also known as transposons, are often described as 'selfish’
DNA sequences because they can both replicate themselves and relocate within the genome.
These sequences are highly prevalent and occupy a substantial portion of the genome in many
organisms. For example, in maize, nearly 80% of the genome consists of transposons (SanMiguel
et al. 1996), and TEs account for approximately 45% of human DNA (Mills et al. 2007).
Transposable elements contribute to genome expansion (Kidwell M. 2002). While many TEs have
undergone significant sequence modifications over time and are no longer active, some copies of

transposons retain their mobility.
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1.2.1. Types of transposons.

Transposons have two major ways to change the places in the genome — “copy and paste”
and ‘cut and paste”. TEs, acting via a copy-and-paste mechanism, represent Class | of transposons
and called retrotransposons, as replication of Class transposons happens via RNA-intermediate
molecule. Class Il of TEs, also called DNA-transposons, propagates by a “cut-and-paste”
mechanism. Most of the transposons encode enzymes, which are required for the transposition
and are called autonomous transposons; however in both TE Classes occur elements, that do not

encode their own enzyme and their activity relies on autonomous TEs.

1.2.2. Retrotransposons.

Retrotransposons (TEs Class 1) are divided into two groups, depending on the presence of the
long terminal repeats (LTR): LTR-containing retrotransposons and non-LTR-retrotransposons.
Autonomous non-LTR-retrotransposons LINE-1 and non-autonomous Alu und Sva elements were
found to be mobile in the human genome. None of the LTR-retrotransposons are found active in
humans (Mills et al. 2007).

LTR transposons share their transposition mechanism with retroviruses, while non-LTR
transposons have a unique transposition mechanism (Eickbush 2007). The two most abundant
kinds of non-LTR transposons are autonomous long interspersed repeats (LINEs) and non-
autonomous short interspersed repeats (SINEs). Autonomous non-LTR retrotransposons contain
one or two ORFs, which encode proteins, required for the transposition (Kolosha and Martin
1997). ORF1 encodes the protein with a nuclear acid chaperone function (Martin and Bushman
2001), which forms a trimer and binds transposon mRNA in the cytoplasm (Khazina et al. 2011).
This protein is crucial for the retrotransposition process (Martin 2006). ORF2 encodes reverse
transcriptase and nuclease enzymes (Mathias et al. 1991; Feng et. al 1996). The expression level
of both ORFs is not equal, expression of the ORF1 is about 27 times higher than ORF2 (Taylor et
al. 2013). ORF1 and ORF2 bind transposon RNA in the cytoplasm and get transferred to the
nucleus, where the new insertion happens via the Target Primed Reverse Transcription (TPRT)
mechanism. ORF2 protein creates a nick in the DNA using its nuclease activity and uses transposon
MRNA as a template for reverse transcription (Cost et. al 2002).

SINE elements are transcribed by RNA Poll lll and they do not encode their own proteins they

can attract the machinery of LINEs to perform the transposition (Weiner 2002)
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1.2.3. DNA transposons.

DNA transposons are another class of transposons, which does not use RNA intermediate.
Even though DNA transposons are widely present in many organisms, they remain mobile only in
several genomes, including Tcl and Tc3 in C. elegans (Emmons et. al 1983; Colins et. al 1989).
There are no autonomous DNA transposons left in mammals and the activity of DNA transposons
has not been detected in the human genome for the last 50 million years (Pace and Feschotte
2007).

The majority of DNA transposons encode the enzyme, called transposase, flanked by
Terminal Inverted Repeats (TIR), oriented in opposite directions to each other. Two molecules of
transposase, produced by host expression machinery from the TEs sequence, recognize the TIRs
and perform extraction of the transposon from the DNA, resulting in the formation of double-
stranded breaks. New insertion occur in any region, containing TA-dinucleotide sequence. New
transposon insertions cause duplication of the target region (Munoz-Lépez 2010). The choice of
pathway for the reparation of the double-stranded breaks depends on the host and fully relies on
the host machinery. When the breaks are repaired via the NHEJ (non-homology end joining)
pathway, the formation of the transposon-specific footprint occurs (Mufioz-Lépez 2010). If the
reparation happens by homology recombination mechanism, and the sister chromosome is used
as a repair template, a new copy of TE can be generated (Haber 2000).

Copies of transposable elements, which encode inactive transposase or no sequence
present at all are known. These elements rely on the expression of the enzyme from another
active copy of TEs. As the survival of the transposons depends on the host fitness, and increased
activity of transposons reduces the survival of the host, it is hypothesized that inactive copies of
transposons are helping to reduce transposition by competing with working copies for the TIR
sequences.

Some DNA transposons lack TIR elements and use a rolling-circle mechanism to move
across DNA. These transposons are allocated into Sub-Class Il of the DNA-transposons, the most
studied representative of rolling-circle transposons is the Helitron transposon family (Kapitonov
and Jurka 2007; Thomas and Pritham 2015). Rolling-circle transposons are mostly present in
plants but were also identified in eukaryotes. Instead of transposase, these transposons encode

the ‘HelRep’ enzyme, containing DNA-helicase and replicator initiator protein functions. The
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latter combines HUH-nuclease and ligase functions (llyna and Koopin 1992). HelRep nicks the
donor DNA, peels off transposon-containing sequence, and forms a circle ssDNA. Novel insertion
occurs in the TA-dinucleotide area as well, as for other DNA transposons. HelRep cleaves the
acceptor strand and ligates the circle DNA to the new spot (Grabundzija et al. 2016).

Unlike standard DNA transposition, there are no double-strand breaks formed and no
duplication of the target site happens during the rolling-circle transposition. The gap in the donor
DNA is repaired by the host, resulting in the recovery of the initial transposon sequence

(Grabundzija et al. 2016).

1.2.4. Negative consequences of the transposition.

The insertion of transposons within coding sequences often leads to disruption of gene
expression, resulting in premature stop codons or the generation of incorrect mRNA. Even when
transposons later move away from the invaded genes, they leave behind a 'scar' sequence due to
the duplication of the transposition target site (Mufioz-Lopez 2010).

In addition to directly affecting coding sequences, transposable elements can also impact
enhancers, promoters, and other regulatory elements, resulting in global changes in the genome.
For instance, primate transposons can influence DNA methylation status. LINEs and SINEs,
characterized by their high GC content, tend to be targeted by the cellular methylation system
(Ichiyanagi K 2013). Elevated methylation in a region can lead to the formation of
heterochromatin and a reduction in the expression of nearby genes (Estécio et al. 2007).

The somatic activity of transposable elements is associated with the development of different
cancer types (Iskow et al. 2010; Solyom et al. 2012). Insertion of transposons into BRCA1, BRCA2,
and other genes, involved in the DNA reparation can cause cancer. Besides that, transposons are
involved in multiple diseases like Fukuyama muscular dystrophy, hemophilia, and others
(Kazazian 1998; Hancks and Kazazian 2012).

Not only transposons, which are already present in the genome are detrimental. Transposons
can invade new species and further spread within the population, damaging DNA and reducing

chances to have viable progeny (Laski et al 1986; Yu et al. 2019; McCullers and Steiniger 2017).
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1.2.5. Positive consequences of transposition.

While most transposon insertions within coding regions are mostly harmful, insertion in
the non-coding regions or in between the genes, as with any other mutations can result in a wide
range of both positive and negative consequences. As the survival of transposons depends on the
successful propagation of the host, some transposons developed mechanisms to preferably
translocate to the genome areas, where their presence will be less detrimental (Sultana et al.
2017). The activity of transposable elements made a great impact on the diversity and evolution
of many organisms (Sotero-Caio et al. 2017; Dubin et al. 2018) and affected the brain
development of mammals (Ferrari et al. 2021).

Transposons can give a start for the novel enhancer elements. For instance, the formation
of new enhancers, alternative promotors, or new exons has been shown (Ohtani and Iwasaki
2021).

Besides that, some inactive copies of transposons were domesticated by the host genome.
The most known example is the syncytin-A and syncytin-B placenta-specific genes, found in the
Muidae family (Dupressoir et al 2005). Another interesting example is envelope proteins with

retroviral origin, which now help hosts resist new retroviral infections (Frank et al 2022).

1.2.6. Importance of the germline defense.

For transposons to remain part of the genome and pass it on to future generations, they
need to integrate into the germline. However, when transposons become overly active in the
germline, it often leads to sterility or a significant reduction in the number of viable offspring.
Many transposition events in the germline, particularly those occurring in coding regions, can
impact embryonic development and the overall health of the progeny. Even if these
translocations do not hinder the development of embryos into healthy adults, the next generation
may encounter the same challenges.

The inability of the host to produce offspring can also have negative consequences for
transposons themselves, as they rely on host reproduction for their propagation. This has led to
a lengthy process of co-evolution between hosts and transposons, during which various defense
mechanisms have evolved to prevent harmful mutations (Cosby et al. 2019). This thesis will

mainly focus on a TE-defence mechanism known as RNA interference (RNAI).
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1.3. RNA interference.

1.3.1. Discovery of RNA interference.

The initial observations regarding the influence of exogenous RNAs on endogenous gene
expression were made in plants during attempts to enhance the color of petunias through the
introduction of a transgene. Surprisingly, instead of intensifying the color, the petunias became
colorless (Van der Krol et al. 1990). At first, the silencing of the host genes was explained by the
direct interaction of the anti-sense RNA molecules to endogenous mRNA transcripts, resulting in
the inhibition of their translation. However, this explanation required a substantial amount of
complementary RNA. Subsequent studies conducted by A. Fire and M. Montgomery in 1998
(Montgomery et al. 1998), demonstrated that injection of dsRNA into the gonads of C.elegans is
causing a sequence-specific gene silencing on the post-transcriptional level. The silencing effect,
caused by dsRNA was at least 10 times more efficient than in similar experiments with sense or
antisense ssRNA (Fire et al. 1998). Notably, the amount of injected dsRNA was just about several
molecules per cell, which is significantly lower than the level of the target mRNA. Thus, it became
evident that mRNA silencing could not be solely explained by simple stoichiometric pairing
(Montgomery et al. 1998).

Similar effects of dsRNA on gene expression had been observed in Drosophila
melanogaster and other organisms, suggesting that gene silencing by dsRNA could be a general
mechanism, present in many species (Kennerdell and Carthew 1998; Hammond et al. 2000). This
phenomenon has been named RNAI, short for RNA interference. In 2006 Andrew Fire and Craig
Mello received a Nobel Prize for the discovery of RNAI interference.

Since then RNA interference has been extensively studied. RNAi has been found to be a
conserved mechanism, which is present in most eukaryotes. RNA interference is involved in the
regulation of both endogenous parasitic and exogenous pathogenic elements, as well as in the
regulation of the translation of protein-coding genes by initiating the mRNA degradation process,

and is a promising therapeutic tool (Gregory J. Hannon 2002; Setten et al. 2019)

1.3.2. Mechanism of RNA.i.
RNAi process relies on the small RNA molecule and Argonaute protein, which form a

riboprotein complex together. This complex recognizes target RNA transcript based on the
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sequence homology between small RNA molecules and target RNA. After the recognition, the
Argonaute protein initiates the target RNA degradation process (Ketting and Cochella, 2021).
Many Argonaute proteins possess nuclease activity and are capable of cleaving target mRNA
themselves (PIl: S0955-0674(02)00338-1; Liu et al. 2004; Jinek and Doudna 2009). Other
Argonaute proteins initiate gene silencing engaging other pathways to inhibit translation or
transcription of the target (Maroney et al. 2006; Meister 2007). In this introduction, | am going to
mostly discuss RNA interference, performed by eukaryotic Argonaute proteins together with

three main types of small RNA: miRNA, siRNA, and piRNA.

1.3.3. Argonaute proteins.

Argonaut proteins were first discovered in plants during the genetic screening of
Arabidopsis thaliana (Bohmert et al. 1998). Mutants plants looked like small octopuses, therefore
the gene had been named after Argonauta argo — Agol. Argonaute proteins were found in most
eukaryotes, except Saccharomyces cerevisiae (Drinnenberg et al. 2009), some bacteria and
archaea (Makarova et al. 2009; Swarts et al. 2014). Four clades of eukaryotic Argonautes (eAgos)
are known — AGO, PIWI, WAGO - Worm specific Asrgonautes, and Trypanosoma clade, which is
specific for trypanosomatids. AGO clade is expressed ubiquitously in mammalian cells and
participates in both viral defense and internal gene regulation in a complex with both miRNA and
exogenous and endogenous siRNA (Vaucheret et al. 2004; Wang et al. 2011). PIWI Argonautes
are the germline-specific clade, which acts together with piRNA to protect the germline from
transposons (Aravin et al. 2006; Kalmykova et al. 2005). WAGO clade — Worm-specific Argonautes,
found specifically in C. elegans, which bind to the secondary siRNA, produced by RNA-dependent
RNA polymerases during the silencing response (Pak and Fire 2007; Yigit et al. 2006). All

Eukaryotic Argonaute proteins share a common domain organization.

1.3.4. Domain organization of Argonaute proteins.

Crystal structures obtained for prokaryotic (pAgos) and eukaryotic (eAgos) Argonautes had
shown that all AGO proteins share similar structural features for the main four core domains, with
some differences in relative domain positions between pAgos and eAgos (Figure 11.A). AGO
proteins consist of two lobes. The first lobe contains the N-terminal domain (N-domain) and PAZ

domain, named this way because it is present in PIWI, AGO, and ZWILLE proteins. The second lobe
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of AGOs contains MID (middle) and PIWI (P element-induced wimpy testis) domains. The niche in
between of two lobes has space for short RNA molecules, which can be bound to Argonaute from
both sides by PAZ and MID domains via the 3’ OH group and 5’phosphate respectively (Yuan et
al. 2005; Schirle and MacRae 2012; Nakanishi et al. 2012). The function of the N-domain is less
understood and varies in different Argonautes. The PIWI domain has a similar structure to RNAse
H (Nakanishi et al. 2012) and some PIWI domains in Agos, carrying DEDX (where X is H, D or K),
possess cleavage activity and can perform slicing of the target directly (Yuan et al. 2005; Schirle

and MacRae 2012; Nakanishi et al. 2012).

Figure I1. Structure of Argonaute proteins. A.

pagos N ¢ Nuclease | APAZ »={ MID {{PlWl}=c Domain organization of eAgo and pAgos. B. Crystal

NeSir2: slifn: APAZ == MID {JBWi=c

structure of hAgo2 (Schirle and MacRae, 2012).

Most of the eAgos do not have slicing
activity, however, RNAi relies not only on the post-transcriptional regulation of translation due to
the cleavage of mRNA. In many cases, slicing activity of the Argonautes is not required, as AGOs
can engage other pathways to set RNA for degradation via RNA depolyadenylation (Behm-
Ansmant et al. 2006); inhibit transcription via heterochromatin formation (Sienski et al. 2012),
DNA methylation (Kuramochi-Miyagawa et al. 2008) and translation inhibition (Bazzini et al.
2012).

Different Argonautes in combination with various types of effector ssRNA molecules
perform different jobs. Below | will discuss the most common types of small RNAs and their work

together with Argonaute proteins.

1.3.5. Argonaute and microRNA pathway.
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MicroRNA pathway is mostly involved in the fine regulation of the transcription of host
genes. Recondition of the target by miRNA-AGO complex does not require full complementarily
of the sequences. The alignment of nucleotides 2-8 of miRNA, also known as a seed sequence, is
necessary, while mismatches on the 3’ of miRNA can be tolerated. MiRNAs-AGOs usually target
3’UTR of the mRNA, where AGO cannot collide with traveling ribosome. Targeting of the coding
sequence or 5’UTR is also happening, but the silencing of the target is much less efficient (Bartel
2018).

Most microRNAs (miRNA) are transcribed by RNA Pol Il from defined loci in the genome
as pri-miRNA (primary miRNA transcript) in a tissue-specific manner (Lee et al. 2004). These
transcripts are polyadenylated and capped, and despite diverse sequences, they possess a
common secondary dsRNA stem-loop structure (Nguyen et al. 2015). In the nucleus, this structure
is recognized by a microprocessor complex, consisting of Drosha (RNAse Il type enzyme) and two
molecules of DGCRS, also known as Pasha. Cleavage of pri-miRNA by microprocessor complex
leaves the pre-miRNA molecule about 65 nucleotides long (Lee et al. 2003). Pre-miRNA is
exported to the cytoplasm by Exportin 5 and RAN GTPases, where it undergoes further processing
by Dicer, another protein from the RNAse Il family. Dicer processes double-stranded RNA
substrate in a sequence-independent manner, leaving the 20-24 nucleotide-long double-stranded
RNA fragments 20-24, which are loaded to the Argonaute Proteins (Bartel 2018).

Some of the miRNAs originate from the introns, and instead of Pasha and Drosha, they are
processed by the splicing machinery. The secondary structure of these “mitrons” is similar to pre-
miRNA enough to be recognized by pre-miRNA exporting machinery and transferred to the
cytoplasm, where they undergo the same processing as pre-miRNA (Ruby et al. 2007).

Loading of the dsRNA fragment to the Argonaute proteins happens with the assistance of
Hsc70/Hsp90 chaperons, which help to change the conformation of the Argonaut protein to open
the access of dsRNA to the RNA binding area (lwasaki et al. 2010). However, when chaperons are
disconnected and Ago returns to the initial conformation, the niche becomes too small to
accommodate both strands of the dsRNA and one of the strands leaves the complex. The choice
of the strand, which is loaded to AGO not random and depends on the thermodynamic stability

of the 5’end of the RNA molecule (Schwarz et al. 2203).

28



After recognition of the target, the AGO protein attracts the GW182 protein, and this gives
a start to the formation of an RNA-induced silencing complex (RISC). GW182 proteins are
conserved amount metazoans and characterized by multiple glycine-tryptophan dipeptides,
necessary for the interaction with other proteins, including Argonauts (Dexheimer and Cochella
2020). RISC complexes are very diverse and may include various RNA degradation factors. Plants
do not encode a direct ortholog of GW182, however, RISC complex assembly may be promoted
by another GW-containing protein SUO. GW182 proteins act as a bridge between AGO and other
players of the RICS complex, for instance, GW182 has been shown to attract CCR4-NOT and PAN2-
PAN3 deadenylation complexes, which also attract decapping factors (Braun et al. 2012). It seems,
that silencing of RNA transcripts by miRNAs relies mostly on the RISC complex, and does not
require cleavage activity of AGOs. For instance, the human genome encodes four different AGO
proteins, and only Ago2 has slicing activity, miRNAs are associated with all four Agronautes and

all four are capable of target silencing (Peters and Meister 2007).

1.3.6. Argonaute and siRNA pathway.

Exogenous siRNAs are mostly produced from viral RNA. Endogenous miRNAs and siRNA
share some similarities in the processing and further silencing activities, however siRNA pathway
is less conserved and the origin of ssSRNA may be different in different species. Initially, it had been
thought that endogenous ssRNA are present only in those species, that encode RNA-dependent
RNA-polymerases (RdRPs), like C. elegans or fission yeasts (Smardon et al. 2000). Later,
endogenous siRNA was identified in the other species too (Okamura et al. 2008; Czech et al. 2008).

In species, lacking RdRPs, siRNA production is happening independently of the
microprocessing complex, but the double-stranded RNA precursor of siRNA is still processed by
Dicer. SiRNA pathway is best studied in Drosophila because Drosophila genome encodes two
homologs of Dicer — Dicer-1 and Dicer-2, and while Dicer-1 is processing pre-miRNA, Dicer-2 is
selectively cleaving siRNA precursors. Further, these two pathways are also separated — while
miRNA is loaded to Agol, siRNA is associated with Ago2. There are two sources of double-
stranded RNA for siRNA precursors in Drosophila — bidirectional transcription from the same locus
and transcription from structural loci, which results in a hairpin secondary structure (Okamura et
al. 2008). In mammalians in addition to hairpins and bidirectional transcripts were also proposed

the possibility of the production of dsRNA precursor for siRNA production from distinct loci in the
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genome, like genes and pseudogenes. Studying the processing and functions of siRNA in
vertebrates is difficult, as the presence of long dsRNA can trigger interferon response, therefore
function of siRNA is not that well studied. SiIRNA function has been associated with defense
against foreign sequences. In Drosophila, compromising the siRNA pathway caused reduced

spermatogenesis due to transposon reactivation and subfertility (Lin et al. 2018).

1.3.7. PIWI clade and piRNA.

PIWI-interacting RNA (piRNA) is an animal-specific class of small RNAs, which acts together
with PIWI proteins in animal gonads. The main role of the PIWI-piRNA complex is to protect the
germline against foreign invaders or transposons. Intact genetic material is crucial for animal
propagation, and in most species, deficiency in the piRNA pathway leads to sterility or severe
fertility impairment of the organism. PiRNA pathway is present in most animals and relatively
conserved, although some variations in piRNA biogenesis exist. In most species, piRNA is
produced as a long single-stranded RNA precursor molecule, transcribed from a special cluster in
the genome by RNA Pol Il and processed further into single piRNA in the Dicer-independent
manner. In this Thesis, | focus on piRNA biogenesis in C. elegans, and how piRNA biogenesis in C.

elegans differs from the other organisms, | will also discuss the piRNA pathway in Drosophila.

1.3.7. Prokaryotic Argonauts.

Prokaryotic Argonautes (pAgos) have been found in around 30% of Archaea and about
10% of bacterial genomes (Swarts et al. 2014; Makarova et al. 2009; Lisitskaya et al. 2018). PAgos
are much more diverse than eAgos and have more functions. In contrast to eAgos, which bind
only ssRNA molecules and affect the fate of RNA targets, different pAgos in addition utilize RNA
and DNA oligonucleotides and are capable of RNA-dependent DNA interference and DNA-guided
DNA interference (Swarts et al. 2014; Bobadilla Ugarte et al. 2023).

1.3.7.1. Domain organization of pAgos and their functions.

PAgos can be divided into three different groups — long-A and long-B pAgos and short
pAgos (Ryazansky et al. 2018). Long pAgos have a similar domain organization as eAgos and
contain four major domains — N, PAZ, MID and PIWI (Figure 11.B). While almost all A-pAgos are
catalytically active, B-pAgos do not contain catalytic DEDX tetrad and therefore do not possess

catalytic activity (Makarova et al. 2009; Swarts et al. 2014). Short pAgos often lack an N-terminal
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part and contain only MID-domain and catalytically inactive PIWI domain (Koopal et al. 2022).
Some short pAgos are fused to the analog of PAZ domain (APAZ), or encoded in the same operon
with it. This APAZ domain has no sequence similarity to the PAZ domain of eAgos and is often
fused to SIR2, Toll/interleukin-1 receptor (TIR)-like domain, or other nuclease domains (Makarova
et al. 2009; Swarts et al. 2014; Ryazansky et al. 2018)(Makarova et al. 2009; Swarts et al.
2014)(Makarova et al. 2009; Swarts et al. 2014)(Makarova et al. 2009; Swarts et al.
2014)(Makarova et al. 2009; Swarts et al. 2014). Interestingly, in some bacteria, APAZ domains
contain a Schlafen-domain (see Chapter 1.6.) prior to SIR2 (Swarts et al. 2014).

The main function of pAgos is closest to the function of PIWI Argonaute proteins - defense
against invaders such as plasmids and viruses (Swarts et al. 2014). Recently it has been shown,
that short pAgos together with TIR-APAZ form a complex, named Sparta, which promotes the
elimination of bacteria, containing plasmids with high copy numbers. Recognition of the plasmid
DNA is performed by short pAgo in the RNA-guided manner, and the TIR-domain is responsible
for the cleavage of the NAD(P)*, and its activation causes the depletion of NAD(P)* and cell death,
helping to eliminate bacteria, containing high copy plasmids from the population(Koopal et al.

2023; Koopal et al. 2022).

1.3.7.2. pAgos application in molecular biology.

The ability of pAgos to target and cleave DNA makes PAgos a promising tool for genome
editing, which can be potentially more versatile than CRISPR/CAS9, as it does not require the
presence of a PAM sequence (Lisitskaya et al. 2018; Hegge et al. 2018). However, eukaryotic DNA
is very compact, and that might prevent the access of pAgo proteins to the desired regions. It had
been speculated, that a high level of condensation could be a reason why regulation, performed
by eukaryotic Argonautes is performed on the RNA level. There is some evidence that eAgos, for
instance, eAgo2, is able to bind DNA oligonucleotides and plant Ago4 is capable of recognizing
DNA targets and causing heterochromatin formation in order to repress transcription (Lahmy et
al. 2016). Thus, maybe the ability of DNA binding by eAgos was not lost, and the creation of

CRISPR/CAS—like tools, based on the prokaryotic Argonautes and DNA molecules is possible.
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1.4. PiRNA pathway in Drosophila.

Drosophila piRNA pathway is necessary for gonad development and fertility both in male
and female flies (Cox et al. 1998; Kalmykova et al. 2005). Three PIWI proteins are expressed in
Drosophila: PIWI, Aubergene (Aub) and AGO3, the function of these proteins is not redundant, as
the knockout of each of them causes sterility (Cox et al. 1998). PIWI localizes to the nucleus, where
it acts on the transcriptional level, guiding the placement of repressive methylation marks (Le
Thomas et al. 2014; Akkouche et al. 2017; D. N. Cox and A. Chao and H. Lin), while Ago3 and Aub
act in the cytoplasm. Nuclear localization of PIWI protein strongly correlates with loading with
piRNA (Yashiro et al. 2018).

Most of the studies of the Drosophila piRNA pathway had been done in ovaries. Drosophila
ovaries consist of two kinds of cells — somatic (follicular) and germ (nurse) cells. PIRNA pathway
has been well studied in cell lines originating from both types of ovarian cells and some significant
differences in piRNA pathway in these two cell types have been found. For instance, PIWI is
expressed in the whole ovary, while Aub and Ago3 are germ cells specific (Aravin et al. 2007;
Malone et al. 2009).

Drosophila’s piRNAs are 23-29 nucleotides long. PIWI and Aub-associated piRNAs are
mostly antisense to the transposons and have 5’U bias, while Ago3 bound piRNAs have adenine
in the position 10 counting from the 5’end (Aravin et al. 2007; Gunawardane et al. 2007). 5’ ends
of Drosophila piRNAs are phosphorylated, and 3’end carries 2’-O-methylation (Horwich et al.
2007).

PiRNA originate from long ssRNA molecules, transcribed by RNA Pol Il from two different
types of clusters, harboring repetitive elements and transposons (Aravin et al. 2007). Uni-strand
clusters are transcribed only in one direction, starting at the promotor. Uni-strand clusters are
mostly used to produce piRNA in somatic cells and these clusters are located in the euchromatic
regions of the genome. Flamenco is one of the most known uni-strand piRNA clusters in
Drosophila (Goriaux et al. 2014).

Production of piRNA from dual-strand clusters happens mostly in the ovarian cells. These
clusters can be transcribed bi-directionally and do not have their own promoter (Mohn et al.
2014). Dual-strand clusters carry repressive methylation marks and possess heterochromatin

structures, placed there by PIWI (Akkouche et al. 2017; Le Thomas et al. 2014). Despite the
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difference in the biogenesis, mature piRNAs deriving from both cell types have similar structural
features: both are 23-30 long and carry 5’P and 3’ 2’-O-methylation marks. Sequences of piRNAs
are also not unique, and as most piRNAs have derived from transposons, they map to more than
one region in the genome (Aravin et al. 2007).

Transcription of piRNA from dual-stranded clusters depends on Rhino (Rhi), a homolog of
heterochromatin protein HP1a, which recognizes the H3K9 methylation mark and brings alone
two co-factors: Deadlock (Del) and Cutoff (Cuff) (Mohn et al. 2014; Ryazansky et al. 2018).
Deadlock attracts proteins Moonshiner (Moon) and TRF2, which subsequently recruit
transcription factors TFIIA-L and TFIIA-S, which allow transcription by RNA-polymerase Il in the
promotor-independent manner. As transcription from dual-cluster can start at almost any place,
piRNA precursors have various lengths. Cutoff, together with TREX complex, protects PiRNA
transcripts from splicing machinery, and as a result, piRNA transcripts are not spliced and not
poly-adenylated (Pritykin et al. 2017; Chen et al. 2016).

Cutoff prevents RNA polymerase Il from termination, and that allows continuing
transcription over new TE insertions, which carry poly-A or termination signals. Thus, dual-strand
clusters work as traps for transposons: as soon as insertion of a transposon happens to occur in
the piRNA cluster, its sequence integrates into pre-piRNA transcripts and becomes a template for
piRNA production (Chen et al. 2016).

After transcription, PiRNA precursors are exported from the nucleus for further
processing. Bootlegger (Boot), a protein that can bind UAP56, a component of the TREX complex,
brings piRNA precursors to the Nxf3/Nxtl, which ensures its translocation to nuage, where
further piRNA biogenesis in germ cells is believed to happen (EIMaghraby et al. 2019).

Uni-strand piRNA clusters are mostly used for piRNA production in somatic ovarian cells.
As a product of canonical transcription, these precursors are spliced and polyadenylated, and

share processing machinery with regular mRNAs.
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Figure 12. Ping-Pong cycle in Drosophila. Piwi/Aub and AGO3 act together to produce piRNA.

In somatic cells, all 5" end of piRNAs are generated by the endonuclease Zucchini (Zuc).
Zuc is located on the membrane of the mitochondria and has been shown to cleave precursors in
vitro (Ipsaro et al. 2012). Zucchini did not show substrate specificity cleavage in vitro, however,
PIWI-bound piRNA have a strong 5’U bias. Thus, it is possible, that in vivo piRNA precursor
cleavage with generation of 5’U is regulated by an unknown co-factor of Zucchini, or cleavage of
precursors by Zuc is indeed non-specific, and selection of 5’U-carrying transcripts depends on
PIWI itself. The 3’ end of piRNA can be generated either by Zucchini or as a by-product of the next
cleavage event, producing the next 5’end of piRNA, also known as phasing (Mohn et al. 2015). In
the other cases, the 3’end of the piRNA still needs to be trimmed, and this job is done by
exonuclease Nibbler (Nbr) (Wang et al. 2016). After final adjustments, piRNA is loaded to the PIWI
protein, and its 3’end is 2-O-methylated by HEN1 (Horwich et al. 2007).

In addition to Zucchini-mediated cleavage, in germ cells, piRNA can be also generated by
the ping-pong mechanism or ping-pong cycle (Aravin et al. 2007; Gunawardane et al. 2007)In this
cycle, Aub and Ago3 used their slicing activity to produce new piRNA and amplify the silencing
response. Ago3, bound to the sense piRNA, recognizes and cleaves anti-sense piRNA cluster

transcript; generated by Ago3 cleavage 5’-product, which mostly starts with U, get loaded to Aub.
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After adjustment of the 3’ end of the transcript, Aub, on its turn, recognizes sense pre-piRNA,
cleaves it, and this new cleavage product, containing A in position 10, is loaded to Ago3 to produce
new piRNA. The ping-pong is evolutionally conserved in many species including humans. The
advantage of the ping-pong cycle over the simple cleavage of the cluster transcripts is in an
increasing population of piRNAs, acting against active transposons, as transposon mRNA can
enter the ping-pong cycle directly and serve as a template for piRNA production.

It is not yet known how exactly mRNA is picked for piRNA production, and how is the
choice between translation and piRNA production is made. The most common theory suggests
that any mRNA can enter piRNA production if it co-localizes together with piRNA processing
machinery.

PiRNA processing nuclease Zuc is anchored to the mitochondrial membrane, and other
PiRNA biogenesis factors like GASZ and Minotaur are also localizing there (Munafo et al. 2019).
The role of mitochondrial localization of piRNA biogenesis factors and mitochondria still needs to

be investigated.

1.5. PiRNA pathway in C. elegans.

C. elegans genome encodes 27 Argonaute proteins, however, some of them are probably
pseudogenes. 18 of those Argonaute proteins belong to the special clade of Argonautes - WAGOs
—worm-specific Argonaute proteins. These Argonaute proteins act together with different classes
of small RNAs, and most of those pathways are unique for nematodes. Different Argonauts do
not have specific targets, and several AGOs can target one RNA molecule at the same time.

In general, Argonaute proteins in worms can be divided into primary Argonautes — those,
that participate in recognition of the target transcripts and secondary — those that are binding to
22G RNA, a class of worm-specific RNAs, that are amplified by RNA-dependent RNA polymerases
(RdRPs) from the target, recognized by primary Argonautes. Thus, small RNA pathways are
working together, defending the integrity of the genome and preventing unwanted gene

expression.

1.5.1. 21U RNA biogenesis in C. elegans.
PiRNA pathway in nematodes is different from other species and amplification of piRNAs

does not happen via the ping-pong cycle, but via the activity of RARPs, which produce secondary
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siRNA from the target. Unlike Drosophila, piRNAs are not transcribed as long precursors, which
are further cleaved to produce multiple piRNAs, in C. elegans they are transcribed individually.
The absence of piRNAs does not result in immediate sterility in C. elegans, but cases of mortal
germline phenotype (Mrt) which appears in reduced fertility, which decreases with generations

(Wang and Reinke 2008).
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Figure I3. 21U RNA biogenesis in C. elegans. 21U RNAs are transcribed by RNA Pol Il and processed
on the 5’end by unknown nuclease. After the 5’end processing, the RNA is loaded to PRG-1, where the
3’end of it is trimmed by the exonuclease PARN-1. The final step of 21U RNA processing is methylation of
the 3’end by HENN-1. Afterwards, PRG-1-21U RNA complex is ready to recognize the target transcript.

The genome of C. elegans encodes more than 30,000 individual piRNAs (Batista et al. 2008;
Lee et al. 2012). In C. elegans piRNAs are called 21U RNA because they are 21 nucleotide long
and have a strong 5’U bias (Ruby et al. 2006). 21U RNAs are divided into two groups — type | and
Il depending on their origin. Type | 21U RNA originates from two clusters on Chromosome IV and
is transcribed by RNA Pol Il with the help of the UTSC complex. 21U RNA type Il is transcribed bi-
directionally from the transcription start sites of the coding genes. (Cecere et al. 2012; Ruby et al.
2006; Lee et al. 2012). Mature 21U RNAs have 5’ Phosphate and 2-O-methylation on the 3’ end.

Promotor of the majority 21U RNA type | contains consensus Ruby motif — CTGTTTCA.
Transcription factor SNPC-4, associated with the Ruby motif, together with other factors including

PRDE-1, TOFU-4, and TOFU-5 recruits Pol Il to perform the transcription (Weng et al. 2019). RNA
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Pol Il transcribes 21U RNAs as individual mini-genes. Most of the transcripts, generated by RNA
Pol Il in C. elegans are trans-spliced and, therefore, carry a 2,2,7-trimethylguanosine (TMG) cap.
Each of the 21U RNA precursors is also capped, however as precursors do not undergo trans-
splicing, most probably they are carrying an m’G cap. Transcription of precursors usually starts at
the YRNT motif (where T represents 5’U in 21U RNA), two nucleotides before the sequence of
mature piRNA — before the U — starting nucleotide for most of 21U RNA in C. elegans, and stops
3 to 5 nucleotides after mature 21U RNAs sequence. Termination of transcription happens due to
pausing of RNA Pol Il and is not specific, therefore 21U RNA precursors have different amounts of
nucleotides on the 3’ end (Beltran et al. 2019).

After transcription, 21U RNA precursors are transported to P-granules, perinuclear nuage-
like structures, where an unknown nuclease is processing the 5" end, cleaving the cap and two
first nucleotides. Knock-out of proteins TOFU-1 and TOFU-2, identified in RNAi screen for factors,
participating in 21U RNA precursor processing, showed the absence of mature 21U RNA and
accumulation of 21U RNA precursors, suggesting, that these proteins are participating in the
5’end processing of 21U RNA precursors. However, no domains with potential nuclease activity
were identified in TOFU-1 and TOFU-2 (Goh et al. 2014). Another mutagenic screen identified the
PID-1 protein, the deletion of which affected the maturation of precursors (Albuquerque et al.
2014). PID-1 protein interacts with a complex named PETISCO, and most probably PETISCO it is a
platform for 5’end precursor processing (Cordeiro Rodrigues et al. 2019; Zeng et al. 2019).

After 5’end processing, 21U RNA is loaded to PRG-1, a main PIWI protein in C. elegans. C.
elegans genome encodes two PIWI proteins — PRG-1 and PRG-2, however only PRG-1 is shown to
be functional. PRG-1 might have a slicing activity, however, there is no evidence that it performs
cleavage of the targets. Precursors, loaded to PRG-1, undergo 3’ ends trimming by exonuclease
PARN-1 until the length of 21 nucleotides. The last step of 21U RNA formation in C. elegans is
methylation of the 3’end by HENN-1 (Billi et al. 2012; Bagijn et al. 2012). Mature 21RNAs have 5’

phosphate and 3’ O-CHs group (Figure 13).

1.5.2. Downstream effect of 21U RNAs.
PRG-1 loaded with 21U RNA can recognize the target transcript with an allowance of up
to four mismatches between 21U RNA and the target (Bagijn et al. 2012; Lee et al. 2012). Even

though PRG-1 has a conserved catalytic center, it seems that the slicing activity of PRG-1 is not
37



required for target silencing (MP Bagijn, 2012). PRG-1 and 21U RNA pathways are responsible for
the initiation of the silencing response, but not for its maintenance. Recognition of the target by
PRG-1 loaded with 21U RNA recruits RNA-dependent RNA polymerases (RdRPs) for the secondary
class of small RNA production - 22G RNAs, 22 nucleotide long transcripts with G at the 5’ end
These RNAs, complementary to the target, are loaded to secondary Argonaute proteins, which
perform the silencing.

C. elegans genome encodes four different RdRPs, but only RRF-1 and EGO-1 are producing
22G RNAs. There are some slight differences between these two RdRPs, and RRF-1 is a main
producer of 22Gs in response to the PRG-1 target recognition, while EGO-1 produces 22G RNA for
CSR-1 pathway (Maniar and Fire 2011; Phillips et al. 2012), however, EGO-1 is somewhat
compensating for the loss of RRF-1 (Bagijn et al. 2012; Gu et al. 2012).

RRF-1 protein is localizing to the Mutator foci, and the amplification of 22G RNAs is
dependent on the Mutator foci (ketting et al. 1999; Phillips et al. 2012).

22G RNAs act together with worm-specific Argonauts WAGOs to execute the silencing.
WAGOs can silence their target at both the transcriptional and post-transcriptional levels. WAGO
proteins do not possess slicing activity. WAGO-1 and WAGO-4 are localized to the cytoplasm,
where they perform target silencing on the post-transcriptional level (Gu et al. 2009; Yigit et al.
2006), HRDE-1 (WAGO-9) and NRDE-1 perform the silencing on the transcriptional level (Buckley
et al. 2012). HRDE-1 is able to initiate the deposition of the heterochromatin marks on the target,
by recruiting NRDE-1, NRDE-2, and NRDE-4 proteins (Buckley et al. 2012; Burkhart et al. 2011;
Mao et al. 2015).

After establishment, WAGO-mediated silencing becomes independent from PRG-1 and
can be inherited for many generations. This effect is called RNA-induced epigenetic silencing
(RNAe), and Mutator foci, as well as WAGO proteins activity required for it (Ashe et al. 2012;
Maartje J Luteijn et al. 2012; Shirayama et al. 2012).

1.6. Schlafen proteins.

Schlafen genes were discovered in mice in 1998, as genes responsible for maintenance of
the quiescent state of T cells. Therefore, this gene family has been named “Schlafen”, which
means “to sleep” in German, reflecting the dormant state of the T cells (Schwarz et al. 1998).

Besides being involved in T cell development, it has been shown that these cells are involved in
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thymocyte maturation and cell growth regulation (Schwarz et al. 1998). Every analyzed
mammalian genome, except platypus, contains at least two copies of Schlafen genes. Besides
mammalians, Schlafen proteins were identified in the African clawed frog Xenopus laevis, in the
elephant “fish” Callorhinchus milii, and in the viruses from the orthopoxvirus family. (Bustos et al.
2009).

Most of the research had been focused on human and mouse Schlafen genes. In mice, 9
Schlafen genes had been identified — Slfn1, Sifn2, Slfn3, Slfn4, Slfn5, SIfn8, SIfn9, Slfn10, and
Slfn14. These genes are located on chromosome 11 in the Om region, the absence of which is
responsible for the DDK syndrome formation (Timothy A. Bell, 2005). SIfn10 is a pseudogene and
does not encode a protein (Bustos et al. 2009).

In the human genome, six Schlafen genes SLFN5, SLFN11, SLFN12, SLFN12L, SLFN13, and
SLFN14 are clustered on Chromosome 17. Phylogenic analysis showed that SLFN3/4 are direct
orthologues of SLFN12 and SLFN12L, SLFN5 is an orthologue of SLFN14, and mouse SLFN8/9/10
are orthologues of human SLFN13. There are no orthologues of SLFN11 found in mice, however,
it was detected in many other mammals except humans (Al-Marsoummi et al. 2021; Bustos et al.
2009). Besides canonical Schlafen proteins, genes that contain only part of the SLFN-gene, named
Slfn1l and SLFN1L were identified both in mice and humans on chromosomes 4 and 1,

respectively (Bustos et al. 2009).

1.6.1. Domain organization of Schlafen proteins.
Based on the domain organization, Schlafen proteins are classified into three groups.
Conventional Schlafen proteins contain a unique N-terminal structure called Schlafen-box (SLFN-

box). The other domains vary between different Schlafen groups (Figure 14).

1.6.1.1. Schlafen proteins belonging to the group | contain SLFN-box only.

All proteins, belonging to group I, contain SLFN-box only. The human genome does not
encode proteins, which belong to this group. In mice, proteins SLFN1 and SLFN2 belong to the
group | (Bustos O, 2009). Initially, the SLFN-box had been annotated as an AAA ATPase-associated
domain based on sequence similarities (Lupas and Martin 2002; Chaturvedi et al. 2014). However,
later studies revealed that the Schlafen box possesses a nuclease domain with a structure unique

to the SLFN proteins (Yang et al. 2018). The structure of the Schlafen box consists of two lobes,
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however, the catalytic center of the Schlafen nuclease is located in only one of them. This Schlafen
box is present in all canonical Schlafen proteins, but in some of the SLFN proteins nuclease center

is not conserved, while others have been shown to cleave DNA and RNA (Jo and Pommier 2022).

1.6.1.2. Schlafen proteins belonging to group Il contain SLFN-box and SWADL domain.

In addition to the N-terminal SLFN box, Groups Il and Ill contain a conserved SWADL motif,
which is located on the C-terminal side of the SLFN box. Human proteins SLFN12 and SLFN12L,
and mice SLFN3 and SLFN4 belong to group Il. SWADL motif is named this way because it contains
conserved Ser-Trp-Ala-Asp-Leu amino acids sequence. It is often referred to as the M (middle)-
domain and its function is not yet known (Metzner et al. 2022b; Metzner et al. 2022a). Some
studies claim that this domain could be involved in protein-protein interactions and ribosome
binding, however, that would not be possible for all Schlafen proteins, as in Schlafen12 for
instance, the SWAVDL-domain is not accessible from the surface and located inside of the protein
(Chen and Kuhn 2019).

Schlafen14 has a different connection between the M-domain and C-terminal helicase
domain (domain, which only Schlafen proteins belonging to Group lll have; see 1.1.3) compared
to other SLFN proteins, which makes the SWADL motif available for potential interaction with
ribosomes (Pisareva et al. 2015). As Schlafen13 and Schlafen11 have been reported to regulate
rRNA levels and/or interact with ribosomal proteins respectively, the SWAVDL motif may be
involved in the interaction with ribosomes (Jo and Pommier 2022). These variations in the
structure of the SWAVDL motif in different Schlafen proteins one more time pinpoint the possible

differences between the functions of Schlafen proteins.
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Figure 14. Domain organization of SLFN proteins. A. Schematic representation of domain
organization of Schlafen proteins. The lines indicate low-complexity regions and the rectangles indicate
the predicted folded domains. The purple line represents the conserved nuclease catalytic center, violet
line putative helicase domain. B. Structure of the tRNA type | and type Il. SLFN13 cleavage site is marked
on the tRNA type Il

1.6.1.2. Schlafen proteins belonging to group Ill contain an additional helicase-like
domain on the C-terminus.

Schlafen proteins, belonging to group lll, possess an additional C-terminal domain, with
sequence homology to the family of SF1 DNA/RNA helicases (Geserick et al. 2004) and some of
them contain nuclear localization signals. The C-domain of long SLFN proteins contains conserved
Walker A and B motifs, suggesting ATP-binding and ATPase activity, and ssDNA binding activity,
the latter had been confirmed for Schlafen11 (Metzner et al. 2022b). In Humans SLFN5, SLFN11,
SLFN13, and SLFN14 proteins belong to Group Ill. In mice, genes Slfn5, Slfn8, Slfn9, and Slfn14

encode group lll Schlafen proteins.

1.6.1.2. V-Schlafen and Schlafen-like proteins.
Besides the three groups of canonical Schlafen-proteins, Schlafen-like proteins, containing

only parts of the N-terminal Schlafen box, were identified in many genomes. In the human
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genome, for instance, such a gene named SLFN1L is located in chromosome 1 and not clustered
with other SLFN genes. This protein contains an unknown domain on the N-terminus and has a
partial SLFN box on the C-terminus.

Even though Schlafen proteins as they are found in humans are present almost exclusively
in mammals, partial Schlafen-like structures were identified in many different species including
archaea, where Schlafen-like domains are present in several prokaryotic Argonaut proteins
(Section 1.3.7.) (Swarts et al. 2014). Interestingly, besides mammals and several exceptions
mentioned above, copies of the Schlafen-related v-slfn gene were identified in many viruses from

the orthopoxvirus family (Bustos et al. 2009).

1.6.1.2.1. V-slfn proteins are present in the orthopox viruses.

One of these non-canonical Schlafen proteins is present in the family of orthopox viruses
(OPVs) and is called v-schlafen (v-slfn) (Schwarz et al. 1998; McLsaght et al. 2003; Gubser et al.
2007). A single copy of the v-slfn gene is present in all analyzed genomes of the OPVs, where it is
located in the orthologous position (Bustos et al. 2009). In orthopoxviruses the v-slfn domain is
attached to the poxin domain, a viral cyclic guanosine monophosphate adenosine
monophosphate (cGAMP) nuclease, involved in inactivating the cGAS-STING pathway (Liu et al.
2019; Eaglesham et al. 2019). This pathway is a part of the innate immune system and activates
in response to the presence of free DNA in the cytosol, as free DNA can be a sign of viral infection
or tumorigenesis. Thus, poxin prevents the early recognition of the infection by the host and
delays the immune response, which results in the enhancement of the infection, which had been
shown for the Camelpox virus (Hernaez et al. 2020; Gubser et al. 2007). However, the exact role

of the v-slfn fold in the poxin-v-sifn fusion remains unknown.

1.6.2. Expression and localization of the Schlafen proteins.

In mice and humans, Schlafen genes are clustered together; however, the transcription of
Schlafen genes is independent of each other and varies in different cell types. Human SLFN5,
SLFN12L, and SLFL13 are mostly expressed in T cells, while SLFN11 is more abundant in monocytes
and monocyte-derived cells (Puck et al. 2015). Schlafen genes belong to the interferon-stimulated
genes; however, the level of interferon-stimulated upregulation also differs between the proteins

(Katsoulidis et al. 2009).
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Localization of the Schlafen proteins also differs between the proteins proteins. Schlafen
belonging to Group | and Il are mostly located in the cytoplasm, while Schlafen proteins from
Group lll are predominantly located in the nucleus, as most of them possess nuclear localization
signals, except SLFN13, which localizes in the cytoplasm (Neumann et al. 2008; Yang et al. 2018).

Interestingly, according to the Alphafold predictions SLFN12L contains a transmembrane
domain on the C-terminus right after the SWADL domain (UniProt, Q6IEES).

Thus, different domain organization, as well as different localization and variations in the
expression levels suggest that despite high homology these proteins are not redundant and

participate in the different biological processes.

1.6.3. Enzymatic activities of Schlafen proteins.

Schlafen proteins are believed to have two enzymatic functions. Since Schlafen proteins
were discovered, the SLFN-box was wrongly identified as an AAA ATPase-associated domain
(Lupas and Martin 2002; Chaturvedi et al. 2014). Later, it was found that the Schlafen N-box forms
a nuclease domain, which is related to the AlbA_2 domain and unique for Schlafen proteins (Yang
et al. 2018). Besides the nuclease domain, Schlafen proteins belonging to group lll exhibit
homology to the SF1 DNA/RNA helicases, suggesting putative helicase, ATPase, and nucleic acid
binding activity (Geserick et al. 2004). | will summarize the knowledge about the Schlafen

enzymatic activity and its biological functions below.

1.6.3.1. Nuclease function of Schlafen proteins.

E
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Figure 15. Alignment of the catalytic center area of the canonical mammalian Schlafen proteins.
The catalytic center consists of three crucial amino acid residues, which coordinate the metal ion — E, E,

and D, residues are annotated.
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The first structure of the N-terminal nuclease domain was obtained for rat Schlafen13,
later structures obtained for the SLFN-box of SLFN5 and SLFN11 showed high similarities to the
Schlafen13 structure (Yang et al. 2018; Hou et al. 2023; Metzner et al. 2022b). Schlafen's N-
terminal domain consists of two lobes, N- and C-lobes, which are forming and U-shape. The
catalytic center is located in the C-lobe only, and consists of three negatively charged amino acid
residues, which coordinate positively charged divalent cation (Yang et al. 2018). Up to this
moment, nuclease activity has been detected for SLFN13, SLFN11, SLFN14, and SLFN12. Not all
Schlafen proteins have the nuclease active center conserved (Figure I5), and not all of those which
have it, show nuclease activity. Interestingly, SLFN5 has conserved the catalytic center and the
general structure of the N-box, however, it failed to express RNAse activity. It is possible, that the
substrate of Shlafen5 was not yet identified, or that SLFN5 needs a partner for the conformational
change (Metzner et al. 2022a).

Despite the structural similarities, different Schlafen proteins have distinct substrate
preferences, which still need to be characterized (Seong et al. 2017; Yang et al. 2018; Metzner et
al. 2022a; Jo and Pommier 2022). It is still poorly understood how Schlafen proteins recognize
their substrates, and no crystal structure of SLFN protein together with the substrate was
resolved. In addition to the catalytic center, several Lysine residues were identified on the outer
surface of the U-shaped N-terminal of SLFN11, which are crucial for the RNAse activity of SLFN11

and might contribute to the substrate binding (Hou et al. 2023).

1.6.4. Biological role of the Schlafen nuclease activity.

The nuclease activity of Schlafen proteins has a critical function in the immune response
to viral infections and in the anti-cancer response. Even though structures of the N-terminal
domains have been obtained for most of the Schlafen proteins, little is known about how exactly
substrate recognition is happening and all potential substrates have been identified. Schlafen

proteins act on tRNAs and rRNAs, and substrate preferences vary between different proteins.

1.6.4.1. The role of tRNA cleavage in the antiviral activity.
Schlafen proteins play a significant role in the innate immune response. Human SLFN11

and SLFN13 contain an active nuclease domain, which can cleave tRNA in reply to the viral
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infection (Metzner et al. 2022b). However, the tRNA substrates and mechanisms of the antiviral
activity differ between these two proteins.

Schlafen1l is capable of cleaving tRNA of all types with a preference towards tRNA with a
longer v-loop (Hou et al. 2023). Besides the tRNA type Il preferences, SLFN11 prioritizes tRNAs,
serving codons with low GC content and A or U in position 3 (Hou et al. 2023). Many viral genomes
exploit rare codon usage, characterized by low GC-level and A or U in position 3. Thus, the SLFN11
antiviral response is based on the recognition of those rare tRNAs and cleaving them to prevent
the translation of the viral proteins (Kim and Weitzman 2022; Hou et al. 2023). Schlafen11 has
been reported to inhibit HIV replication with the original viral codon usage in HEK293 cells, while
there was almost no effect on the replication of the HIV variant with optimized codons (Li et al.
2012). Besides HIV, SLFN11 impairs the replication of DNA viruses like human cytomegalovirus
HCMV (Nightingale, 2022), and positive-strand RNA Flaviviruses (Valdez et al. 2019). However,
there was almost no effect on the negative strand RNA viruses (Kim and Weitzman 2022).

Schlafen13 recognizes the tRNA substrate based on the secondary structure only.
Schlafen13 cleaves only tRNA type Il — tRNA, containing a longer variable loop (Figure 14). This
secondary structure does not correlate with the rare codon usage, thus, the antiviral functions of
SLFN13 and SLFN11 do not completely overlap. SLFN13 performs a single cleavage of tRNA always
in the same position - 10 nucleotides from the 3’end (Yang et al. 2018).

Interestingly, the antiviral activity of the N-terminal domains of Schlafen proteins is not
restricted by tRNA cleavage. SLFN5 does not possess nuclease activity, however, SLFN5 protein
is capable of tRNA binding and affects the translation of viral proteins simply by direct binding of
tRNA (Metzner et al. 2022b; Metzner et al. 2022a).

1.6.4.2. The role of tRNA cleavage in the DNA damage response.

In addition to the antiviral response, tRNA cleavage by Schlafenl11 is required for DNA
damage response. Expression of Schlafenll prevents the translation of ATR and ATM -
serine/threonine kinases, two major components of the DNA damage response (Blackford and
Jackson 2017; Cimprich and Cortez 2008; Li et al. 2018). ATM and ATR genes contain leucine and
serine codons, served by tRNA type I, which is a preferable substrate for Schlafen11. The inability
of expression of ATM and ATR because of SLFN11 activity causes cell death. Therefore, Schlafen11

has been studied as a biomarker in oncology to predict the outcome of the therapy with DNA
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damaging agents (DDA), such as inhibitors of topoisomerase | and I, alkylating and crosslinking
agents as well as poly-(ADP)-ribose polymerase inhibitors (Zhang et al. 2021). It has been shown,
that cancer cells with low Schlafenll expression levels were resistant to the DDA treatment
(Murai et al. 2019b). In chemo-resistant cancer cells expression of SLFN11 is often suppressed by
methylation of the SLFN11 promotor (Reinhold et al. 2017). A low expression level of SLFN11 gives
more chances for cells to survive the treatment. Reversing DNA methylation with following
recovery of expression level of SLFN11 had helped to return sensitivity to the chemotherapy
(Gardner et al. 2017; He et al. 2017).

DNA damage response and the viral response of SLFN11 are connected. It has been shown,
that some viruses exploit proteins involved in DNA damage response, like ATM and ATR, to
enhance their replication (Ariumi and Trono 2006). This, function of SLFN11 in the regulation of

DNA damage response can be just an extension of SLFN11’s antiviral activity.

1.6.4.3. rRNA and mRNA cleavage.

In addition to tRNA cleavage, SLFN13 can process rRNA in vitro (Yang et al. 2018), however,
the biological relevance of this cleavage is not exactly known.

Ribosomal RNA cleavage has been demonstrated for Schlafen14, which is capable of
interacting with the ribosomes. Schlafen14 N-box is capable of cleaving different kinds of RNA,
like mRNA, rRNA, and tRNA with no preferences, in Mg?/Mn?* and ATP-dependent manner
(Pisareva et al. 2015). However, nuclease activity was observed only for the C-terminally
truncated protein. The full-length version of SLFN14 did neither demonstrate nuclease activity
nor was able to bind ribosomes (Pisareva et al. 2015). As SLFN14 is expressed in a limited number
of cells and its expression is upregulated as a response to viral infections, it seems possible that
SLFN14 acts in line with the general immune response and can change the conformation to
process RNAs by the interaction with an unknown factor. Thus, inhibition of the nuclease activity
of SLFN14 by its own C-terminus may be necessary to avoid unwanted cleavage (Kim and
Weitzman 2022).

Nuclease activity has been demonstrated for SLFN12. SLFN12 is capable of binding
ribosomes and possesses rRNA-cleaving activity. SLFN12 has been demonstrated to form a
complex with phosphodiesterase PDE3A, and complex formation increased the nuclease activity

of the SLFN12 (Garvie et al. 2021). It seems, that SLFN12 might have a similar role as SLFN14. Both
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proteins are activated in the RNAse L manner and may be necessary for the immune response

(Chakrabarti et al. 2011; Kim and Weitzman 2022).

1.6.5. Functions of the C-terminus of SLFN proteins.

Schlafen proteins belonging to Group Il have predicted helicase-like domains at their C-
terminus with homology to SF1 DNA/RNA helicases, including Walker A and B motifs, suggesting
that the C-terminal domain can be involved in DNA binding as well as ATP binding and hydrolysis
(Geserick et al. 2004; Jo and Pommier 2022).

Helicase activity has been demonstrated for SLFN11. SLFN11 has been shown to bind to
both sides of stress replication forks, open chromatin, and block replication. ATPase activity of
SLFN11 is required for this process. (Murai et al. 2019b). SLFN11 selectively binds ssDNA and does
not bind dsDNA. SLFN11 interacts with replication protein A (RPA), which specifically binds to
single-stranded breaks, and this interaction results in the destabilizing of the RPA-ssDNA complex
and the interaction of SLFN11 with DNA. ATPase activity of SLFN11 is required for chromatin
opening and blocking replication fork progression. Cells, expressing SLFN11 exhibit checkpoint
failure and inability to enter homologous recombination, and therefore cells with higher
expression levels of SLFN11 are much more sensitive to the treatment with DNA-damaging
agents. Thus, SLFN11 uses its C-terminus to irreversibly bind replication forks and block DNA
damage response (Murai et al. 2019a; Murai et al. 2020). Thus, low expression levels of SLFN11
are associated with a negative prognosis of anti-cancer therapy(Murai et al. 2019a).

Despite the in vivo data described above, the ability of SLFN11 to bind and hydrolyze ATPs
is still a discussion. Purified SLFN11 was neither binding nor hydrolyzing ATPs and the crystal
structure of the C-terminus domain showed that the protein is present in the autoinhibiting state
(Metzner et al. 2022b). This may be because SLFN11 needs an unknown yet interacting partner
to activate helicase activity.

In addition to DNA-damage response, the putative ATPase activity of SLFN11 is also
necessary for its antiviral functions. It has been shown, that mutations in the catalytic part of the
Walker B domain, which is responsible for ATP hydrolysis, impair the ability of SLFN11 to reduce
the replication of the prototype foamy virus (PFV) (Guo et al. 2021).

In contrast to SLFN11, the conformation of SLFN5 allows ATP binding, however, ATP

hydrolysis was not observed (Metzner et al. 2022a). A similar situation is observed for SLFN14. C
47



terminus of the Helicase domains of both proteins are able to bind DNA, but DNA binding does
not stimulate ATPase activity (Metzner et al. 2022b; Metzner et al. 2022a). SLFN11 is at the point
the most studied protein in the whole SLFN family, thus, further investigation of the helicase

activity of other SLFN proteins is required.

1.6.6. Functions of SLFN proteins beyond the enzymatic functions.

Schlafen proteins are upregulated in response to the interferon, therefore there were
many observations of upregulation of SLFN proteins in response to various infections, for
instance, in mice, expression of Schlafen proteins is upregulated during the Brucella or Listeria
infection (Geserick et al. 2004). However, the exact function of SLFN proteins during bacterial
infections remains unclear.

It had been reported, that mouse SIfn1 and Slfn2 negatively regulated cellular growth by
repressing cycling D1 (Katsoulidis et al. 2009; Brady et al. 2005), however, these results were not
always reproducible (Zhao et al. 2008).

Immune functions of SLFN proteins are not restricted by their nuclease or helicase
activities. SLFN2 belongs to group | of Schlafen proteins, consisting only of SLFN-box, and the
nuclease catalytic center is not conserved in this protein (Figure IX). Interestingly, despite the
absence of catalytic activity, Schlafen2 plays an important role in mice's immune response. SLFN2
mutant mice exhibit the immunodeficient “Electra” phenotype, which is caused by the inability
of SLFN2-deficient T cells to maintain the quiescence state (Berger et al. 2010).

SLFN2, SLFN3, and SLFN4 have been shown to regulate T cell activation and differentiation
(Berger et al. 2010; Geserick et al. 2004), but further investigations of the exact mechanisms are
required.

Deletion of the whole SLFN cluster or Om variant (ovum mutant) in mice, causes early
embryonic lethality for the progeny, generated with an Om-mutant mother and wild-type father.
Progeny, obtained from parents, homozygous for Om mutation, is viable. This effect has been

named DDK syndrome (Bell et al. 2006).

1.6.7. Evolutional origin of SLFN proteins.
According to the evolutionary studies of the Schlafen protein family, SLFN genes

underwent positive selection, moving towards more specialized functions (Bustos et al. 2009).
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Interestingly, there were no signs of positive selection for the OPV v-slfn genes. Analysis of those
v-slfns showed close homology between SLFN1 and SLFN2 and v-sifn. This observation, together
with the fact that SLFN genes are found only in OPV viral family, suggests that the appearance of
v-slfn could have happened via horizontal transferring of the SLFN gene from rodents to OPVs.
Interestingly, v-sifn is present in the Monkeypox virus, which caused an outbreak in 2021-2020
(Bustos et al. 2009; Schwarz et al. 1998; Gubser et al. 2007).

Summarizing all mentioned above, it seems clear, that SLFN proteins play an important
role in the immune system functioning. Despite all structural similarities, SLFN proteins do not act
redundantly, however, some functions overlap between different proteins. As SLFN genes are
suspected to undergo positive selection (Bustos et al. 2009), the fact that in different organisms,
homologous SLFN genes show different activity, that many of those proteins are evolving towards
more specialized functions. To understand the full spectra of the function of SLFN proteins, more

systematic studies are required.

1.7. The mystery of the PETISCO complex in C. elegans.

As described above, identifying PID-1 led to the discovery of the novel protein complex
PETISCO, which had been predicted to serve as a platform for 21U RNA precursor processing
(Cordeiro Rodrigues et al. 2019). PETISCO consists of four core proteins: PID-3, TOFU-6, IFE-3, and
ERH-2. PID-3 contains an RRM domain, followed by a MID domain, which theoretically can bind
5’ phosphate of RNA. Besides PID-3, MID domains are also found in the Argonaut proteins. TOFU-
6 has an RRM domain, a Tudor domain, and an elF4E binding motif, which is involved in IFE-3
binding. IFE-3 is an orthologue of elF4E, and it has been shown to bind m7G-cap (Keiper et al.
2000). Yeast two-hybrid study of PETISCO complex revealed potential interactions between the
components of PETISCO complex: ERH-2 is capable of forming a dimer and is responsible for
binding PID-3 and PID-1. PID-3 is connected to TOFU-6 most probably via RRM domains, and
TOFU-6 is binding IFE-3 via the elF4E binding motif, located right after the TUDOR domain
(Cordeiro Rodrigues et al. 2019).

IP of components of the PETISCO complex, coupled with mass spectrometry showed the
presence of another interactor of the PETISCO complex. This protein has been named TOST-1,
and the structure of TOST-1 is similar to PID-1 — a small unstructured protein, sharing the

conserved area, which is potentially involved in binding ERH-2. TOST-1 and PID-1 are interacting
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with PETISCO in a mutually exclusive manner and these two proteins are probably competing for
their place on PETISCO.

Knockout of PETISCO protein showed two different phenotypes. Knock out of TOFU-6, IFE-
3, PID-3, ERH-2 and PID-1 resulted in 21RNA deficiency. Knock out of core PETISCO proteins and
TOST-1 caused maternal embryonic lethal phenotype, meaning that eggs laid by mutant mothers
will not develop. Furthermore, this phenotype cannot be rescued from the paternal side.
Embryos, laid by pid-1 mutant worms mostly develop normally, while tost-1 mutants die after
several cell divisions and deeper analysis showed the formation of chromosome bridges (Cordeiro
Rodrigues et al. 2019).
Thus, PETISCO is involved in both 21URNA formation and embryonic development, and its
function is determined by which protein — PID-1 or TOST-1 is bound to the PETISCO complex.

1.8. Aim of the thesis.

Discovery of PETISCO raised a number of follow-up questions. How is it possible, that one
protein complex is involved in two different processes? What are the exact functions of PETISCO
in 21U RNA precursor processing and in embryonic development and do they have something in
common? Do PID-1 and TOST-1 compete for the binding position on ERH-2, and if yes, how does
the selection between these two proteins happen? At last, the most important question is, what
protein is actually processing 21U RNA precursors in C. elegans, and how this protein is related to
PETISCO? In my thesis, | will try to address these questions and identify and characterize the

enzyme, which is responsible for the 5’end maturation of 21U RNA precursors.
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2. Materials and methods.
Parts of the methods included in this chapter are published in the following scientific papers:

Podvalnaya, N., Bronkhorst, AW., Lichtenberger, R. et al. piRNA processing by a trimeric Schlafen-
domain nuclease. Nature 622, 402—-409 (2023). https://doi.org/10.1038/s41586-023-06588-2

Perez-Borrajero, C. et al. Structural basis of PETISCO complex assembly during piRNA biogenesis
in C. elegans. Genes Dev. 35, 1304-1323 (2021).
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2.1. Protein purification.

2.1.1. Purification of ERH-2, IFE-3, TOST-1 and PID-1 proteins.

Plasmids pET28a, carrying sequences 6xHis-ERH-2 and 6xHis-IFE-3 and plasmids SV272
carrying 6xHis-MBP-TOST-1 or 6xHis-MBP-PID-1 were transformed into the BL21 (DE3) cells
(Thermo Fisher); after recovering cells were transferred to 50 ml of LB Media, containing
kanamycin and grown overnight at 37 °C. Afterwards, the culture was diluted from 1 to 100, in
the total volume of 2L for ERH-2 and 4L for other proteins. Cultures were grown till OD 600 0,7,
cooled down on the ice for 15 min, and expression of the proteins was induced by adding IPTG till
1mM. Cultures were grown at 16 °C, harvested by centrifugation at 4000g for 20 minutes, and
the pellet was resuspended in the 100 ml (ERH-2) or 200 ml (IFE-3) of IMAC A buffer (50 mM TRIS-
HCI, 300 mM NaCl, 10% (v/v) glycerol, 20 mM imidazole, 1 mM DTT, pH 8.0), additionally
containing protease inhibitor cOmplete™ Mini (Sigma Aldrich),. Cells were opened using Cell
Disruptor TS2 at 4 °C, and centrifuged at 19500 g for 30 min, supernatant was collected and
loaded to the 5 ml HisTrap™ (Cytiva) column using Akta Prime at 1 ml/min. After loading, the
column was washed with 50 ml of IMAC A, elution was done with gradient washes of IMAC B (50
mM TRIS-HCI, 300 mM NaCl, 10% (v/v) glycerol, 500 mM imidazole, 1 mM DTT, pH 8.0). Collected
fractions were analyzed on the SGS PAGE gel.

Fractions, containing the protein, were concentrated on Amicon® Ultra spin columns, and
loaded to the gel-filtration column Superdex 75 16/60. Fractions were collected and analyzed on

the SDS PAGE gel. 200 mg of each protein was used for the antibody production.

2.1.2. Purification of TOFU-6 for antibody production.

Plasmid pET28a, carrying sequences 6xHis-TOFU-6 was transformed into the BL21 (DE3)
cells (Thermo Fisher); after recovering cells were transferred to 25 ml of LB Media, containing
kanamycin and grown overnight at 37 °C. Afterwards, the culture was diluted from 1 to 100, in
the total volume of 2L. The culture was grown till OD 600 0.8, cooled down on the ice for 15 min,
and expression of the proteins was induced by adding IPTG till 1mM. Cultures were grown at 16
°C, harvested by centrifugation at 4000g for 20 minutes, and the pellet was resuspended PBS,
with benzonaze 1:5000. Cells were opened using Cell Disruptor TS2 at 4 °C, and centrifuged at

19500 g for 30 min, pellet was briefly washed in cold IMAC A buffer (PBS, 8M Urea, 20 mM
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Imidazole), then resuspended in 20 ml of IMAC A and brand incubated for 1h on ice, with
occasional vortexing. After the incubation, the pellet was dissolved by sonication and the solution
was cleared by centrifugation at 4000 g for 30 min. The supernatant was loaded to the 5 ml
HisTrap™ (Cytiva) column and purification was carried on as described for ERH-2 and IFE-3. Gel-
filtration step was not performed. Urea concentration was reduced to 4M by the gradient buffer
exchange, while protein was bound to the column and purified protein was sent for the antibody
production.

PID-3 was purified in the same way to be used for the antibody purification.

2.1.3. Purification of TOFU-6 in the native conditions.

Plasmid pET28a, carrying sequences 6xHis-TOFU-6 was transformed into the T7 Shuffle
strain (NEB), after recovering cells were transferred to 50 ml of LB Media, containing kanamycin,
and grown overnight at 37 °C. Afterwards, the culture was diluted from 1 to 100, in a total volume
of 2 L. Expression and purification were carried on as for ERH-2, the gel-filtration step was not

performed.

2.1.4. Interaction studies between IFE-3 and TOFU-6.

Interaction analysis was performed using Akta Micro. 200 solutions of 10uM TOFU-6, IFE-
3, or IFE-3 and TOFU-6 in PBS, 10% v/v glycerol were prepared and incubated on ice for 15
minutes. After brief spinning, the proteins were loaded to the Superdex 200 increased gel-
filtration column. Chromatograms were analyzed, and samples from the fractions were taken and

resolved on the SDS PAGE.

2.1.5. Antibody testing.

The obtained serum was purified by Martin Mockel (Protein Production core facility). To
test antibodies, 200 pL aliquots of synchronized young adult worms, tagged or wild type were
used. Worms were open by sonication in the 500 pL of the lysis buffer (25 mM Tris HCIl pH7.5, 150
mM NaCl, 1.5 mM MgCl2, 1 mM DTT, 1 mM Triton X100, cOmplete Mini). After centrifugation, 10
uL of the worm lysate, samples, containing 15 ug of protein, were mixed with 2x gel loading buffer
(2x Novex NuPage LDS sample buffer (Invitrogen), supplemented with 200mM DTT). Samples
were heated at 95 °C for 10min before resolving on a 4-12% Bis-Tris NuPage NOVEX gradient gel
(Invitrogen) in 1x Novex NuPAGE MOPS SDS Running Buffer (Invitrogen) at 150 V. Separated

53



proteins were transferred to nitrocellulose membrane (Amersham) 1h at 120V using 1x NuPAGE
Transfer Buffer (Invitrogen) supplemented with 10% methanol. The membrane was incubated for
30 min in 1x PBS-Tween (0.05%) supplemented with 5% skim milk, cleaved, and incubated
overnight with 5 pg of primary antibodies diluted in PBS-Tween with the addition of 1% of skim
milk. Subsequently, the membrane was washed 5 times for five minutes in PBS-Tween, before
incubation with the secondary antibody, using 1:10,000 goat anti-rabbit HRP-linked antibodies
(#7074, Cell Signaling) and imaged using SuperSignal™ West Pico Plus (TermoFischer) kit.

2.1.8. Purification of labeled ERH-2 on the minimal media.

BL21 (DE3) cells were transformed with pET28a plasmid, containing 6xHis-ERH-2 coding
sequence. Cells were grown overnight in 20 ml of LB media, washed with minimal media, and
resuspended in 1 L of the minimal media (M9 salts, trace elements, 30 mg/L thiamin-HCI, 100 mM
CaCl, 2 mM MgSQ4, pH 7.0), containing 0.5 g of >NH4Cl. Cells were grown till OD600 0.6, cooled
down on ice for 15 min, expression was induced by adding IPTG till concentration 1 mM and

carried on at 18 °C. Further purification has been performed as described above.

2.1.9. Purification of TOFU-1 and TOFU-2 from the SF9 cells.

Tofu-1 and tofu-2 coding sequences were cloned to the pFastBac backbones, containing
6xHis tag, by Gibson assembly. Obtained plasmids were transformed to the DH10BAC competent
cells (in-house), recovered for 4 hours, and seeded to the plate, containing 50 pg/ml kanamycin,
10 pg/ml tetracycline, 7 ug/ml gentamicin, 40 ug/ml IPTG, and 100 pug/ml X-gal. After 48 hours of
incubation, two white clones were selected for further bacmid isolation. Purified bacmids were
transfected to the SF9 cells with Cellfectin Il (Termo Fischer) according to the manufacturer's
protocol. VO was collected in 60 h dpa, and 25 ml of SF9 cells with a concentration of 0.5 min/ml
were infected with the mixed VO virus for the virus amplification. V1 was collected in 72 hours
dpa, and 5 ml of the viruses per 1L of cells were used for protein production. TOFU-1 and TOFU-
2 were expressed in 1L of SF9 cells, following purification had been done as described above for

ERH-2, pH of the IMAC buffers was 7.2.

2.1.10. Purification of TGS1 catalytic domain.
TGS1 sequence (618—853aa) was obtained from cDNA made from HEK293 cells and cloned
to the pGEX-6a-1 plasmid, containing a GST tag. Expression was done in BL21 (DE3) cells in 2 L of
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LB media according to the protocol described in (Monecke et al. 2009). The GST tag was removed

with TEV 1:500 (in-house). 1 pl of 2.2 pg/ul protein was used for further enzymatic reactions.

2.2. Worm-related methods.

Strain name

RFK204
RFK851
RFK 1057
RFK1059
RFK1095
RFK1214
RFK1242
RFK1246
RFK1269
RFK1273
RFK1344
RFK1346
RFK1348
RFK1349
RFK1442
RFK1480
RFK1481
RFK1506
RFK1580
RFK1605
RFK1639
RFK1640
RFK1689
RFK1692
RFK1693

Genotype
mjSi22 [Pmex-5::mCherry::his-58::21UR-1_as::tbb-2(3’UTR)] I.
mjSi22 [Pmex-5::mCherry::his-58::21UR-1_as::tbb-2(3’UTR)] | prg-1(n4357) I.
tofu-6(xf229[tofu-6::3xMYC]) II.
tofu-2(xf231[E216A]]) V.
mjSi22 [Pmex-5::mCherry::his-58::21UR-1_as::tbb-2(3’UTR)] I, tofu-2(xf231) V.
tofu-2(xf231[tofu-2(E216A)]) V; tofu-6(xf229[tofu-6::3xMYC]) II.
pid-1(xf35) II; tofu-2(xf231) V.
mjSi22 [mex-5p::mCherry::his-58 + 21UR-1_as + tbb-2(3’UTR)] I; mut-7(xf125) Ill.
tofu-2(xf245[tofu-2::HAJ), V.
tofu-2(xf246[E216A]::HA]), V.
pid-3(xf271[pid-3::gfp]) I.
pid-3(xf272[pid-3[A220E]::gfp]) I.
pid-3(xf273[pid-3[1182A/V186A]::gfp]) I.
pid-3(xf274[pid-3[1182E/V186E]::gfp]) .
erh-2(xf305[ERH-2::GFP]), IIl.
erh-2(xf309[ERH-2[T13E]::GFP]), Ill.
slfl-3(xf248) I.
tofu-6(xf312[V266E]::3xMYC) I.
tofu-1(xf337[L88R;L92R]) V.
tofu-1(xf337) V; tofu-6(xf312) I.
slfl-4(xf351) IV.
slfl-3(xf248) I, slfl-4(xf351) IV.
slfl-3(xf356) I; slfl-4(xf351) IV.
tofu-1(xf358[tofu-1::3MYC]), V.
tofu-1(xf363[3MYC::tofu-1[L8SR&LI2R]]) V.

Table M1. List of strains, used in the study. Strains RFK204, RFK850. RFK1246 were

obtained from the database, the rest were created in this study.
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2.2.1. Worm culture.
C. elegans strains were cultured on OP50 plates according to standard laboratory conditions. For
IP/MS experiment worms were grown on high-density egg OP50 plates and transferred to the
standard OP50 plates for the last generation. The Bristol N2 strain was used as a reference wild-

type strain.

2.2.2. CRISPR/CAS9 mediated genome editing.

All protospacers were designed using CRISPR (http://crispor.tefor.net) and afterward

confirmed with Integrated DNA Technologies “CRISPR-Cas9 guide RNA design checker”.
Protospacers were cloned to the pRK2412 by SLIM (site-directed ligase-independent
mutagenesis). The Bristol N2 strain was used for microinjections unless stated otherwise. ssDNA
oligonucleotides (IDT) were utilized as repair templates. Each of the repair templates has 35
nucleotides long homology arms. The injection mix contained 50ng/ul guide RNA coding plasmid
for the gene of interest; 50ng/ul of plasmid, harboring CAS9 and day-10 (cn64) or unc-58(e665)
co-conversion guide RNA3; 750nM of ssDNA oligonucleotide (repair template for gene of interest)

and 750nM of co-conversion ssDNA oligonucleotide. Used protospacers and repair templates are

listed below.
Strain Injected
Allele Genotype Protospacer
name strain
RFK
xf229 tofu-6(xf229[tofu-6::3xMYC]) Il. (CCG) TGAGCTCGAGCTGTAAAT N2
1057
RFK1059 xf231 tofu-2(xf231[E216A]]) V. TACTTCAGTGAGCATCAGTT(TGG) N2
RFK1269 xf245 tofu-2(xf245[tofu-2::HA]), V. GCTACCATAGGCACCACGAG(CGG) N2

RFK1273 Xf246 tofu-2(xf246[E216A]::HA]), V. TACTTCAGTGAGCATCAGTT(TGG) = RFK1269
RFK1344 «xf271 pid-3(xf271[pid-3::gfp]) I. (CCT)CTTAAatgtgccccaatttg N2
RFK1346 xf272  pid-3(xf272[pid-3[A220E]::gfp]) | = (CCC)ATATCGTGTCAATGGGATC  RFK1344

pid-3(xf273[pid-
RFK1348 xf273 CTTCAACAGCGAAGACATCA(AGG) RFK1344
3[1182A/V186A]::gfp]) .
pid-3(xf274[pid-
RFK1349 xf274 CTTCAACAGCGAAGACATCA(AGG) RFK1344

3[1182E/V186E]::gfp]) I.

56


http://crispor.tefor.net/

RFK1442

RFK1480

RFK1481

RFK1506
RFK1580

RFK1639

RFK1689

RFK1692

RFK1693

Allele

xf229

xf231

xf245

Xf246

xf271

xf272

xf305

xf309

xf248

xf312
xf337

xf351

xf356

xf358

xf363

erh-2(xf305[ERH-2::GFP]), Ill.
erh-2(xf309[ERH-2[T13E]::GFP]),
1.

sifl-3(xf248) I.

tofu-6(xf312[V266E]::3xMYC) I.
tofu-1(xf337[L88R;L92R]) V.

slfl-4(xf351) Iv.

slfl-3(xf356) I; slfl-4(xf351) IV.

tofu-1(xf358[tofu-1::3MYC]), V.
tofu-1(xf363[3MYC::tofu-
1[L88R&LI2R]]) V.

TTGTTGGGTATTGAttacat(tgg)

(CCA)CGTCTTGATTCACGGACTTG

(CCG)TGTTCGAACAGGTGAAAGCC
AGACGACGAGAATGATAACG(TGG)
(CCT)CTTGTTAAATAGACAATCTG
(CCA)GATCTCTCTCCCAATCGCTT
ATCATTTGATAATATTCGCG(AGG)
TGCTCTTCTTGGAAAAGCAT (TGG)
TGAGGAGTACGATCTTACTC(AGG)
CAGTTTTTCAGAGTCACTAC(CGG)
(CCT)GCTGTATTTATAATAACGCC
TACAGATTCTATTTCACAAG(AGG)
(CCT)CTTGTTAAATAGacaatctg
CTTCTCGACATCCAGAACAT(CGG)
CTCAGTTATTTTTGGAACAA(TGG)

CTCAGTTATTTTTGGAACAA(TGG)

Table M2. List of alleles, obtained by CRISPR/CAS9 genome editing.

Repair template

N2

RFK1442

N2

RFK1057
N2

N2

RFK1639

N2

RFK1580

GAAAATTCAAAAACCTTTATTTTCCACTTTAAATTACTTCAGTGAGCATCAGTTTTGTATGCATGCGGAA

AGCATTATGAACATCTTCTTCTACTGCAAACGGTAGTTTC

GTATTCGTCGATCTTCCTGACGAGGCCCGTGCCGAAATTGACAGTTTTTCAAAGTTTGACGGAGCTGG

AGCAGGATACCCATATGATGTCCCGGATTACGCTTAATTAAGTTCGAAAAGTTTCAATAAATTTGTTGA

GTATTCGTCGATCTTCCTGACGAGGCCCGTGCCGAAATTGACAGTTTTTCAAAGTTTGACGGAGCTGG

AGCAGGATACCCATATGATGTCCCGGATTACGCTTAATTAAGTTCGAAAAGTTTCAATAAATTTGTTGA

PCR repair template with GFP and flanking 35nt of PID-3 gene

GTGGATATCCGGGGATGCTCAACACGTTCGGCATCGAGCAATTGCTCACTCCATATCGTGTCAATGGG

ATCACCATCACCGGCGCCCAG
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CGACGTTCGACAAGGTTCTCTTCAACAGCGAAGACGCTAAAGATTCTGCCTTCAAAGTTCTGCATGCC

xf273
GAAGAAGAGCCGAGAGGTGCGGATCAGGAGAA
CGACGTTCGACAAGGTTCTCTTCAACAGCGAAGACGAGAAAGATTCTGAGTTCAAAGTTCTGCATGCC
w278 GAAGAAGAGCCGAGAGGTGCGGATCAGGAGAA
xf305 PCR repair template with GFP and flanking 35nt of ERH-2 gene
TGTCTACTTCTTCACATACCGTACTTCTGATTCAAGAGTCACCACGCcCTcGACTCgaGGACTTGGGGAGA
X309 TTATGAGAGTGTAACTGACGCTC
CTAGATGGTCTTACCTGGTCACCAGTCGCCATTCCAAGCTTTGATAATATTCGCGAAGAGGTTAAAAAA
e TGGGGACAAATGGAAAATTCGACGCT
of337 CAAAATATTTTCCAGCCGAAGTGGAGGAATCACTTCGTGATGCTCTTCGTGGAAAAGCTTTAGCAGGA

GATCAGATGAATTCTCGAATTGAAGGACTC
xf356 aagaaaacaaaacgaaaaatgatacagattgtCTACTGGATGTCGAGAAGATTGAGAAGCGATTGGGAGA
cgaaatcgaatattctgtctcagttatttttggaacaATGTCCGAACAAAAACTTATTTCTGAAGAGGATCTTGAGCA
xf358 AAAGCTCATCTCCGAGGAGGACCTCGAGCAGAAGTTGATCAGCGAGGAAGACTTGGGATCCGGAGG
TGGAGGTGCTGCGCTTTTTGAAGAGAATGATTCTTATTCGgtg
cgaaatcgaatattctgtctcagttatttttggaacaATGTCCGAACAAAAACTTATTTCTGAAGAGGATCTTGAGCA
xf363 AAAGCTCATCTCCGAGGAGGACCTCGAGCAGAAGTTGATCAGCGAGGAAGACTTGGGATCCGGAGG
TGGAGGTGCTGCGCTTTTTGAAGAGAATGATTCTTATTCGgtg

Table M3. List of repair templates for the strains obtained by CRISPR/CAS9 genome
editing.

2.2.3. Crosses with 21U RNA sensor
RFK1059 (tofu-2[E216A]) and RFK1481 (sl/fl-3(xf248)) mutant hermaphrodite worms were crossed
with males of the RFK1246 strain, which carries a mut-7 deletion as well as the 21U RNA sensor
(Bagijn et al. 2012). Worms, carrying 21U RNA sensor and tofu-2[E216] or slfl-3(xf248) mutation,

and wild type for mut-7 were selected by genotyping.

2.2.4. Microscopy.
Images of 21U RNA sensor-carrying strains were obtained using a Leica DM6000B. Young adults
and adult worms were washed in a drop of M9 (22mM KH;P04, 42mM Na;HPQa, 85mM Nacl,
1mM MgS04) and immobilized with 30mM sodium azide in M9 buffer. Imaging of Bm4 cells was
done using Leica TCS SP5.
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Microscopy Young adult worms or young gravid adults grown at 25°C were washed in M9
buffer and paralyzed with 60 mM sodium azide in M9. As soon as the worms stopped moving,
they were imaged on a TCS SP5 Leica confocal microscope at 25°C. Images were processed using

Fiji and Adobe Illustrator.

2.2.5. Mel phenotype scoring.

Mel phenotype For RFK1344, RFK1346, and RFK1348, 30 young adult worms were singled
and left for 24 h at 20°C or overnight at 25°C. Afterward, mothers were removed and the eggs
were counted, and after 2 d, developed animals were scored. RFK1349 is Mel (maternal
embryonic lethal) at 20°C; therefore, the progeny of heterozygous mothers were singled and

genotyped. At least 2200 eggs from at least 23 worms were counted for each condition.

2.2.6. Mass spectrometry.

2.2.6.1. Worm pellet preparation.

All IP/MS experiments were performed in quadruplicates. Worms, grown on the OP50
plates were bleached (2% NaClO, 666 mM NaOH) into high-density egg plates, grown until the
gravid adult stage, and bleached again. The embryos were left to hatch in M9 buffer (22 mM
KH2PO4, 42 mM NazHPO4, 85 mM NaCl, 1 mM MgS0s), L1 stage worms were seeded on standard
OP50 plates and harvested at the young adult stage. Worms were washed three times with M9
buffer and one time with cold sterile water. 200ul worm aliquots were pelleted and frozen in
liguid nitrogen and stored at —80°C.

2.2.6.2. Lysis preparation.

200 ul of synchronized young adult worms were thawed on ice and resuspended in 250 pl
of 2x Lysis Buffer (50 mM Tris HCI pH7.5, 300 mM NaCl, 3 mM MgCl;, 2 mM DTT, 2 mM Triton
X100, 2x cOmplete Mini, EDTA-free) and 50 pl of sterile water. The Bioruptor Plus (Diagenode)
sonicator was used to lyse worms (10 cycles 30/30 seconds, high energy, 4°C). After pelleting, the
supernatant was accurately removed without the lipid phase. Finally, the protein concentration
of the lysate was determined using the Pierce BCA Protein Assay Kit (ThermoFisher Scientific,

23225).
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2.2.6.3. Immunoprecipitation.

For anti-HA IPs, 550 uL of worm lysate containing 0,75 mg protein was resuspended in a final
volume of 550 pL of 1x Lysis Buffer. Anti-HA IPs were performed with 2 pg of in-house-made anti-
HA antibodies (mouse, clone 12CA5). The lysate was incubated with the antibodies for two hours
at 4 °C. For each sample, 30 pl of protein G magnetic beads (Dynabeads, Invitrogen) were washed
three times in washing buffer (25 mM Tris HCl pH7.5, 150 mM NaCl, 1.5 mM MgCl;, 1 mM DTT, 1
mM Triton X100, cOmplete Mini, EDTA-free). Subsequently, equilibrated beads were added to
the lysis and incubated for an additional hour at 4° C by end-over-end rotation. Finally, beads
were washed 6 times with Wash Buffer, resuspended in 2xNuPAGE LDS Sample Buffer (containing
200 mM DTT), and boiled for 15 min at 95°C.

2.2.6.4. Mass Spectrometry.
Performed by Emily Nischwitz at the Falk Butter Lab
To identify TOFU-2::HA and TOFU-2::HA(E216A), samples were separated on a 4%—12%

NOVEX NuPAGE gradient SDS gel (Thermo) for 10 min at 180V in 1xMES buffer (Thermo). Proteins
were fixated and stained with Coomassie G250 Brilliant Blue (Carl Roth). The gel lanes were cut,
minced into pieces, and transferred to an Eppendorf tube. Gel pieces were destained with a 50%
ethanol/ 50mM ammonium bicarbonate (ABC) solution. Proteins were reduced in 10mM DTT
(Sigma-Aldrich) for 1h at 56°C and then alkylated with 5mM iodoacetamide (Sigma-Aldrich) for 45
min at room temperature. Proteins were digested with trypsin (Sigma) overnight at 37°C. Peptides
were extracted from the gel by two incubations with 30% ABC/acetonitrile and three subsequent
incubations with pure acetonitrile. The acetonitrile was subsequently evaporated in a
concentrator (Eppendorf) and loaded on StageTips® for desalting and storage.

For mass spectrometric analysis, peptides were separated on a 20-cm self-packed column
with 75 um inner diameter filled with ReproSil-Pur 120 C18-AQ (Dr.Maisch GmbH) mounted to an
EASY HPLC 1000 (Thermo Fisher) and sprayed online into a Q Exactive Plus mass spectrometer
(Thermo Fisher). We used a 94-min gradient from 2 to 40% acetonitrile in 0.1% formic acid at a
flow of 225nl/min. The mass spectrometer was operated with a top 10 MS/MS data-dependent
acquisition scheme per MS full scan. Mass spectrometry raw data were searched using the
Andromeda search engine (Cox, J. & Mann, 2011) integrated into MaxQuant suite 1.6.5.07 using
the UniProt C. elegans database (August 2014; 27,814 entries). In both analyses,
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carbamidomethylation at cysteine was set as a fixed modification, while methionine oxidation
and protein N-acetylation were considered variable modifications. The match-between-run
option was activated. Before bioinformatic analysis, reverse hits, proteins only identified by site,
protein groups based on one unique peptide, and known contaminants were removed.

For further bioinformatic analysis, the LFQ values were log2-transformed and the median across
the replicates was calculated. This enrichment was plotted against the — logio- transformed P

value (Welch’s t-test) using the ggplot2 package in the R environment.

2.2.7. Western blot from the worm lysis.

Worms were grown and lysed as described in the Mass spectrometry section. Lysis of both
RFK1269 and RFK1280 worms, containing 15ug of protein, were mixed with 2x gel loading buffer
(2x Novex NuPage LDS sample buffer (Invitrogen), supplemented with 200 mM DTT) and were
heated at 95 °C for 10 min before resolving on a 4-12 % Bis-Tris NuPage NOVEX gradient gel
(Invitrogen) in 1x Novex NUPAGE MOPS SDS Running Buffer (Invitrogen) at 150 V. Separated
proteins were transferred to nitrocellulose membrane (Amersham) 1 h at 120 V using 1xNuPAGE
Transfer Buffer (Invitrogen) supplemented with 10% methanol. The membrane was incubated for
30min in 1x PBS-Tween (0.05%) supplemented with 5% skim milk, cleaved, and incubated
overnight with primary antibodies diluted in PBS-Tween (1:1,000 monoclonal anti-HA (12CAS5, in-
house); 1:1,000 anti-h3 (H0164, Sigma) rabbit polyclonal antibodies. Subsequently, the
membrane was washed 5 times for five minutes in PBS-Tween, before incubation with the
secondary antibody, using 1:10,000 horse anti-mouse HRP-linked antibody (#7076, Cell Signaling)
and goat anti-rabbit HRP-linked antibodies (#7074, Cell Signaling) and imaged using SuperSignal™
West Pico Plus (TermoFischer) kit.

For strains RFK1057, RFK1506, RFK1692, and RFK1693 50 young adult worms were picked
into 13 ul of M9 buffer, 5ul of 4x Novex NuPage LDS sample buffer (Invitrogen), and 2 pl of 1M
DTT, boiled for 30 minutes at 95°C and loaded to the 4-12% Bis-Tris NuPage NOVEX gradient gel
(Invitrogen). Gel run, transfer, staining, and imaging were performed as described above, and

anti-MYC (1:1000, mouse anti-MYC (9B11), #2276S, Cell Signaling) antibodies were used.
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2.2.7. RNA isolation and RNA sequencing.

Worms were grown at 20°C, synchronized by bleaching (2% NaClO, 666 mM NaOH), and
were left to hatch overnight in M9 buffer. Next, L1-stage worms were seeded onto OP50 plates
and harvested as young adults. For RNA extraction 500 pL of TRISOL LS (ThermoFisher Scientific,
10296-028) was added to the 50 pL worm aliquot, and five cycles of freezing in liquid
nitrogen/thawing in the 37° C water bath were performed. Samples were centrifuged for 5min at
21xg at RT, and the supernatant was collected. 1 volume of 100% EtOH was added to the
supernatant, before proceeding with the RNA extraction using the Direct-zol™ RNA MicroPrep
(Zymo) kit. RNA was eluted into 13 ul of Nuclease Free water (Ambion® Invitrogen™) and each
sample was divided into two aliquots for piRNA-precursor and mature piRNA library preparation.

2.2.7.1. CIP/RppH treatment and library preparation (for precursors).

CIP treatment on 1,5 pg of isolated RNA was performed in rCutSmart™ Buffer (B6004S)
using 3uL of Quick CIP (M0525L) in a 40 pL reaction. The reaction was incubated at 37 °C for 20
minutes, followed by heat inactivation for 2 min at 80 °C. The CIP-treated RNA was subjected to
another round of purification using the Direct-zol™ RNA MicroPrep (Zymo) kit. RppH (NEB)
treatment was performed with a starting amount of 500 ng.

2.2.7.2. Library preparation and sequencing.
Performed by the IMB Genomics Core facility and Emil Karaulanov

NGS library prep was performed with NEXTflex Small RNA-Seq Kit V3 following Step A to
Step G of Bioo Scientific's standard protocol. Amplified libraries were purified by running an 8%
TBE gel and size-selected for 15-40 nt. Libraries were profiled in a High Sensitivity DNA Chip on a
2100 Bioanalyzer (Agilent Technologies), quantified using the Qubit dsDNA HS Assay Kit, in a Qubit
2.0 Fluorometer (Life Technologies), and sequenced on lllumina NextSeq 500/550.
The raw sequence reads in FastQ format were cleaned from adapter sequences and size-selected
for 18-35 nt inserts (plus 8 random adapter bases) using cutadapt v.4.0
(http://cutadapt.readthedocs.org) with parameters “-a TGGAATTCTCGGGTGCCAAGG -m 26 -M
43”. Data quality was assessed with FastQC v.0.11.9 (https://github.com/s-andrews/FastQC) and
MultiQC v.1.9 (https://multiqc.info/). Read alignment to the C. elegans genome (Ensembl
WBcel235/cell assembly) with concomitant trimming of the 8 random bases was performed

using Bowtie v.1.3.1 (http://bowtie-bio.sourceforge.net) with parameters “-v 1 -M 1 -y --best --
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strata --trim5 4 --trim3 4 -S” and the SAM alignment files were converted into sorted BAM files
using Samtools v.1.10 (http://www.htslib.org). C. elegans WBcel235/cel1 gene annotation in GTF
format was downloaded from Ensembl release 96 (ftp://ftp.ensembl.org/pub/). Aligned reads
were assigned to small RNA loci and classes using Samtools, GNU Awk, and Subread
featureCounts v.1.6.2 (http://bioinf.wehi.edu.au/featureCounts/). Structural reads aligned in
sense orientation to rRNA, tRNA, snRNA, and snoRNA loci were excluded from further analysis.
Mature 21U-RNAs were stringently defined as reads of length 21 nt starting with T and fully
overlapping with annotated piRNA (21ur) genes in sense orientation. Because 21lur gene
annotation corresponds to mature piRNA sequences, 21U precursors were stringently defined as
reads of length 23-35 nt starting 2 bp upstream of the annotated 5’ end of (mature) piRNAs in
sense orientation. The relative abundance of mature and precursor 21U-RNAs was normalized to
the number of non-structural 18-35 nt reads in each sample. Coverage tracks of aligned reads
overlapping in sense with piRNA genes were produced using Bedtools v.2.27.1
(http://bedtools.readthedocs.io) and kentUtils v.385
(https://github.com/ucscGenomeBrowser/kent). The tracks were normalized based on all non-
structural reads in each sample and visualized on the IGV genome browser v.2.15.4

(https://igv.org/).

2.2.8. RNA preparation of the RNA-MS.

RFK1059 and RFK1214 were synchronized by bleaching and seeded to the OP50 plates.
Young adults were harvested in three biological replicates in the 250 uL aliquots, each aliquot was
split into two — 50 plL for total RNA extraction (described above) and 200 pL for the IP with anti-
myc antibodies (1:1000, mouse anti-MYC (9B11), #2276S, Cell Signaling). IP was performed as
described in section (2.2.7). The beads, carrying the immune-precipitated proteins, were used for
RNA isolation by Zymo Direct-zol RNA Miniprep Kit, according to the manufacturer’s protocol.

Ribonucleosides (A, C, m®A) standards, ammonium acetate, and LC/MS grade acetonitrile
were purchased from Sigma-Aldrich. (Am, Im, mlA, Gm, Cm, Um) from Trilink, (mil,
m22G,m7G,m1G) from Carbosynth, 13C10-A, 13C9-C was purchased from Silantes, GmbH
(Munich, Germany). 2H3- m6A was obtained from TRC, Inc. (Toronto, Canada). All solutions were
prepared using ultrapure water (Barnstead GenPure xCAD Plus, Thermo Scientific). A 1-2 ug of

RNA was degraded to nucleosides with 0.003 U nuclease P1 (Roche), 0.01 U snake venom
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phosphodiesterase (Worthington), and 0.1 U alkaline phosphatase (Fermentas). Separation of the
nucleosides from the digested RNA samples was performed with an Agilent 1290 UHPLC system
equipped with ReproSil 100 C18 column (Jasco) (15cm) with a gradient of 5 mM ammonium
acetate (pH 7, solvent A) and acetonitrile (solvent B). Separations started at a flow rate of 0.5
ml/min. Then, washing and re-conditioning were done at 1 ml/min from 24 min until 34, and
linearly decreased to 0.5 ml/min during the last minute. The gradients were as follows: 100%
solvent A for the first 8 min. then B linear increase from 0 to 15% for the next 16 min, followed
by isocratic elution at 15% solvent B for another 1 min; then gradient increase from 15% to 60 %
solvent B for another 4 min. Then switch to 0% solvent B for the last 6 min, to recondition the
column. Quantitative MS/MS analysis was performed with an Agilent 6490 triple quadrupole
mass spectrometer in positive ion mode. Details of the method and instrument settings are

described elsewhere (PMID: 26751644).

2.2.9. Conservation Heat map for the PUCH and PETISCO complexes.
Perfomed by Peter Sarkies.

The proteome of C. elegans WS235 was used as the test file for the reciprocal blastp
searches against all other species, listed in the heatmap, recording only the best hits. The heat

map was generated in R by using a heatmap.2 function.

2.3. In vitro assays.

Preparation of the IP-PUCH and mini-PUCH proteins was performed by Walter Bronkhorst
(IP-PUCH) and Sebastian Falk lab (mini-PUCH) and described in Podvalnaya, N., 2023.

Precursor Sequence Labeling
m’G-AAU m7G- 3’end
rArArUrUrCrCrArCrUrGrUrUrUrUrArGrUrUrUrGrUrCrUrGrUrUrUrArA
precursor
m’G-AAC precursor m7G- 3’end
rCrArUrUrCrCrArCrUrGrUrUrUrUrArGrUrUrUrGrUrCrUrGrUrUrUrArA
m’G-CAU pecursor m7G- 3’end

rCrArUrUrCrCrArCrUrGrUrUrUrUrArGrUrUrUrGrUrCrUrGrUrUrUrArA
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TMG-AAU pecursor T™MG- 3’end
rArArUrUrCrCrArCrUrGrUrUrUrUrArGrUrUrUrGrUrCrUrGrUrUrUrArA

5’pP precursor P-rArArUrUrCrCrArCrUrGrUrUrUrUrArGrUrUrUrGrUrCrUrGrUrUrUrArA 5’end

5’0H precursor OH-rArArUrUrCrCrArCrUrGrUrUrUrUrArGrUrUrUrGrUrCrUrGrUrUrUrArA 3’end

Table MX. The sequence of synthetic RNA precursor used in the studies. m’G-AAU, m’G-AAC, m’G-
CAU and TMG-AAU were synthesized by Bio-synthesis, the rest is produced by IDT.

2.3.1. 3' RNA radioactive labeling.

3'-end labeling of substrate RNA was performed in a 13plL reaction containing 2.5ulL f
DMSO, 2.5uL of T4 ligase buffer (NEB), 1uL of T4 ligase (NEB), 2.5uL 10mM ATP (NEB), 1L of
synthetic RNA precursor (5pmol/uL). The reaction was mixed and 2.5uL of [5'-32P]pCp (SCP-111,
Hartmann analytic) was added before overnight incubation at 16°C. Finally, the labeled RNA was
purified using G25 columns (Cytiva) according to the manufacturer’s protocol. The 3'-end labeled

synthetic RNA precursor was used for in vitro cleavage assays and EMSAs.

2.3.2. 5' RNA radioactive labeling.
5 pmol synthetic RNA oligonucleotide (OH-precursor) was labeled with ATP, [y-3%P]

(PerkinElmer) using T4 PNK (NEB), according to the manufacturer’s protocol.

2.3.3. In vitro cleavage assay.

The PUCH complex used for in vitro cleavage assays was obtained in two different ways.
The full-length PUCH complex was obtained from GFP-IPs using BmN4 cell lysates (see above),
whereas the minimal catalytic complex (mini-PUCH) was purified from E. coli.
For the in vitro cleavage assays performed with IP material from BmN4 cells, beads were washed
in the cleavage buffer (CB) containing 40mM Tris-HCI, pH 8.0, 20 mM KCI, 11 mM MgCl,, and 2
mM DTT. Beads were subsequently resuspended in 10uL of CB and incubated with 0.2pmol of the
labeled RNA substrate for 1h at room temperature.

For cleavage assays with mini-PUCH purified from E.coli 0.2pmol of labeled RNA substrate
was incubated in 10uL CB buffer with 27nM mini-PUCH protein complex (final concentration) at

20°C for 30 min.
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The cleavage reaction was terminated by adding 1uL of 20mg/ml proteinase K. 1 volume
of the 2xRNA Gel Loading Dye (Thermo Scientific™, R0641) was added and the RNA was resolved
on a 15% TBE-UREA gel (Novex™) for 90min at 180V with 1xTBE as the running buffer.

2.3.4. Substrate specificity test of PUCH complex.

Capped RNA oligonucleotides were labeled at the 3' end, 0.2 pmol (1uL) of RNA per
sample, was used in the cleavage reaction. For reaction with IP material, to obtain 5’P-containing
21U RNA precursor oligonucleotide, 5' OH-21U RNA precursor had been labeled on the 3'end as
described above. After labeling, 5'P was created by T4 PNK treatment (NEB, M0201S), done
according to the NEB T4 PNK protocol. For the reaction with mini-PUCH 5'0OH-21U RNA precursor

oligonucleotide had been labeled on the 5'end as described above.

2.3.5. Analysis of divalent cations as cofactor of PUCH complex.
For the metal assay, beads were washed with CB, but 100 mM MgCl, was replaced by
ZnCl;, MnCl; or CaCl,. Cleavage reaction was done with full-length PUCH obtained from GFP-IP

material from BmN4 cell lysates.

2.3.6. Ligation of small RNA oligo to the cleavage product to prove the formation of 5'P
on the cleaved RNA precursor.

2pmol of labeled RNA was incubated in 35uL of CB containing mini-PUCH (or mutated
mini-PUCH) at a final concentration of 40nM and was incubated at 20°C for 1h. Afterward, 3
volumes of Trisol LS reagent (ThermoFisher Scientific, 10296-028) were added, and RNA was
purified using Direct-zol™ RNA MicroPrep (Zymo) according to the manufacturer’s protocol. Next,
the RNA was ligated to 10pmol of 5'OH-rGrUrCrUrGrUrUrUrArA-OH3' oligonucleotide using T4
RNA ligase according to the manufacturer’s protocol. After 16h of incubation at 16°C, the reaction
terminated by proteinase K and RNA was resolved on a 15% TBE-UREA gel (Novex™) for 90 min
at 180 V with 1xTBE as the running buffer.

2.3.7. PUCH complex cleavage activity in the presence of PETISCO.

The assay has been done with the PUCH complex, obtained from Bm4 cells. Per sample:
1uL of 3'end labeled 21U RNA precursor (0.2pmol) was incubated with five times access of
PETISCO protein complex on ice for 1h in 10uL of CB buffer. PUCH-IP-containing beads were

resuspended in 10uL of RNA-PETISCO mix and incubated at 20°C.
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2.3.8. Comparison of m7G-CAU and m7G-AAU substrate processing.
18uL of 0.2pmol/pul RNA substrate (AAU or CAU) were added to the 162ul of CB buffer, containing
recombinant mini-PUCH at the final concentration of 27 nM. Samples were transferred to 20 °C
and samples for each time point were taken. The reaction was stopped by adding proteinase K.

Images were processed with Fiji.

2.3.9. Experiment with cold RNA.
To the 2pL mix of 0.2 pmol of labeled AAU substrate and 0.4 pmol of cold RNA of choice
10ul of CB buffer with 27 nM mini-PUCH were added. The cleavage reaction was incubated at 20

°C for 15 minutes and then stopped by adding protease K.

2.3.10. PUCH complex cleavage activity in the presence of PETISCO.

16 L of 3'end labeled piRNA precursor (0.2 pmol/ul) were incubated with five times molar
access of PETISCO protein complex on ice for 1 h in 160 uL of CB buffer. After the incubation,
PUCH-IP-containing beads were added, and the samples were split into two tubes. The same
procedure had been performed in parallel for RNA incubated without PETISCO. Reactions were
incubated at 20 °C with mild shaking, and 10 puL samples were taken for each time point. The same
experiment had been performed with recombinant mini-PUCH at the concentrations described

for cleavage reactions.

2.3.11. Modification of TMG.

Two reactions of 10 pl of 3’ labeled m’G-AAU RNA precursor (0.2 pmol/ul) were incubated
with 0.5uM of TGS1e1s-853 in the presence and absence of 25 pM of SAM (Sigma Aldrich) at 37 °C
for 30 minutes in total volume of 20 ul. The reaction was stopped by adding protease K and
purified using a Zymo mini RNA purification kit. 2 pl of each reaction was used for further cleavage

reactions.

2.3.12. EMSA.

0.2 pmol of capped 21U RNA precursor m’G-AAU, 5'P 21U RNA precursor, and 5'OH-RNA
precursor were incubated with recombinant proteins of PETISCO complex, containing IFE-3,
TOFU-6, ERH-2 and PID-3 (Perez-Borrajero, 2021) in a concentration range from 75 pM to 1.44
UM, in 10 pL of binding buffer (20 mM HEPES pH 7.5, 150 mM NaCl) for 1h at the room

temperature. After the incubation, each sample was mixed with 15% Ficoll with bromophenol
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blue. Native 6% TBE gel was pre-run for 30 min at 180 V at room temperature in 1xTBE, and

samples were resolved for 2 h.
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3. Results I. Investigation of the structure of PETISCO.

Parts of the figures included in this chapter are published in the following scientific paper:

Perez-Borrajero, C. et al. Structural basis of PETISCO complex assembly during piRNA biogenesis
in C. elegans. Genes Dev. 35, 1304-1323 (2021).
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In the first part of my thesis, | have focused on the structure of PETISCO complex and its
function in 21U RNA formation (Cordeiro Rodrigues et al. 2019; Zeng et al. 2019). The PETISCO
complex consists of four proteins, ERH-2, TOFU-6, PID-3, and IFE-3 (Figure R1.A). In addition,
PETISCO interacts with two proteins, TOST-1 and PID-1, which determine the function of the
complex (Figure R1.A and B). In combination with TOST-1, PETISCO has a role that is crucial for
embryonic development and unrelated to 21U RNAs, while interaction with PID-1 directs the
complex toward the production of 21U RNAs in C. elegans, and in this form, it does not affect
embryonic viability. This implies that PETISCO mutants show two phenotypes — 21U RNA
deficiency and maternal embryonic lethality (Mel). In contrast, loss of TOST-1 only causes a Mel
phenotype, but does not affect 21U RNA levels (Cordeiro Rodrigues et al. 2019). Worm strains
lacking PID-1 are viable but have reduced amounts of 21U RNAs (Albuquerque et al. 2014;
Cordeiro Rodrigues et al. 2019). Thus, the aim of the first part of the project is to understand how
PETISCO can combine these two functions. To answer this question, structural studies of PETISCO

complex were performed.

IFE-3 ERH-2 aa

+ IFE-3 N elF4E superfamily o C248aa
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: TOFU-6 N c-: eTUDOR | EmmC 369aa
PID-3
PD3 Ne= MID :-:c 307 aa

~R42C,"

TOST-1  NC »C 142 aa
- RB1G/
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Figure R1. Schematic representation of domain organization PETISCO and its interactors TOST-1
and PID-1. A., Assumption of the PETISCO organization, based on the Y2H data (Rodrigues, 2019). B.,
Schematic representation of domain organization of ERH-2, IFE-3, TOFU-6, PID-3, PID-1, and TOST-1. The
lines indicate low-complexity regions and the rectangles indicate the predicted folded domains. R42C in
TOST-1 and R61C in PID-1 represent mutations, leading to the disruption of the interaction with ERH-2
(Rodrigues, 2019).
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3.1. ERH-2, PID-3, IFE-3, and TOFU-6 can be purified from the E. coli.

The first goal of the project was to purify components of PETISCO complex from bacterial
cells for various applications. First, purified proteins could be used for antibody production of
PETISCO complex components. Good antibodies would allow to perform IP-MS experiments,
Western blots, and immunostainings. Second, if purifications in the native conditions are
successful, purified proteins could be used in the structural studies, and resolving the structure
of PETISCO would help to understand the dual nature of PETISCO functions. Besides that, we
envisaged that we may need PETISCO to perform the in vitro cleavage reactions of 21U RNA
precursors, once we have identified the 21U RNA-processing nuclease (see part 2 of the Results

section).

3.1.1. Purification of ERH-2 from E. coli.

ERH-2 belongs to the Enhancer of Rudimentary Homolog family of proteins, which is
widely conserved in eukaryotes (Weng and Luo 2013). ERH proteins have been shown to take part
in exosome-mediated RNA degradation (Sugiyama et al. 2016) and help microprocessor complex
formation through the assistance of the dimerization of the DGCR8 protein in human cells (Kwon
et al. 2020).

There are two ERH proteins present in C. elegans, ERH-1 and ERH-2, but only ERH-2 is a
component of PETISCO. ERH-2 is a small well-structured protein with the size of 13 kDa, predicted
to form a dimer. Erh-2 was amplified from worm cDNA, and cloned into the pET28a plasmid,
encoding N-terminal 6xHis tag. Protein expression was performed in BL21 (DE) cells. Purification
was done in two steps: first 6xHis-tagged ERH-2 was isolated from the lysis by IMAC (Immobilized
metal affinity chromatography) (Figure R2.A and R2.B), and the rest of the impurities were
removed by size exclusion chromatography (SEC) (Figure R2.A and R2.C), all in native conditions.
6xHis-ERH-2 protein was eluted from the SEC column with the volume, corresponding to the 28

kDa, suggesting, that ERH-2 forms a dimer, as it was shown for its homologs in the different
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Figure R2. Purification of ERH-2. A., SDS PAGE, contains samples from both IMAC and SEC ERH-2
purification steps. B., Chromatogram of IMAC purification step of ERH-2. ERH-2 eluted as one peak, which
was concentrated and used for the SEC. The right axis shows the % of the elution buffer (% B), containing
imidazole in the concentration 500mM. C., Chromatogram of SEC ERH-2 purification step. The first peak
corresponds to the aggregated proteins; samples from the second peak (marked with an error) were
loaded into the gel (shown in A) and then used for antibody production. D., Western blot for wild type and
ERH-2:eGFP worms with anti-ERH-2 antibodies, obtained from two different rabbits (one of the two similar
Western blots is shown).

Purified protein was sent for antibody production to the Speedy program in Eurogentec;
obtained sera were purified with the help of the IMB core facility and their specificity was tested
on the Western blot. To test the specificity of the antibodies wild-type worms and wormes, carrying
a deletion of ERH-2, rescued by ERH-2:eGFP transgene were used. Unfortunately, there was no

ERH-2-specific band detected on the Western blot (Figure R2.D). These sera were not used any

further.

3.1.2. Purification of IFE-3 from E.coli.

There are five elFAE proteins encoded in the C. elegans genome and IFE-3 is one of them.
IFE-3 is a 28 kDa protein which contains a single elF4E domain. Most of the mRNA in C. elegans
undergo trans-splicing and carry 2,2,7-trimethylguanosine (TMG) cap. 21U RNA precursors are
transcribed by RNA Pol Il and not trans-spliced and therefore carry an m’G cap. IFE-3 has been
shown to interact exclusively with 5’ m’G caps (Keiper et al. 2000), suggesting it may interact with
the 5’ end of 21U RNAs. IFE-3 interacts with TOFU-6 in the Y2H assays, most probably via an elF4E-
interacting motif present in TOFU-6 (Cordeiro Rodrigues et al. 2019). Besides PETISCO, IFE-3
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interacts with components of the SMN complex and several Gemin proteins (Cordeiro Rodrigues
et al. 2019).

IFE-3 protein has three isoforms and sequences encoding them were detected in the
cDNA, obtained from wild-type worms. | chose to work with the isoform b, as it is the longest one.
Ife-3b sequence was cloned into the pET28a plasmid, 6xHis-IFE-3 protein was expressed in BL21
(DE3) cells and then purified by IMAC (Figure R3.A and R3.B) and SEC (Figure R3.C and R3.D) in
native conditions. A relatively big amount of protein aggregated and eluted from the SEC column
too early for IFE-3’s molecular weight. A small portion of the protein was eluted at the volume,
corresponding to 43 kDa size, and this fraction was used in further experiments. As for ERH-2, two
rabbits were immunized for antibody production; however, antibody isolation was successful only
for one of the sera. Antibody specificity was tested by Western blot using wild-type worms, and
worms with IFE-3 knockout, rescued by insertion of 3xFLAG:mCherry:IFE-3 encoding transgene.
On Western blot, clear bands corresponding to both IFE-3 and 3FLAG:mCherry:IFE-3 were
observed (Figure R3.E). Thus, the generated anti-IFE-3 antibodies were good, however, | did not

use them in further experiments.
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Figure R3. Purification of IFE-3. A. SDS PAGE of the IMAC purification step of 6xHis-IFE-3. Fractions
containing the second peak were concentrated and used in the SEC purification step. B. Chromatogram of
the IMAC purification of IFE-3. C. SDS PAGE of the SEC purification step of IFE-3. D. Chromatogram of the
SEC purification step of IFE-3. Protein, eluted in a second peak was used for antibody production. E.
Western blot for wild-type worms and worms carrying 3xFLAG:mCherry:IFE-3 transgene with anti-IFE-3
antibodies.

3.1.3. Purification of TOFU-6 from E. coli.

TOFU-6 is a 41 kDa protein, specific for the nematodes. It contains an RRM domain and an
extended Tudor domain (eTudor), followed by the small stretch that forms a conserved elF4E (IFE-
3) interaction motif (Figure R1.A.).

Initial expression tests had shown that TOFU-6 is insoluble, and therefore in addition to
the pET28a | cloned TOFU-6 expressing gene into plasmids pGex-6a-1, containing GST-tag, and
plasmid SV272, with MBP tag, hoping that it will improve the solubility of the protein, however,
it did not solve the problem. Expression in the Rosetta (DE3) pLysS strain and Arctic BL21 (DE3)
strain at 12 °C also did not result in soluble protein (data not shown). Therefore, IMAC purification
of 6xHis-TOFU-6 from inclusion bodies under denaturing conditions using 8M urea was performed
(Figure R4.A). As the purified protein did not contain too many impurities, further purification
steps were not required. The concentration of urea was reduced to 4M and 6xHis-TOFU-6 protein
was sent for antibody production.

It was not clear if the obtained antibodies would work, therefore tagging of the tofu-6
gene with the 3xmyc sequence was performed. The tag was added tag on the C-terminus of the
endogenous loci of the tofu-6 gene by CRISPR/CAS9 genome editing.

As for IFE-3, we were able to purify antibodies only from one of the rabbit sera. Specificity
test was performed and tested using the wild-type worms and a newly generated TOFU-6:3xMYC

expressing strain. Clear bands corresponding to both wild-type
A IMAC TOFU-6

o532 8 TOFU-6 and TOFU-6:3xMYC were observed (Figure R4.B). Thus,
E - L %)
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a
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Western blot for wild-type worms and worms expressing TOFU-6:3xMYC protein with anti-TOFU-6
antibodies.

3.1.4. IFE-3 interacts with TOFU-6 in a 1-to-1 ratio.

As TOFU-6 was planned to be used for the interaction studies with the other PETISCO
proteins, optimization of TOFU-6 purifications was required. Several conditions were tested,
including purification from SF9 cells. The best results were obtained from the expression of 6xHis-
TOFU-6 protein at 16 °C in the SHuffle T7 strain and further on bench purification (Figure R5.A).
Thus, soluble TOFU-6 protein was obtained and used in the interaction studies with IFE-3 proteins
(purification shown above). TOFU-6 was incubated together with IFE-3 and loaded into the
analytical gel filtration Superose® 6 Increase column to test the interaction between TOFU-6 and
IFE-3. TOFU-6 and IFE-3 eluted in one peak (Figure R5.B). Elution peaks were analyzed by SDS-
PAGE and the presence of both TOFU-6 and IFE-3 was detected in the shifted peak (Figure R5.C).
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Figure R5. TOFU-6 interacts with IFE-3. A. SDS PAGE of on-bench purification of 6xHis-TOFU-6. B.
Chromatogram of the SEC for IFE-3 (blue), TOFU-6 (orange), and TOFU-6 and IFE-3 incubated together
(grey). C. SDS PAGE of the samples taken from the peak fractions shown in B.

The complex was eluting at the size, corresponding to 107 kDa. The sum of the masses of
TOFU-6 and IFE-3 together would be 73.2 kDa. Despite the possibility of the presence of two
molecules of IFE-3, in the complex, | assume that proteins are interacting in a 1-to-1 ratio. SEC
predicted molecular mass of the complex depends on the shape of the protein, and two
interacting globular proteins might appear bigger than they are. The peak of IFE-3 alone
corresponded to 42 kDa, while the molecular mass of IFE-3 is only 28.2 kDa. Besides that, TOFU-

6 and IFE-3 were mixed in a 1-to-1 molar ratio and most of the loaded protein appeared in the
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shifted peak suggesting complete interaction. More precise analyses by SEC coupled to multiangle

light scattering (MALS) confirmed the 1-to-1 interaction ratio (Perez-Borrajero et al. 2021).

3.1.5. Anti-PID-3 antibodies can be used for Western blots.

PID-3 is another PETISCO subunit. It contains two domains: an RRM domain and a MID
domain. MID domains are also present in Argonaute proteins and it is assumed to be able to bind
5’P-ends of RNA (MacRae et al. 2008). Previously in the lab, PID-3 was purified under denaturing
conditions and this protein was used for antibody production. These antibodies were, however,
not yet tested.

| repeated the purification of PID-3 in order to obtain protein for antibody purification,
performed by the Protein Production core facility. Purified PID-3 antibodies were tested on the
Western blot. While | was able to see bands corresponding to PID-3 and PID-3:eGFP with sera
from both rabbits, the serum, obtained from rabbit 884 showed many non-specific bands. The
serum of rabbit 885 was much cleaner (Figure R1.L). These antibodies | also have not used in

further experiments, but they have been used in the other projects in the lab.
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3.1.6. Purification of PID-1 and TOST-1 from E. coli.

TOST-1 and PID-1 are both small and disordered proteins. PID-1 is predicted to be more
unstructured, than TOST-1. Both proteins share a short common stretch, which was shown before
to mediate interaction with ERH-2: Mutations R42C in TOST-1 and R61C in PID-1 prevent

interaction of these proteins with ERH-2 in Yeast-2-hybrid (Y2H) assays (Cordeiro Rodrigues et al.
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2019). Purification of TOST-1 and PID-1 was similarly unsuccessful. | have started with the
purification of His-TOST-1, expressed from pET28a plasmid in BL21 (DE) cells. While after IMAC
elution was happening in the one good peak, most of the TOST-1 protein did not survive the
storage at -80 and degraded (data not shown). IMAC purification was repeated (Figure R7.C) and
the gel-filtration step was performed in order to remove the contaminants, which could
potentially cause degradation of TOST-1. However, purification of TOST-1 with gel-filtration was
not possible either due to the relatively disordered structure of the protein or due to its
aggregation (Figure R7.D and E). Purification of His-MBP tagged TOST- was also unsuccessful.
Degradation of the protein was observed already on the IMAC step; after cleavage of MBP and
gel-filtration, most of TOST-1 was degraded. A similar situation was observed with PID-1, but

degradation of the PID-1 was much more intense.
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Figure R7. Purification of TOST-1 from E. coli. A-B. Alphafold prediction of TOST-1 (A) and PID-1
(B) structures. Color code — from blue to red, where red is disordered and blue organized. C.
Chromatogram for the IMAC purification step of His-TOST-1. The right axis is showing the % of the elution
buffer (B), containing 500mM of Imidazole. D. Chromatogram of the gel-filtration of His-TOST-1. E. SDS
page of the gel-filtration step of His-TOST-1 purification, shown in D. Samples from all of the fractions were
loaded to the gel from left to right. F. Purification of His-MBP-TOST-1: IMAC (on the left) and SEC (on the
right).

3.2. Structural analysis of PETISCO complex.
As purification of most PETISCO proteins was possible from E.coli, further structural

studies were planned. At this point, a collaboration was started with the laboratories of Sebastian
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Falk (Max Perutz, Vienna) and Janosch Hennig (EMBL, Heidelberg). Analysis of PID-3, TOFU-6, IFE-
3, and ERH-2 interactions as well as the crystallization of their sub-complexes were performed
with proteins purified by the Falk laboratory by the Falk laboratory. Protein NMR was performed
by the Hennig laboratory. | will focus on the results | obtained myself, and will only briefly mention
the outcome of the purification and structural studies where needed. The complete data are

published in Perez-Borrajero, 2021.

3.2.1. Stoichiometry of PETISCO complex.

For investigation of PETISCO complex stoichiometry, PETISCO proteins were purified from
bacterial cells and analyzed by gel-filtration, coupled to multiangle light scattering (MALS). This
approach allows more precise measurements of the molecular mass. PETISCO formed a single
peak during the gel-filtration with 231kDa size. This corresponds to the double mass of all
components, suggesting that PETISCO complex forms an octamer, IFE-3:TOFU-6:PID-3:ERH-2
form 2:2:2:2 (Perez-Borrajero et al. 2021). For further structural studies, PETISCO was split into

three sub-complexes, which will each be discussed in the next three sections.

3.2.2. The PID-3:TOFU-6 sub-complex.

78



. elF4-binding -
A ~ _motif 7

TOFU-6 NC-: eTUDOR | e C 369 aa
PID-3 Ne= MID :-:;c 307 aa

100

hatched embryos, %

O I —_—
wi A220E wt A220E
20°C 25°C

Figure R8. PID-3 RRM interacts with TOFU-6 RRM and they form a tetramer. A. Schematic
representation of domain organization of TOFU-6 and PID-3. B. Purification of the proteins and
crystallization were performed in the Falk Laboratory. On the left: Crystal structure of the PID-3""M/TOFU-
6""™ complex shown in cartoon representation. The two PID-3*"M domains are shown in different shades
of pink, and the two TOFU-6f"M protomers are shown in different shades of orange. On the right: Zoom in
on the dimerization surface of PID-3 RRM protomers. C. Box plot showing the percentage of hatched
embryos of pid-3::gfp (wt) and pid-3(a220e):gfp animals grown at 20°C and 25°C. The progeny of 30
different mothers was analyzed for each condition, and the development of at least 2600 eggs was scored.
A two-sided t-test was used to assess significance. D. Single-plane confocal micrographs of PID-3::GFP(WT)
(top) and PID-3[A220E]::GFP (bottom) at 25°C. The boxes indicate the regions (above the spermatheca)

from which three zoomed-in examples are shown below. Scale bars: overview, 20 um; zoom-in, 8 um.
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PID-3 could not be purified in a good enough quality to perform the study with full-length
protein, therefore the RRM domain and MID domains of PID-3 were purified separately. A
combination of pull-downs and size exclusion chromatography helped to narrow PID-3/TOFU-6
interaction to RRM domains of both proteins (Figure R8.A). The PID-3 RRM domain forms a
homodimer, probably contributing to the dimerization of PETISCO (Figure R8.B). Structural
analysis of the crystal structure of co-crystalized RRM domains of PID-3 and TOFU-6 showed that
dimerization of PID-3 happens via an alpha-helix by a combination of hydrophobic and polar
interactions, and that dimerization of PID-3 is necessary for the interaction between TOFU-6 and
PID-3 (Figure R8.B) (Perez-Borrajero et al. 2021).

Based on the structure, mutations were designed to interfere with PID-3 dimerization.
Mutation A220E successfully prevented PID-3 dimerization in vitro (Perez-Borrajero et al. 2021).
To confirm the importance of dimerization of PID-3 in vivo | first endogenously tagged PID-3 with
eGFP on the C-terminus by CRIPSR/CAS9, so it can be detected using fluorescent microscopy.
Afterward, | introduced the A220E mutation into the RRM domain of eGFP-tagged PID-3 by
CRISPR/CAS9 and scored the resulting animals for a Mel phenotype and PID-3:eGFP localization.
First, the PID-3[A220E]:eGFP strain showed a strong, but incomplete Mel phenotype at 20°C. This
phenotype worsened with rising temperature, as none of the eggs hatched when worms were
kept at 25°C (Figure R2.B). Second, the PID-3(A220E) point mutant did not localize to perinuclear
granules anymore, while it was expressed at similar levels as the wild-type protein (Figure R2.C).
Taken together, dimerization of PID-3 is necessary for the localization of PID-3 into P-granules and
is required for PETISCO function. Collection of the worms for the small RNA sequencing was not
possible, due to the severity of the Mel phenotype, as not enough worms hatched after the
bleaching. However, | assume that PETISCO function, related to 21U RNA precursor processing

was affected as well as the function in the embryonic development.

80



3.2.3. The PID-3:ERH-2 sub-complex
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Figure R9. PID-3 interacts with ERH-2. A. Schematic representation of domain organization of
ERH-2 and PID-3. B. Purification of the proteins and crystallization were performed in the Falk Laboratory.
Crystal structure of the PID-3P**/ERH-2 complex shown in cartoon representation. The two ERH-2
protomers are shown in different shades of blue, while the two PID-3 peptides are in different shades of
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pink. C. Box plot showing the percentage of hatched embryos of pid-3:gfp (wt) and pid-3(i182a;v186a):egfp
and pid-3(i182e;v186e):gfp animals grown at 20 and 25°C. The progeny of 30 different mothers was
analyzed for each condition, and the development of at least 2600 eggs was scored. A two-sided t-test was
used to assess significance. P-values are indicated in the graph. D. Single-plane confocal micrographs of
PID-3::GFP(WT) (top) and PID-3[V182A;V186A]::GFP (bottom) at 25°C. The boxes indicate the regions
(above the spermatheca) from which three zoomed-in examples are shown below. Scale bars: overview,
20 um; zoom-in, 8 um. E. Total 21U levels in wild-type and pid-3[i182a/v186al-mutant embryos grown at
20°C (top left) and 25°C (bottom left) from three biological replicates. Group means are depicted by red
lines and P-values are calculated using a two-tailed unpaired t-test. On the right: Scatter plots depicting
the relative abundance of individual 21U loci in pid-3(i182a/v186a)-mutant versus wild-type embryos
grown at 20°C (top) and 25°C (bottom).

Using pull-down experiments and SEC, PID-3 was found to interact with ERH-2 via a short
region located in the N-terminus of the RRM domain (aa 177-193) (Figure R9.A). A crystal
structure of a peptide covering this region bound to ERH-2 showed two things: the PID-3 peptide
binds ERH-2 through the formation of a hydrophobic interaction surface between PID-3 and ERH-
2, and ERH-2 forms a dimer (Figure R3.B). Indeed, ERH was found to be a stable dimer also in
other species, and similar interactions as we find between PID-3 and ERH-2 have been described
for Mmil and ERH in fission yeast, and for DGCR8 and ERH in humans. Based on the structure,
1182 and V186 of PID-3 were identified as important residues for interaction. Mutation of residues
1182 and V186 to alanine or glutamic acid indeed disrupted the interaction in vitro. | introduced
these mutations in vivo into the PID-3:eGFP strain described above. Mutations of residues 1182
and V186 to alanine did not cause a severe phenotype at 20°C, but caused a full MEL phenotype
when temperature was elevated to 25°C. Mutations of residues 1182 and V186 to glutamic acid
resulted in a 100% MEL phenotype already at 20°C (Figure R3.C). We did not observe changes in
PID-3 localization in pid-3(V182A;V186A):gfp strain (Figure R3.D).

On the side of ERH-2 T13 was identified as important for interaction in vitro: a T13E
mutation in ERH-2 abrogated the interaction between ERH-2 and PID-3 peptide in vitro. The
introduction of the analogous mutation in vivo did not, however, cause a MEL phenotype,
suggesting that in vivo this mutation can somehow be compensated (data not shown).

To test the effect of the interaction of PID-3 with ERH-2 on the level of 21U RNA
production, young adult animals of the PID-3(1182A;V186A):eGFP strain were collected for small
RNA sequencing. The temperature-dependent phenotype of the PID-3(1182A;V186A).eGFP
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animals allowed testing of two conditions: animals were first grown at 20°C, and eggs were
isolated and subsequently hatched. The resulting L1 larvae were then plated and grown at either
20°C or 25°C, until the young adult stage. This revealed a significant reduction of 21U RNAs only
at 25°C (Figure R3.D), consistent with the temperature-dependent Mel phenotype. Thus, the
disruption of PETISCO affects both PETISCO functions.

3.2.4. The ERH-2:TOST-1/PID-1 sub-complex.

The binding of PID-1 or TOST-1 to ERH-2 determines the function of PETISCO complex.
TOST-1 directs PETISCO towards embryonic development while PID-1 associated PETISCO takes
part in 21U RNA precursor formation. TOST-1 and PID-1 interact with ERH-2 via a conservative
motif, present in both proteins (Figure R4.A) (Cordeiro Rodrigues et al. 2019). Thus, the next
guestion was, if PID-1 and TOST-1 share an interaction surface with ERH-2 and if TOST-1 and PID-
1 compete with each other for the interaction with ERH-2.

Obtaining PID-1 and TOST-1 that were suitable for structural studies was a very hard task,
as these proteins are unstructured and prone to degradation (Figure R7). ERH-2 is a well-
expressed protein, which can be purified in high concentrations, and therefore had been decided
to study the interactions between ERH-2 and TOST-1/PID-1 using a two-dimensional protein NMR,
using synthetic PID-1 and TOST-1 peptides. Purification of ERH-2 on the minimal media,
containing >N and 3C was successful (Figure 4. B). Next, synthetic peptides for wild-type TOST-
1 and PID-1 were designed, covering the conserved region, as well as a mutant TOST-1 peptide,
containing the R42C mutation that prevents binding to ERH-2 (Cordeiro Rodrigues et al. 2019)
(Figure R4.A).

NMR analysis was done in collaboration with the group of Janosch Hennig. Initial analysis
showed that chemical shifts for ERH-2 occurred in the same residues when ERH-2 was incubated
with either TOST-1 or PID-1, suggesting, that PID-1 and TOST-1 bind the same interface on ERH-
2. Chemical shifts were stronger for ERH-2 — TOST-1 than for ERH-2-PID-1 interactions, indicating
that most probably TOST-1 binds ERH-2 stronger than PID-1. Measurements done by isothermal
titration calorimetry (ITC) of PID-1/TOST-1 peptide interactions with ERH-2 confirmed this
observation: TOST-1 could effectively compete with PID-1 from ERH-2 (Perez-Borrajero et al.

2021).
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Figure R10. TOST-1 and PID-1 share the interaction surface on ERH-2. A. Amino acid sequence of
the PID-1 and TOST-1 synthetic peptides used for the NMR studies. B. SDS-PAGE of purification of ERH-2
on the minimal media with >N. C. Chemical shifts of labeled ERH-2 protein incubated with PID-1 peptide.
D. Chemical shifts of labeled ERH-2 protein incubated with TOST-1 wild-type (top) and TOST-1 mutant
(bottom) peptides. Signals of free ERH-2 are shown in pink, and signals of ERH-2 incubated with peptides
are colored in blue.
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4. Results Il. PUCH is a novel SLFN-based nuclease

Parts of the figures included in this chapter are published in the following scientific papers:

Podvalnaya, N., Bronkhorst, AW., Lichtenberger, R. et al. piRNA processing by a trimeric Schlafen-
domain nuclease. Nature 622, 402-409 (2023). https://doi.org/10.1038/s41586-023-06588-2
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4.1. TOFU-1 and TOFU-2 are potential nucleases processing 21U RNA precursor.

There were no signs of the presence of a potential nuclease domain within PETISCO, nor
among PETISCO-interacting proteins, detected by mass spectrometry (Rodrigues et al, 2019).
Thus, the current understanding of PETISCO role in 21U RNA biogenesis is that PETISCO binds 21U
RNA precursors via the IFE-3 cap-binding domain, to assist with 21U RNA precursor cleavage.

Proteins, shown to be involved in the 21U RNA pathway were analyzed for the presence
of potential nuclease. An RNAi screen, performed in 2014 by the Hannon Lab, identified proteins,
that are involved in 21U RNA biogenesis in C. elegans (Goh et al. 2014). From this screen, TOFU-
1 and TOFU-2 had the strongest effect on mature 21U RNA levels. Furthermore, a single knockout
of the two corresponding genes resulted in the accumulation of 21U RNA precursors, suggesting
that TOFU-1 and TOFU-2 are involved in 21U RNA precursor processing. However, at that point in
time, no nuclease domains were detected in these two proteins.

Protein sequences of TOFU-1 and TOFU-2 were reanalyzed with structure-based
homology search HHPred and Alphafold2. Both proteins showed homology to the Schlafen-
protein family, in particular to rat Schlafen13 and human Schlafen12 and Schlafen5. Besides their
Schlafen-like domain, both proteins have additional domains: TOFU-1 contains an acidic N-
terminus and TOFU-2 accommodates a SPRY domain with yet unknown function on the N-
terminus (Figure R11.A). Many proteins, containing the SPRY domain have been shown to
participate in the innate immune response and RNA processing, SPRY domain itself may drive
protein-protein interactions (D'Cruz et al. 2013).

Many proteins from the Schlafen family possess nuclease activity; however, in the well-
characterized cases, the nuclease's active center is formed by two SLFN folds. Curiously, both
TOFU-1 and TOFU-2 are predicted to have only a single SLFN fold. There is a possibility, that TOFU-
1 and TOFU-2 interact to form an active nuclease that would catalyze piRNA precursor processing
(Figure R11.B).

To test if TOFU-1 and TOFU-2 interact, TOFU-2 was endogenously tagged with an HA-tag
using CRISPR/CAS9, animals were synchronized and collected at the young adult stage for an IP-
MS experiment. TOFU-1 was identified among the TOFU-2 interactors (Figure R5.C). Thus, TOFU-

1 and TOFU-2 may indeed interact to form an active nuclease.
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Figure R11. TOFU-1 and TOFU-2 form putative nuclease complex. A. Schematic representation of
domain organization of TOFU-1, TOFU2, and SLFN13. B. Structural alignment Alphafold 2 predicted TOFU-
1 and TOFU-2 SLFN domains onto the crystal structure of the N-terminal SLFN13 endoribonuclease domain
(Protein Data Bank (PDB): 5YDO0). Domains are colored as in A. C. Label-free proteomic quantification of
TOFU-2—-HA and wild-type immunoprecipitates from young adult extracts. n = 4 biological replicates. The
x-axis shows the median fold enrichment of individual proteins, and the y-axis shows —log!°[P]. P values
were calculated using Welch two-sided t-tests. The dashed lines represent enrichment thresholds at
P =0.05 and fold change > 2, curvature of enrichment threshold c=0.05. The dots represent enriched
(blue/red) or quantified (grey) proteins.

4.2. TOFU-2 contains a catalytic center of Schlafen-like nuclease.

To identify the potential catalytic center of the TOFU-1-TOFU-2 complex, AlphaFold2
predicted TOFU-2 and TOFU-1 structures were aligned to the structure of the rat Schlafen-13. This
alignment showed that TOFU-2 contains a potential catalytic center, and TOFU-1 does not contain
it (Figure R11.B). Glutamic acid residues, crucial for the Schlafen13 nuclease function, because
they coordinate a divalent metal ion (Yang et al. 2018), are conserved in TOFU-2 (Figure R12.A).
To test if mutation of this potential catalytic center in TOFU-2 affects 21U RNA biogenesis,

glutamic acid residue in position 216 of TOFU-2 was mutated to alanine, by CRISPR/CAS9 genome
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editing of the tofu-2 gene. To resolve the effect of the mutation, tofu-2(e216a) mutant worms
were crossed with a 21U RNA sensor-carrying strain (Figure R12.B). These 21U RNA sensor-
carrying animals produce mCherry, fused to H2B histones, controlled by a 21U RNA recognition
site (21UR1 to be precise). In the presence of 21U RNAs, the mCherry transcript will be recognized
and silenced. If the 21U RNA pathway is compromised, the 21U RNA sensor will escape silencing
and be expressed; in this case, mCherry fluorescence can be observed in the nuclei, on the

chromosomes, due to the H2B fusion.
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Figure R12. TOFU-2 contains a catalytic center of 21U RNA processing nuclease complex. A.
Sequence alignment of the catalytic center of rSLFL-13 and TOFU-2. Glutamic acid residue used for the
creation of tofu-2(e216a) strain is annotated. B. Schematic representation of 21U RNA sensor strain. C.
Wide-field fluorescence microscopy images of adult hermaphrodites carrying the 21U RNA sensor in the
following three genetic backgrounds: tofu-2(e216a) (top), prg-1(n4357) (middle), and wild type (bottom).
Germlines are marked with white dashed lines. Scale bar, 50 um. D. Westen blot performed on tofu-2:ha
and tofu-2(e216a):ha strains with anti-HA antibodies, anti-H3 antibodies are used as a control.

As mentioned above (see introduction), recognition by 21U RNA can cause permanent, or
rather a form of 21U-independent silencing of the target, known as RNAe. To avoid this RNAe
effect, the sensor strain was crossed in via a strain carrying a mut-7 deletion, which prevents
RNAe. During the crosses, and selfing of the offspring, the mut-7 deletion was removed, allowing
me to score the effect of the tofu-2(e216a) mutation. Wide-field fluorescent microscopy on the
obtained strain revealed bright red fluorescence in the nucleus, indicating that mutation tofu-

2(e216a) disables the 21U RNA pathway (Figure R12.C).
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To confirm, that the expression level of the TOFU-2 protein was not affected, | also
introduced the e216a mutation into the tofu-2::ha allele and compared TOFU-2 levels in tofu-
2::ha and tofu-2(e216a)::ha strains by Western-blot. The e216a mutation did not affect levels of

TOFU-2 protein levels (Figure R12.D).

4.3. Mutation of the putative TOFU-2 catalytic center causes the accumulation of 21U

RNA precursors.
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Figure 13R. Mutation in TOFU-2 catalytic center causes accumulation of 21U RNA
precursors. A. Scheme of 21U RNA precursor library preparation. B. Total mature piRNA levels (type 1) in
wild-type and tofu-2(E216A)-mutant young adult hermaphrodites. n = 3 biological replicates. The red lines
show the group means. P values were calculated using two-tailed unpaired t-tests. C. Total 21U RNA
precursor levels in wild-type and tofu-2(e216a)-mutant young adult hermaphrodites. n=3 biological
replicates. The red lines show the group means. P values were calculated using two-tailed unpaired t-tests.
D. The relative abundance of piRNA precursors from individual loci in tofu-2(e216a)-mutant versus wild-
type young adult hermaphrodites. n = 3 biological replicates. RPM reads per million non-structural small
RNA reads. E. Genome browser tracks individual 21U RNA loci, displaying normalized read coverage in
piRNA precursor libraries. The top three tracks (green) are derived from a wild-type background, and the
bottom three tracks (purple) are from a tofu-2(e216a) mutant background. Mature piRNAs are severely
depleted from precursor libraries, thus most of the depicted read coverage derives from piRNA precursors
starting 2 nucleotides upstream of the 5’-ends of mature piRNAs which are indicated by a vertical line.
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Next, small RNA sequencing was performed for both mature 21U RNA and 21U RNA
precursors. Separate libraries had to be created for mature 21U and for precursor RNAs, as
precursor sequences are much less abundant and carry a 5’ cap, which interferes with cloning.
Worms were grown in triplicates till the young adult stage, and RNA was isolated and split to
prepare two libraries — for precursors and for mature 21U RNA. RNA for precursor libraries was
treated with Quick CIP enzyme to remove 5’ phosphates in order to prevent cloning any other
types of RNA and enhance the possibility of cloning 21U precursors. After that, the decapping of
RNA was performed with the RppH enzyme to remove the cap from the precursors and enable
cloning by ligation of adapter sequences to the 5" and 3’ ends (Figure R13.A). Libraries for mature
21U RNAs, which carry a 5 monophosphate, were made without the Quick CIP and RppH
treatments.

In tofu-2(e216a) samples, the almost complete absence of mature 21U RNA reads was
observed (Figure R13.B). Furthermore, levels of 21U RNA precursors were 3 to 5 times higher in
the mutant than in the wild-type worms (Figure R13.C and R13.D). Reads obtained from tofu-
2(e216a) precursor started two nucleotides upstream of the 5 end of mature piRNAs (Figure
R13.E), as expected for 21U RNA precursors (Ruby et al. 2006) . Thus, by introducing a single
mutation into the putative TOFU-2 catalytic center the complete tofu-2 deletion phenotype was
reconstituted, suggesting that TOFU-2 indeed harbors catalytic activity that is important for 21U

RNA formation in vivo.

4.4. 21U RNA precursors could carry RNA modifications important for their processing.

21U RNA precursors may carry modifications, which could be affecting their processing.
21U RNA precursors do not share a consensus motif, however, 78% of precursors contain adenine
in position 1 or 2, or both. To test if there are any modifications present on the 21U RNA
precursor, samples of tofu-6:3xmyc (wild-type) and tofu-2(e216a);tofu-6:3xmyc (mutant) young
adult worms were collected and split for two sets of samples. From the first sample, total RNA
was isolated; from the second PETISCO proteins were extracted by anti-MYC IP, and from that IP
RNA was isolated. Finally, RNA samples were analyzed by mass spectrometry for the presence of
RNA modifications. Results were normalized to total adenine levels. We observed the enrichment
of Am, m7G, Cm, m6A, m1l, and, possibly, Um enrichment in the IP-derived RNA, compared to

the total RNA level (Figure R6). 21U RNA precursors are not the only kind of RNA bound by
90



PETISCO (Rodrigues, 2019), and therefore, more precise isolation of 21U RNA precursors is
required for the identification of modification, specific to the precursors. However, we observe a
slight difference between levels of m7G in tofu-2(e216a) mutants and wild-type worms. As most
of the total RNA is ribosomal RNA, and most of the mRNAs in C. elegans are trans-spliced and
therefore do not carry m7G cap, it is possible, that most of the visible m7G signal belongs to 21U
RNA precursors. However, besides the presence in the cap structure, m7G can occur on the Gs
inside of the RNA, such modifications are common, for instance, on the tRNA (Tomikawa 2018).
Applied RNA mass spectrometry protocol includes dephosphorylation, therefore it would not be
possible to distinguish between the m7G in the cap and internal m7G. To address whether

precursors are responsible for the all m7G signal, better isolation of 21U RNA precursors will be

required.
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Figure R14. Investigation of various modifications on 21U RNA precursors. The presence of Am,
m22G, m7G, CM, m1A, m6A, mll, Im, m62A, Gm, m1G, and Um was analyzed by RNA mass spectrometry.
The total level of RNA modifications found in total RNA obtained from tofu-2(e216a) and wild-type worms
and in RNA isolated from tofu-6:3xMYC IP material from tofu-2(e216a) mutant background and wild-type
worms. All values are normalized to the total signal of adenine. Plots were separated based on the y-axis.
All measurements were done in triplicates, except the IP RNA WT, which is done in duplicate, as the sample
was destroyed during the mass spectrometry.

4.5. SLFL-3/4 are SLFN-fold proteins that interact with TOFU-1 and TOFU-2.

After identification of the catalytic center in TOFU-2, | made several attempts to confirm
the activity of the TOFU-1/TOFU-2 nuclease complex in vitro.

Purification of TOFU-1 and TOFU-2 from E. coli was unsuccessful, as TOFU-1 was expressed
at low levels and TOFU-2 was well-expressed, but not soluble (data not shown). Therefore, |
attempted to co-purify TOFU-1 and TOFU-2 from SF9 cells, which resulted in a very little amount

of the protein, which we used in the cleavage reaction with synthetic RNA oligonucleotide. We

were not able to observe any cleavage.
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Figure R15. Purification of TOFU-1 and TOFU-2 from SF9 cells. A. SDS PAGE of IMAC purification
step of TOFU-2. B. SDS PAGE of gel-filtration purification step of TOFU-2. C. SDS PAGE of IMAC purification
step of TOFU-2[E216A]. D. SDS PAGE of gel-filtration purification step of TOFU-2[E216A]. E. SDS PAGE of
IMAC purification step of TOFU-1. A-E. The expected protein band is marked with an error.

After many unsuccessful attempts to achieve cleavage of 21U RNA precursors, concerns
were raised, that there might be a missing component in the cleavage complex. Among IP-MS
interactors of TOFU-2 two other proteins containing a single SLFN-fold like TOFU-1 and TOFU-2
were identified (Figure R11.C; gene names C35E7.8 and F36H12.2; Figure R16.A). We named
these two proteins SLFL-3 and SLFL-4, where SLFL stands for Schlafen-like, and TOFU-1 and TOFU-
2 received the alternative names SLFL-1 and SLFL-2 respectively.

In fact, SLFL-3 had appeared in the RNAi screen for 21U biogenesis factors, where TOFU-1
and TOFU-2 were first identified (Goh et al. 2014). However, the reduction in 21U RNA levels in
slfl-3 mutants was below the threshold that was set to be further investigated. SLFL-3 and SLFL-4
are 90% identical on the amino acid level (Figure R16.B) and most probably act redundantly, and
therefore RNAI against s/fl-3 (C35E7.8) did not show a strong phenotype.

To better understand the structure of potential nuclease complexes we started a
collaboration with the laboratory of Sebastian Falk (Max Perutz, Vienna). They obtained
Alphafold prediction of the interaction between SLF3/4, TOFU-1, and TOFU-2 and found, that
these proteins form a stable trimer, in which TOFU-1, TOFU-2, and SLFL3 or SLFL4 are present
(Figure R16.C).
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Figure R16. TOFU-1, TOFU-2, and SLFL-3/4 form a PUCH complex. A. Alighnment of the Alphafold
predicted SLFN-domains for TOFU-1, TOFU-2, SLFL-3, and SLFL-4. B. Sequence alignment of SLFL-3 and
SLFL-4. Two proteins are 90% identical on the amino acid level. Alignment performed in Crustal Omega. C.
AlphaFold2-predicted structure of TOFU-1-TOFU-2—-SLFL-3 SLFN-folds interaction, shown in two different
orientations. TOFU-1 is shown in yellow, TOFU-2 in purple, and SLFL-3 in green. The TOFU-2 active-site
residues are shown as a stick representation and are magnified in the circle on the right.

4.6. SLFL-3 and SLFL-4 act redundantly in 21U RNA precursor processing.

To test if SLFL-3 and SLFL-4 are involved in the 21U RNA pathway, deletion mutants of s/fl-
3 and slfl-4 were created by CRISPR/CAS9 and crossed to the 21U RNA sensor strain (described
above in Figure R12.B). In slfl-3 single mutants, a weak red fluorescent signal in the nucleus was
observed, which disappeared within a few generations (Figure R17.A). Such a behavior has been
observed before in henn-1 mutant (Luteijn et al. 2012); here it was explained by a partial
disruption of the 21U RNA pathway, followed by activation of the RNAe response. In the case of
slfl-3 this may be similarly true, but activation of sifl-4 expression, in case these two proteins act

redundantly, can also not be excluded.
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Figure R17. SLFL-3 and SLFL-4 participate in 21U RNA precursor processing. A. Wide-field
fluorescence microscopy images of adult hermaphrodites carrying the 21U RNA sensor: slfl-3(-/-) (top) and
wild type (bottom). Germlines are marked with white dashed lines. Scale bar, 50 um. B. Total mature 21U
RNA levels in young adult hermaphrodites of the indicated genotypes. The experiment is done in three
biological replicates. The red lines depict group means; P values were calculated using one-way analysis
of variance (ANOVA) followed by Tukey’s honest significant difference (HSD) test (left) and two-tailed
unpaired t-tests (right). The plot is based on two independent experiments (exp. 1 and 2). NS, non-
significant. C. The relative abundance of 21U RNA precursors from individual loci in slfl-3(-/-) and slf-3(-/-)
,slfl-4(-/-) mutant versus wild-type young adult hermaphrodites. Performed in three biological replicates.

To exclude the compensatory effects of slfl-4, sifl-3; slfl-4 double mutants were created,
and animals were synchronized and grown to the young adult stage. Small RNA sequencing was
performed for single deletions of slfl-3 and slfl-4, as well as for the double mutant. While the
single mutants did not have strong effects on the mature 21U RNA levels (Figure R17.B) and did
not show accumulation of 21U RNA precursors (Figure R17.C), deletion of both sifl-3 and slfl-4
resulted in the complete absence of mature 21U RNAs and increased numbers of 21U RNA
precursors (Figure R17.B and C). Thus, simultaneous loss of SLFL-3 and SLFL-4 has the same effect
as mutation of the catalytic center of TOFU-2. Therefore, the conclusion is that all proteins, TOFU-

1, TOFU-2 and SLFL-3/4 are involved in 21U RNA precursor cleavage. We named the potential

nuclease complex PUCH, which stands for “precursor of 21U RNA 5’-end cleavage holoenzyme”.

4.7. Immuno-purified PUCH complex can process 21U RNA precursors.

In order to test the activity of PUCH in vitro m’G-capped synthetic 21U RNA precursor was
ordered from the Biosynthesis™. The sequence of the synthetic precursor corresponds to the
sequence of 21U RNA-7794, one of the most abundant sequences found in small RNA sequencing

datasets described above. The synthetic precursor was radioactively labeled by ligation of [5'-
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P32]pCp to the 3’end for visualization. | will refer to this precursor as the “m’G-AAU” precursor

(Figure R18.A).

A Figure R18. IP-
m’G-rArA | rUrUrCrCrArCrUrGrurUrUrUrArGrUrUrUrGrUrCrUrGrUrUrUrArA-p*Cp - PUCH can cleave 21U RNA
B precursor. A. Sequence of
m'G-AAUprecursory + + |+ |+ [+ + [+ |+ |+ 21U RNA precursor (“m’G-
cleavage product-{ +
TOFU-1- + [+ [+ + + AAU” precursor) used in
TOFU-24 + 4+ [+ [+[+ )
TOFU-2 [E216A]- + most assays if not stated
SLFL-3- ++ + . .
SLFL-4- + otherwise. The red line
indicates the position of
-~
the expected cleavage.

The labeled precursor was used as a marker in lines 1 and 2 of every gel, except R8.N, as well as the labeled
cleavage product. B. Invitro cleavage assay of the 21U RNA precursor using anti-GFP immunoprecipitated
material from BmN4 cell extracts. Cells were transfected with eGFP-TOFU-2, eGFP-TOFU-2[E216A], TOFU-
1, SLFL-3 or SLFL-4 at various combinations, as indicated.

Purification of TOFU-1 and TOFU-2 full-length TOFU-1 and TOFU-2 proteins was relatively
complicated, therefore different approach was chosen. Instead of purification of separate
proteins of PUCH complex from E. coli, BmN4 cells were transfected with plasmids encoding
TOFU-1-3xFLAG-mCherry, eGFP-TOFU-2, or HA-SLFL-3/4 in different combinations. GFP-IP was
performed on the transfected cells and IP-material on the beads was used in cleavage reactions
with the m’G-AAU precursor. Later | will write about cleavage reactions with recombinant PUCH
complex obtained from E. coli (mini-PUCH), therefore | will refer to the PUCH complex obtained
from BmN4 cells as IP-PUCH. In short, there was no difference between IP-PUCH or mini-PUCH
detected. Cleavage reactions were resolved on 15% TBA-Urea gels. Synthetic RNA oligonucleotide
with the sequence corresponding to the expected cleavage product and untreated capped
product were used as molecular mass markers (Figure R18.B — first two lines). Cleavage of the
21U RNA precursor was observed only in samples, containing all three proteins — TOFU-1, TOFU-
2, and SLFL-3 or SLFL-4 (Figure R18.B). As cleavage of 21U RNA precursor occurred in both samples
containing SLFL-3 and SLFL-4, further experiments were performed using SLFL-3 only.
Interestingly, an E216A mutation in TOFU-2 prevented the cleavage reaction completely,

resembling the result observed in vivo (Figure R18.B, line 4).
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4.8. PUCH activity requires the presence of Mg-, Mn- or Ca- divalent cation.

Cleavage buffers containing Mg?* cations were chosen for the cleavage reactions, as
characterized by SLFN-nucleases acting only in the presence of divalent cations (Jin-Yu Yang.
2018). After having established the enzymatic activity of IP-PUCH, the effect of the presence of
different divalent cations was tested. IP-PUCH-containing beads were washed with EDTA and then
resuspended in the buffer containing different cations (Mg?*, Mn?*, Zn?* or Ca*) or none of them
(-). Afterward, these beads were used in cleavage reactions. PUCH cleavage happened in the
presence of Mg?* at all tested concentrations. Besides that, cleavage in the presence of Mn?* was
observed. Interestingly, for Mn?* lower concentrations showed better cleavage results than
higher concentrations (Figures R19A and B). Ca?* also supported cleavage, but only at high
concentrations (Figures R19.A and B). There was no cleavage observed in the presence of Zn?*,
and likewise, precursor processing was inhibited, when no metal ions were provided at all,
suggesting that the presence of divalent cations, notably Mg?*or Mn?*, is crucial for PUCH activity

(Figures R19.A and B).

A B

m’G-AAU precursor{ + + | + [+ +[+ +|+ + [+ |+ [+ +| MG-AAUprecursor{ + +| + |+ |+ [+ [+ +

cleavage product-{ + cleavage product | +
IP-PUCH [E216A] + +| IP-PUCH [E216A] +

IP-PUCH H + [+ + |+ F|+ + |+ + IP-PUCH 4 + |+ |+ | + |+

Mg?| Ca?*| Zn** | Mn?*| - | |Mg* 1 mM Y S iy .
[mM] 41 41 4[1 4 |14 1 4 M Ca*Mn1zn* Mg~ Mg®
1 - - o | - - - - e o

Figure R19. PUCH activity in the presence of different divalent cations. /n vitro cleavage assay of
the 21U RNA precursor using anti-GFP immunoprecipitated material from BmN4 cell extracts (IP-PUCH) in
combination with different divalent cations in different concentrations, ImM and 4mM (A) or 11mM (B).

4.9. PUCH is very specific and requires Uracil in position 3.

Almost all annotated 21U RNA precursor sequences contain Uracil at position 3, which
represents the 5’ end of the corresponding mature 21U RNA sequence (Figure R20.A). Therefore,
it was reasonable to test if Uracil in position 3 at this position is a requirement for PUCH cleavage.
Synthetic oligonucleotide, in which Uracil in position 3 was replaced with Cytosine: “m’G-AAC”
was ordered (Figure R20.B). This oligonucleotide also contained U in position 4, which stayed
unchanged. The new precursor was radioactively labeled on the 3’end. A cleavage reaction was

performed with new “m’G-AAC” RNA with PUCH material, obtained from BmN4 cells. It turned
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out, that the replacement of Uracil with Cytosine abolished the cleavage completely. Thus, Uracil
in position three is a requirement for the PUCH-mediated cleavage of 21U RNA precursors.
Another substrate requirement that | tested was the length. Shortened to 10 nucleotides

m’G-AAU substrate was efficiently processed by mini-PUCH.

E m’G-AAU precursor F m’G-CAU precursor

A
. R RNA RNA + mini-PUCH RNA RNA + mini-PUCH
AT a8 P
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Figure R20. Substrate requirements of PUCH complex related to the RNA sequence. A. Sequence
logo of piRNA precursors in C. elegans. T in position three of 21U RNA precursor represents U in position
1 of mature piRNA. B. In vitro cleavage assay with IP-PUCH and “m’G-AAC” and 5’'P-AAU precursors. C. In
vitro cleavage assay with a short substrate — 10-nucleotide long m’G-AAU substrate. D. In vitro cleavage
assay with mini-PUCH and “m’G-CAU”. E-F. In vitro cleavage assay with the recombinant mini-PUCH and

m’G-AAU (E) and m’G-AAU (F) substrate in time series. G. Quantifications of the signal, presented in E and
F.

4.10. 21U RNA precursors starting with cytosine are processed less efficiently.

Less than 1% of 21U RNA precursors have C in position 1. To investigate the relevance of
this position an oligonucleotide identical to the “m’-AAU” precursor sequence was designed, in
which the first adenine in “m’G-AAU” was replaced with cytosine, resulting in “m’G-CAU”
substrate. Cleavage reactions were performed with mini-PUCH (see below). Surprisingly, in the
first experiment only half of the m’G-CAU substrate was cleaved during the usual reaction time,
while all m’G-AAU control substrate was completely cleaved (Figure R20.D). To investigate it

further, cleavage time series were performed using mini-PUCH (Figure R20.E and F). The time
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series confirmed, that cleavage of the m’G-CAU substrate happens slower than with the canonical

m’G-AAU substrate (Figure R20.G).

4.11. PUCH cleavage requires a m7G-cap.

The vast majority of mRNAs in C. elegans undergo trans-splicing and therefore contain a
5" TMG cap. 21U RNA precursors are transcribed by RNA Pol Il and carry an m’G cap. The
importance of the presence of the m’G cap for the cleavage of precursors by PUCH was
investigated. First, a cleavage reaction with an oligonucleotide containing a 5’phosphate group,
“P-AAU” precursor, was performed. In order to obtain the “P-AAU” precursor, a synthetic
oligonucleotide containing a 5'0OH group with the sequence corresponding to the standard
precursor used above was phosphorylated by T4 polynucleotide kinase using 32P ATP. The product
was purified on G25 columns and used in reactions with IP-PUCH (Figure R20.B). Cleavage of the

“P-AAU” precursor was not observed.

A é B m’G-AAU precursor-| + 4| + [+ [+ |+ D
= j‘:’ - cleavage product- + 2 o
t & 8 mini-PUCH] ¥+ [+ [+ s 3 g
6 =2F TGS1 + [+ o9
(40 SANE +[ [+ o E P
- - + + o+
i - £5 5555
EEEEE
m’G-AAU precursor-{ + + + % &é .Eé .Eé .Eé .Sé
cleavage product - + - = = = = —
TMG-AAU precursor | + |+ 29 ' . 4
m’G-CAU precursor — + | + PP
= 10 mini-PUCH |+ + nt
-] — | -

Figure R21. M’G-cap is necessary for PUCH-mediated cleavage. A. Affinity- and SEC-purified GST-
tagged TGS-1 protein before (left line) and after (right line) GST-cleavage. B. In vitro cleavage reaction with
m’G-AAU substrate, modified with TGS1 protein, purified in H, with the presence or absence of SAM. C. In
vitro cleavage reaction between mini-PUCH and m’G-CAU and TMG-AAU synthetic precursors. D. In vitro
cleavage assay performed with mini-PUCH and m’G-AAU substrate in the presence of the cold substrate,

indicated on the panel and m’G-CAU substrate as a control.

Next, | tested if the TMG-capped precursor, “TMG-AAU” can be processed by PUCH. To
obtain a TMG-tagged precursor, the catalytic domain of the TGS1 protein was purified according
to the protocol described in Thomas Monecke et al (Figure R21.A). TGS1 protein is shown to

modify the m7G cap structure to TMG (Monecke et al. 2009).
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M’G-AAU RNA precursor was incubated with purified TGS-1 in the presence and absence
of S-Adenosylmethionin (SAM), co-substrate, and source of the methyl groups to be added to the
m’G cap. Treated precursors were used in cleavage reactions with mini-PUCH, as well as
untreated m’G-AAU precursor. Only in samples containing both TMG and SAM, the substrate was
not cleaved, suggesting that PUCH cannot process TMG-capped precursors. In the absence of
TGS1 or SAM, the precursor substrate was cleaved to the same percentage as the untreated
control precursor (Figure R21.B).

To confirm the result coming from the enzymatically modified substrate, a synthetic
oligonucleotide, carrying a TMG cap with the same sequence as used in the m’G-AAU substrate
with mini-PUCH was obtained. Again, the TMG-AAU substrate was not cleaved (Figure R21.C),
confirming the result obtained with the TGS-1 treated m’G-AAU substrate. Thus, m’G-cap is

required for PUCH-mediated cleavage.

4.12. Cleavage assay with cold RNA competitors.

Precursors m’G-CAU, m’G-AAC, and TMG-AAU, synthesized by the Biosynthesis™
company, contained a contaminating band, which was running gel slightly below the size of the
cleavage product (Figures R20.D,F and R21.C). This band stayed unchanged during the cleavage
reaction and likely represents a 5’ truncated oligo. To exclude, however, that this contaminant
affects the cleavage reactions, cleavage of the canonical m’G-AAU substrate that did not show
such a contaminating band was performed in the presence of 2-fold access of cold m’G-CAU, m’G-
AAC, or TMG-AAU RNA. m’G-CAU substrate was used as a control for slow cleavage. None of the
reactions were affected (Figure R21.D), demonstrating that the contaminating band does not

interfere with PUCH activity.

4.13. Schlafen-domains of TOFU-1, TOFU-2 and SLFL-3 from a mini-PUCH complex

Our collaborators in Sebastian Falk’s research group purified a so-called mini-PUCH
complex from E. coli, containing only the SLFL-domains of TOFU-1 and TOFU-2 and SLFL-3 with
truncated C-terminus, both in the active (with wild-type TOFU-2) and catalytically dead (TOFU-
2[E216A]) versions. | tested the enzymatic activity of the mini-PUCH complex on the m’G-AAU

precursor and m’G-AAC precursor. m’G-AAU precursor was cleaved by mini-PUCH, while m’G-
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AAC precursor was not, confirming the selectivity of the full-length IP-PUCH. Mutation in the

catalytic center of TOFU-2 in mini-PUCH prevented the m’G-AAU precursor cleavage (Figure R22).

m’G-AAU precursorH + + | + +
m’G-AAC precursor-] + [+
cleavage product- +
S5'P-AAU precursor- + [+ . P age o }
s pirey | = - Figure R22. Mini-PUCH has the same specificity as full
mini-PUCH [E216A]+ + + [+ | length IP-PUCH. In vitro cleavage reaction with m’G-AAU, m’G-
T |l # | AAC, and 5’P-AUU substrates and recombinant mini-PUCH

complex.

4.14. PUCH leaves a 5’P on the cleaved precursor.

Mature 21U RNAs carry a phosphate group on their 5’ends. Therefore the next experiment
was designed to test if a 5'P was formed at the 5’ ends of PUCH cleavage products. To do this,
cleavage reactions with 3’end radioactively labeled m’G-AAU precursor were performed, cleaved
RNA was purified over the column, and ligated with 10-nt long synthetic RNA oligonucleotide,
carrying 5’- and 3’-OH groups. Catalytically dead (with E216A mutation) version of mini-PUCH was
used as a negative control. The reaction products were resolved on a gel, and even though the
ligation efficiency was not very high, the band, corresponding to the ligation product could be

clearly seen (Figure R23, marked with the error), indicating that a 5’'P is formed upon PUCH

cleavage.
m'G-AAU precursor4 + 4+ [ 4 [ + Figure R23. Mini-PUCH has the same specificity as full-length
cleavage product— 4
10-nt RNA oligo +|+|  IP-PUCH. RNA obtained from a cleavage reaction (using either wild-type
. mini-PUCH +
miFUCH [E2i8A *+|  or TOFU-2(E216A)-mutant mini-PUCH) was ligated to a 10-nucleotide-
-
- - long 5'0OH-containing RNA adapter. The ligation product is indicated by
-

an arrow.

4.15. The presence of PETISCO does not disturb the cleavage.

Current understanding of the 21U RNA precursor processing suggests that PETISCO serves
as the platform for 21U RNA precursor cleavage. First, it was important to test that PETISCO
(lacking PID-1 or TOST-1, because that could not be made) can bind 21U RNA precursors, and it
was done by EMSA. M’G-AAU precursor RNA was incubated together with PETISCO proteins
(Perez-Borrajero et al. 2021) and resolved on the native acrylamide gel. PETISCO is able to bind
RNA precursors containing m’G cap better than precursors with identical sequence, containing
5’0H or 5’P (Figure R24.A). Next, the ability of PUCH to cleave 21U precursor in the presence of
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PETISCO was tested. M’G-AAU precursor was incubated in five molar access of PETISCO proteins,
afterwards, cleavage assays in time series of both IP-PUCH (Figure R24.B) and mini-PUCH (Figure
R24.C) were performed. There was no difference observed between cleavage reactions
containing or lacking PETISCO, suggesting that the presence of PETISCO does not inhibit, nor
stimulate the cleavage (Figures R24.D and E).

Next, | tested if PETISCO affects precursors in vivo. Worms, carrying a deletion allele of
pid-1(xf35) were crossed with a tofu-2(e216a) strain, and double mutants were isolated. The aim
was to test if the accumulation of precursors triggered by tofu-2(e216a) may be compromised by
the loss of PID-1-PETISCO. Libraries were created for both mature piRNA and piRNA precursors
from synchronized young adults. For both, tofu-2(e216a) single mutant and tofu-2(e216a);pid-
1(xf35) double mutant the absence of mature piRNA was observed. As in the experiment before,
in the tofu-2(e216a) mutant increased levels of precursors were detected, but in tofu-
2(e216a),pid-1(xf35) double mutants the precursors were back to wild-type levels (Figure 24.F
and G). The interpretation of this result could be that PETISCO together with PID-1 is needed to

protect unprocessed 21U RNA precursors from degradation.
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Figure R24. A. Electrophoretic mobility shift assay for PETISCO protein complex and three piRNA
precursors m’G-AAU on the left, 5’0OH-AAU in the middle, and 5’P-AAU on the right. The concentration of
PETISCO gradually increases from left to right. B-C. Time series of the cleavage reactions of m’G-AAU
substrate with and without PETISCO by IP-PUCH (B) and mini-PUCH(C). D-E. Quantification of the
radioactive signal in panels B and C. F. Total mature piRNA levels in wild-type, tofu-2(E216A) mutant
and tofu-2(E216A);pid-1(xf35) double-mutant young adult hermaphrodites. The experiment is done on
three biological replicates. The red lines represent the group means. P values were calculated using one-
way ANOVA followed by Tukey’s HSD test; the indicated P value relates to both mutant samples. NS stands
for non-significant. G. The relative abundance of individual 21U RNA precursors in tofu-2(E216A) mutant
(left) and tofu-2(E216A);pid-1(xf35) double-mutant (right) versus wild-type young adult
hermaphrodites. The experiment has been done in three biological replicates.

4.16. IP/MS experiments do not reveal the interaction between PETISCO and PUCH.

In TOFU-2 IP-MS experiments, there was no interaction detected between PETISCO and
TOFU-2. Often, interactions with enzymes are too transient to be detected in co-precipitations.
Therefore, an IP-MS experiment was performed in the strain that expresses catalytically inactive
TOFU-2[E216A]:HA, as this mutation could stabilize the interaction between the two complexes.

Unfortunately, there were no PETISCO proteins detected among the TOFU-2 interactors.
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However, TOFU-1 was still enriched, meaning that the mutation in the catalytic center did not
affect the complex formation (also the recombinant PUCH with E216A mutation did not show any
signs of de-stabilization (Falk lab)). SLFL-3 and SLFL-4 were also not present among the
interactions of TOFU-2[E216A]:HA (Figure R25.A). Most probably this happen due to the close
similarity of SLFL-3 and SLFL, and therefore low number of unique peptides, which can be
recognized by the algorithm.

Next, | crossed TOFU-6:3MYC with TOFU-2[E216A] expressing strains and performed an
IP-MS experiment in which TOFU-6 interactors were compared in the wild-type TOFU-2 and
TOFU-2 catalytic mutant backgrounds. There were no PUCH complex components identified in
the obtained MS data; however, PID-1 was enriched in the E216A mutant TOFU-2 IP, suggesting
that in the absence of TOFU-2 activity, accumulation of precursors may drive a bigger portion of

PETISCO to be associated with PID-1, instead of with TOST-1 (Figure R25.B).
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Figure 25. IP-MS experiments could not reveal the interaction between PUCH and PETISCO.
Label-free proteomic quantification of TOFU-6:3xMYC and TOFU-6:3MYC in the TOFU-2[E216A] mutant
background immunoprecipitates from young adult extracts. Results are obtained from four biological
replicates. The x-axis shows the median fold enrichment of individual proteins, and the y-axis shows
—logio[P]. P values were calculated using Welch's two-sided t-tests. The dashed lines represent enrichment
thresholds at P = 0.05 and fold change > 2, curvature of enrichment threshold ¢ = 0.05. The dots represent
enriched (black) or quantified (grey) proteins. B. Label-free proteomic quantification of TOFU-2[E216A]
and wild-type immunoprecipitates from young adult extracts. Results are obtained from four biological
replicates. The x-axis shows the median fold enrichment of individual proteins, and the y-axis shows
—logio[P]. P values were calculated using Welch's two-sided t-tests. The dashed lines represent enrichment
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thresholds at P = 0.05 and fold change > 2, curvature of enrichment threshold ¢ = 0.05. The dots represent
enriched (black) or quantified (grey) proteins.

4.17. PETISCO and PUCH interact via TOFU-6 and TOFU-1 respectively.

As IP-MS experiments could not help to reveal the interaction between PETISCO and
PUCH, an in vitro approach was chosen. In a series of pull-down experiments performed in the
Falk laboratory, MBP pull-down for MBP-tagged TOFU-1 together with proteins of PETISCO-
complex identified an interaction between TOFU-1 and PETISCO. Further investigation shows that
TOFU-1 interacts with TOFU-6 via a small helix from position 82—113 in TOFU-1 and the eTUDOR
domain in TOFU-6. The eTUDOR domain of TOFU-6 and the region 82-113 from TOFU-1 were
crystallized together, leading to the finding that the TOFU-1 peptide binds TOFU-6 eTudor domain
not at the canonical aromatic cage of the eTUDOR domain, but on the surface of the
staphylococcal nuclease-like domain of the eTUDOR domain. This is the first time this region has
been described to mediate protein—protein interactions (Podvalnaya et al. 2023). Based on pull-
down experiments using mutated proteins, L88 and L92 of TOFU-1, and V266 of TOFU-6 were
identified as important residues for the interaction between PETISCO and PUCH (Figure R26.A).

To confirm the role of the established PUCH-PETISCO interaction in 21U RNA precursor
cleavage in vivo, mutations L88R and L92R were introduced into the tofu-1 gene and V266E into
the tofu-6 gene in tofu-6:3xmyc carrying strain. These two strains were crossed and a double
mutant was obtained. To test that the protein levels were not affected by the introduced
mutations, tofu-1 was tagged endogenously with 3xmyc tag by CRISPR/CAS9 genome editing and
mutation, disrupting the interaction between TOFU-6 and TOFU-1 was reintroduced. Western
blot was performed with anti-myc and anti-H3 antibodies to confirm, that levels of TOFU-1 and
TOFU-6 were unchanged (Figure R26.B). Next, small RNA sequencing for tofu-1(L88R;L92R) and
tofu-6(V266E) mutants and tofu-1(L88R;L92R);tofu-6(V266E) double mutant was performed for
both for mature 21U RNA and 21U RNA precursors. In all three strains, we observed a reduction
of mature 21U RNA levels compared to the wild type (Figure R26.C). Additionally, in the double
mutant, the accumulation of precursors was detected, confirming that the interaction between

PETISCO and PUCH is important for 21U RNA precursor processing in vivo (Figure R26.D and E).
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Figure R26. PUCH interacts with PETISCO through TOFU-1 and TOFU-6. A. The crystal structure
of the TOFU-6eTpor—TOFU-1rer complex is shown as a cartoon. The TOFU-6¢0or domain is shown in
different shades of blue and TOFU-1rer in yellow. The magnified view shows the interaction interface;
involved residues are shown as sticks. B. Western blot analysis of the expression levels of TOFU-1 and
TOFU-6 for the indicated genotypes using anti-MYC and anti-H3 antibodies, followed by visualization using
horseradish-peroxidase-linked secondary antibodies. The numbers indicate the approximate molecular
mass (kDa). C-D. The total number of mature (C) piRNA and precursors piRNA (D). The experiment is
performed in three biological replicates. Red lines represent the mean of the sample. P-values are using
one-way ANOVA followed by Tukey’s HSD test. NS stands for non-significant. E. The relative abundance of
precursors from individual piRNA loci in young adult hermaphrodites of the indicated genotypes. The
experiment is performed in three biological replicates.
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4.18. SLFL-3 and SLFL-4 have a transmembrane domain that is important for piRNA

biogenesis.
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Figure R27. SLFL-3 and SLFL-4 contain transmembrane domains and localize on the mitochondria
membrane. A. AlphaFold2 predicted structures of SLFL-3/4 shown as cartoon and colored by pLDDT score,
which reports on the model confidence. Dark blue indicates very high, light blue confidence, yellow low,
and orange very low model confidence. B. Prediction of transmembrane helices in SLFL-3 and SLFL-4 using
TMHMM - 2.0.C. Total mature piRNA levels in young adult hermaphrodites of the indicated genotypes
were done in three biological replicates. The red lines depict group means and P values were calculated
using a one-way analysis of variance (ANOVA) followed by Tukey’s honest significant difference (HSD) test
(left) and two-tailed unpaired t-tests (right). The plot is based on two independent experiments (exp. 1
and 2). NS stands for non-significant. Underlying data are the same as in figure R7.F D. The relative
abundance of piRNA precursors from individual loci in slfl-3(Atm);slfl-4(-/-) mutant versus wild-type young
adult hermaphrodites, performed in three biological replicates. E. Single-plane confocal micrographs of
BmN4 cells that were transfected with eGFP-TOFU-2 and full-length mCherry-SLFL-3 (top) or mCherry—
SLFL-3(ATM) (bottom). TOFU-1 was also transfected but was not tagged with a fluorescent protein.
Mitochondria were stained with Mito Tracker. Scale bars, 10 um.

Alphafold structure prediction for SLFL-3 and SLFL-4 showed the presence of a potential
transmembrane helix (Figure R27.A). Both proteins were analyzed with TMHMM 2.0 predictor,

and both SLFL-3 and SLFL-4 might contain a transmembrane domain (Figure R27.B). To investigate
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if the potential TM helix in SLFL-3 is important for 21U RNA biogenesis we created a CRISPR/CAS9
deletion of the transmembrane domain of SLFL-3 in the SLFL-4 mutant background to prevent
SLFL-4 compensating for the loss of TM domain in SLFL-3. Small RNA sequencing of mature 21U
RNA and 21U RNA precursors was performed for slfl-3(Atm);slfl-4(-/-). It showed a 90% reduction
in mature 21U RNA counts (Figure R27.C). Interestingly, the level of precursors was not increased
(Figure R27.D).

To investigate the sub-cellular localization of the SLFL-3 we transfected BmN4 cells with
plasmids encoding TOFU-1, eGFP-TOFU-2, and mCherry-SLFL-3 with or without transmembrane
helix (ATM). Wild-type PUCH complex displayed a fiber-like localization pattern that is reminiscent
of mitochondria. Indeed, the signal co-localized with a mitochondrial marker. TOFU-2 followed
the localization of SLFL-3, consistent with them forming a complex. MCherry-SLFL-3 (and TOFU-
2) signal was dispersed when the TM helix was deleted, confirming the role of the SLFL-3 TM helix

in mitochondrial localization (Figure R27.E).

4.19. Evolutionary conservation of PUCH and PETISCO.

In collaboration with the laboratory of Peter Sakies, we looked at the evolutionary
conservation of PUCH. PUCH shares the same conservation pattern as nematode-specific PETISCO
proteins (Figure R28.A). Interestingly, the analysis did not identify a direct orthologue of TOFU-2
in C. inopinata, which was surprising as the rest of the piRNA pathway proteins were present.
Using BLAST and HHpred we identified a 125 amino acids-long predicted protein
Sp34_50366100.t1 with high sequence homology to the SLFN-fold of TOFU-2 with conserved
catalytic center (Figure R28.B). We ran Alphafold predictions on Sp34_50366100.t and aligned it
together with the SLFN domain of TOFU-2. There are some differences in the structural
organization of SLFN-domains of TOFU-2 and TOFU-2-like C. inopinata proteins, however, the
catalytic center and the area around are intact (Figure R28.C). Thus, the TOFU-2 analog in C.
inopinata may contain an SLFN-fold that closely resembles that of TOFU-2, but does not contain
the N-terminal SPRY domain; possibly, this short TOFU-2 protein is a result of the wrong genome

annotation.
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Figure R28. PUCH conservation resembles the conservation of the PETISCO complex. A.
Conservation heat map for the PUCH proteins and PETISCO protein complex. The color scheme is blue to
white where blue represents high conservation. A heat map is generated by Peter Saskies' lab. B. Sequence
alignment of C. elegans TOFU-2 and TOFU-2-like protein of C. inopinata. C. Structure alignment of
Alphafold predictions of C. elegans TOFU-2 and TOFU-2-like protein of C. inopinata.
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5. Discussion
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5.1. Structural and functional analysis of PETISCO.

Successful purification of PETISCO components from bacterial cells has allowed further
studies of the PETISCO, which helped to lid the light on the complex organization and in the end,
obtain the crystal structure of the PETISCO core.

In short, PETISCO consists of four proteins, IFE-3, TOFU-6, ERH-2, and PID-3, which form
an octamer, through the dimerization of ERH-2 and the RRM domain of PID-3. TOFU-6 RRM
domain interacts with the RRM domain of PID-3. TOFU-6 attracts IFE-3 to the complex through
an elF4E-interaction stretch of amino acids, as described in the Introduction and the Result
sections. Below | am going to discuss the interaction between different PETISCO sub-units and

the effect of these interactions on the complex localization and functioning.

5.1.1 Disruption of PID-3:TOFU-6 sub-complex leads to mislocalization of PETISCO
complex.

Interestingly, in vitro experiments have shown, that dimerization of the PID-3 RRM domain
is crucial for the PID-3/TOFU-6 interaction (Perez-Borrajero et al. 2021). Mutation A220E, which
prevents the PID-3 dimerization in vitro, resulted in the loss of interaction with TOFU-6 (Perez-
Borrajero et al. 2021). Introduction of an A220E mutation in vivo into a PID-3:GFP carrying strain
caused a strong, but incomplete Mel phenotype at 20 °C. 100% of the embryos, obtained from
PID-3(E220A):GFP worms kept at 25 °C did not develop, in other words showing a full Mel
phenotype (Figure R.8). The A220E mutation did not change the amount of the GFP signal,
compared to the wild type PID-3:GFP signal, implying that the Mel phenotype derived from the
disruption of the interactions within PETISCO complex, and not due to the decrease of the amount
of PID-3 abundance.

Wild-type PID-3:GFP localized into the P-granules, and a cytoplasmic dispersed signal is
detected too (Figure R8., Rodrigues, 2019). Most interestingly, in PID-3(A220E):GFP expressing
worms, localization of GFP signal into P-granules at 25 °C was not observed anymore, meaning
that either PID-3 dimerization of its interaction with TOFU-6 is crucial for the P-granular
localization of PID-3 and maybe for the rest of PETISCO as well.

In addition, the work of another group independently investigating the structure of

PETISCO (PICS) complex, describing the behavior of a TOFU-6(D26A;W27A):GFP-expressing
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transgene in a tofu-6 mutant background (X. Wang, 2021). According to their in vitro experiments,
these mutations were preventing TOFU-6/PID-3 interaction on the TOFU-6 side. They observed,
that TOFU-6(D26A;W27A):GFP protein was not localized to the P-granules anymore. Localization
of the PID-3:GFP transgene into the P-granules in the tofu-6 deletion background was also shown
to be affected, however, it may well be that this results stemmed from a significant decrease in PID-3
levels that was also apparent from the images. To investigate this effect more detailed studies of the
endogenous mutant worms are required.

Together, localization results from our group and X.Wang publication suggest that neither
PID-3 nor TOFU-6 alone can find their way to the P-granules, making the interaction between PID-
3 and TOFU-6, and therefore also the dimerization of PID-3, crucial for the P-granular localization
of PETISCO complex. Thus, | assume that PID-3/TOFU-6 together bring the rest of PETISCO
complex to the P-granules, however, investigation of the PID-3:GFP localization in the tofu-
6(d26a;,w27a) mutant background is required.

In general, the role of the localization of PETISCO into P-granules needs to be investigated.
It is not clear if P-granular localization is relevant for PETISCO functions. | would assume that P-
granular localization of PETISCO is required for the loading of PETISCO with RNA molecules, the
presence of loaded PRG-1 in P-granules may suggest, that localization of PETISCO to the P-
granules is needed for the further transition of processed 21U RNA transcript from PETISCO to
PRG-1.

5.1.2. Disruption of PID-3:ERH-2 complex causes a Mel phenotype and a decrease in 21U
RNA levels.

Strains, endogenously expressing PID-3(V182A;V186A):GFP and PID-3(V182E;V186E):GFP
were created. These mutations disrupted the interaction between ERH-2 and PID-3 in vitro (Perez-
Borrajero et al. 2021). /In vivo, we observed both PETISCO phenotypes, Mel and 21U RNA
deficiency (Figure R9) for the strain carrying analogous mutations, suggesting that interaction
with ERH-2 in vivo was also compromised by these mutations. Replacement V182 and V186 to
alanine had a milder effect in vivo. Small RNA sequencing revealed depletion of 21U RNAs in pid-
3(v182a;v186a):gfp strain, which was grown at 25 °C. Thus, disruption of the interaction between
ERH-2 and PID-3 affects PETISCO complex functions.
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In contrast to the Wang et al paper, in which disruption of the interaction between ERH-2
and PID-3 by mutations of the same residues in PID-3 to aspartic acid caused elevation of the PID-
3:GFP (PICS) signal in P-granules and enlargement of PID-3 granules, in our study such an effect
was not observed. | believe, that the absence of this effect can be explained by the lower
expression level of the endogenous PID-3:GFP compared to the transgenic PID-3:GFP used by the
other group. Another possible explanation for the difference in the granule size between the two
experiments could be the milder effect of the alanine mutation, which | used for imaging.
However, in my experiments, the animals were kept and imaged at 25 °C, and at this temperature,
a complete Mel phenotype was already observed. Thus, | assume that the main reason why we
do not see the enlargement of the PID-3:GFP granules in the absence of ERH-2 is the PID-3:GFP
expression level.

Besides the enlargement of PID-3 granules, changes in the localization of ERH-2 in the
absence of PID-3 were described (Wang et al. 2021). Instead of the combination of the
cytoplasmic and P-granular localization, in the absence of PID-3, ERH-2 was found inside the
nucleus. C. elegans contains two proteins, belonging to the ERH family, and the second ERH
protein ERH-1 localizes to the nucleus. ERH-2 and ERH-1 proteins share high similarity and most
probably in the absence of the direct interactor PID-3, ERH-2 is competing with ERH-1 for its
interactors. Localization of ERH-2 to the nucleus when it does not bind PID-3 is another piece of
evidence for the idea that the PID-3/TOFU-6 hetero-tetramer brings the rest of PETISCO to the P

granules.

5.1.3. TOST-1 and PID-1 share the same interaction surface on ERH-2.

Purifications of the full-length PID-1 and TOST-1 proteins were not successful enough to
use the protein in the crystallization or NMR experiments, due to the fast degradation of both
proteins, most probably because of their disordered nature. To study the interaction between
ERH-2 and TOST-1/PID-1 short synthetic peptides were designed. A sequence of these peptides
covers the conserved area between TOST-1 and PID-1, the anticipated position where interaction
with ERH-2 takes place (Figure R10).

Protein NMR analysis, performed on 3C and N double-labeled ERH-2 protein and the

PID-1 or TOST-1 peptides resulted in similar chemical shifts of the same ERH-2 residues,
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suggesting that both peptides occupy the same binding surface on ERH-2. PID-3 was binding ERH-
2 at different positions, opposite of the PID-1/TOST-1 shared surface.

According to ITC measurements, performed on purified ERH-2, mixed with TOST-1 and
PID-1 peptides showed that ERH-2 has more affinity towards ERH-2 than PID-1. We still do not
know the exact expression pattern of TOST-1 and PID-1, as these proteins have not been yet
endogenously tagged with a fluorescent protein. Experiments on transgenic worm lines,
expressing GFP-tagged TOST-1 and PID-1, described by the Guang group (Zeng et al. 2019),
suggest that PID-1 is preferably expressed in the distal part of the gonad, in the mitotic region;
while TOST-1 is expressed closer to the meiotic part of the gonad and in the embryos. It is possible,
that upon increased expression of TOST-1 in the later part of the gonad, TOST-1 outcompetes PID-
1 from PETISCO complex and takes its spot, and this is how two functions of the complex are
separated in space and between different stages of germ cell development. However, more
studies with endogenously tagged proteins are required to fully resolve this aspect and to address

its relevance.

5.1.3.1. How do TOST-1 and PID-1 control the fate of PETISCO?

ERH-2 is an evolutionarily conserved protein, present in many different organisms, and it
seems to be a scaffold for protein complexes, involved in RNA metabolism (Kozlowski 2023). ERH-
2 interacts with TOST-1 and PID-1 on the opposite side of interaction with PID-3. Interactions,
similar to one with PID-3 are known for ERH protein family, for instance in fusion yeast protein
Mmil Interacts with ERH in a similar way (Xie et al. 2019). Interaction, similar to the one between
ERH-2 and PID-1/TOST-1 was observed between human ERH protein and POLDIP3, Polymerase delta-
interacting protein 3 (Kozlowski 2023). POLDIP3 was also identified in my IP-MS experiment,
performed with the GFP-IP of the overexpressed ERH-mTurquiose2 from HEK293T cells (data not
shown). However, as POLDIP3 is a relatively big protein, compared to TOST-1 and PID-1, | did not
follow it up. Still, the exact role of the interaction between PID-1/TOST-1 and PETISCO remains
unclear as these two proteins do not have direct homologous. According to the results above and
published data on PETISCO, PETISCO bound by TOST-1 or PETISCO bound by PID-1 have distinct
biological functions, but how exactly the interactor determines the fate of the PETISCO complex
is @ mystery. Again, both TOST-1 and PID-1 are very unstable and disordered proteins, and it

makes it hard to perform in vitro studies with full-length proteins. Nevertheless, | have several
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thoughts on how interaction with PID-1 or TOST-1 can change PETISCO function | would like to
share.

First, | have been able to tag neither TOST-1 nor PID-1 endogenously with a fluorescent
tag yet, mostly due to the very low GC-content in the gene flanking area, and therefore the
expression pattern of PID-1 and TOST-1 remains unknown. Zeng 2019 et al. claim, that TOST-1
and PID-1 transgenes tend to localize in the different parts of the gonad: PID-1 in the mitotic area,
while TOST-1 is expressed mostly in the meiotic region and embryos (Zeng et al. 2019). It is
possible, however unlikely, that it does not matter which protein is binding to ERH-2, it is just
important that ERH-2 has a binding partner. If it is true, then substitution of the tost-1 gene
sequence for pid-1, with preservation of UTRs of tost-1 in the tost-1 endogenous loci can rescue
Mel phenotype caused by the absence of TOST-1. | did not get to test this idea yet.

But what exactly do these two proteins do? In my opinion, the most promising idea is that
TOST-1 or PID-1 changes the conformation of PETISCO complex, allowing the switch between
binding of the different RNA substrates. PETISCO has multiple predicted RNA binding sites, and
maybe some of them are not accessible in PID-1 or TOST-1 bound PETISCO. A comparison of the
PETISCO-bound RNA species, obtained from TOST-1 and PID-1 IP would be informative to see if
there are any differences in RNA binding. Obtaining crystal structures of PETISCO in the presence
of TOST-1/PID-1 is another possibility to address this question.

We were not able to identify any RNA binding motifs within TOST-1 and PID-1. Several
RNA-binding strategies have been described for the disordered proteins, including m-it stacking
between aromatic rings containing amino acids located close together and RNA bases, and simple
electrostatic interactions (Zeke et al. 2022). | was not able to identify such described RNA-
interacting motifs in TOST-1 or PID-1. Nevertheless, | cannot exclude, that TOST-1 and PID-1 bind
RNA directly.

If not direct RNA binding, TOST-1/PID-1 could attract other proteins, possibly loaded with
RNA, towards PETISCO. A direct comparison of IP/MS results, performed on TOST-1 and PID-1
might be informative to address this. However, such interactions could be transient, and hard to
detect.

According to the localization studies described by Wang et al., and Peretz-Borejero et al.

in 2021 (Wang et al. 2021; Perez-Borrajero et al. 2021), TOST-1 and PID-1 do not affect the
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localization of PETISCO complex. However, this conclusion needs to be confirmed by experiments
using endogenously expressed proteins.

Thus, the exact role of TOST and PID-1 in PETISCO remains unclear. To arrive at a better
understanding, a better description of RNA substrates bound to PETISCO will be required
including experiments to understand how RNA substrates arrive to bind PETISCO. Protein and
RNA localization studies will be needed for this.

In another project, conducted by another PhD student in our group, was found, that the
Mel phenotype of PETISCO and TOST-1 may be a result of the depletion of histone mRNA in the
PETISCO mutants. It seems very likely that PETISCO is needed to provide stability for the histone
MRNA transcripts, which are not poly-adenylated and not trans-spliced, and in this way resemble
21U RNA precursors. However, why TOST-1 is needed for histone mRNA binding by PETISCO is

still unclear.
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5.2. PUCH is a novel 21U RNA processing nuclease.

In this part of the Discussion, | will describe the newly identified nuclease PUCH, which is
processing 21U RNA precursors in C. elegans. PUCH is formed by three proteins — TOFU-1, TOFU-
2, and SLFL-3 or SLFL-4. SLFL-3 and SLFL-4 are very similar proteins that act redundantly in the
PUCH complex. | will talk about the cleavage specificity of the identified complex, reasons why
PUCH was not discovered before, the role of PUCH localization, and the possibility of the presence
of similar nucleases in other organisms. Besides that, | will talk about PUCH's relations with

PETISCO complex and 21U RNA processing pathway in C. elegans.

5.2.1. PUCH complex specificity.

21U RNA precursors contain m’G cap and two nucleotides which are removed by PUCH.
Even though we have not detected the 5’end cleavage product of the synthetic precursor, |
believe that the processing happens as a single cleavage event, by direct removal of the first two
nucleotides and the cap, as after removal of the cap RNA stops being a PUCH substrate.
Uncontrolled capped removal could be fatal for the organism, therefore | assume that this should

be strictly regulated.

5.2.1.1. Precursor requirements for PUCH-mediated cleavage.

21U RNA precursors do not share sequence similarities, except the positions 1, 2, and 3;
for the rest of the precursor, the nucleotide distribution is close to random in every position.
Almost 100% of 21U RNA precursors contain U in position three, and this Uracil is crucial for PUCH-
mediated cleavage. Synthetic 21U RNA precursor, where this Uracil in position three was mutated
to Cytidine was not processed by PUCH (Figure R20.B). Due to the high cost of the capped
precursor synthesis, it was not possible to test precursors containing G and A in position three,
and we do not have direct evidence that only precursors, which contain U are processed by PUCH.
However, as all mature 21U RNAs start from U, | would assume that having U in position three is
a strict requirement for a PUCH-mediated cleavage.

The vast majority of 21U RNA precursors have Adenine or Guanine in position one, and
less than one present of precursors contains Cytosine. This pattern could be explained by both
transcription requirements and PUCH cleavage preferences. We tested the substrate, containing

C in position one of the 21U RNA precursor, referred to as m’G-CAU precursor (Figure R20.E and
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R20.F). Surprisingly, PUCH processes the original m’G-AAU precursor much faster, than the m’G-
CAU precursor.

The biological relevance of the difference in speed of processing between m’G-AAU and
m’G-CAU precursors still needs to be investigated. As mentioned above, production of the capped
RNA sequences is very expensive, and testing of all possible combinations of nucleotides was not
achievable. Thus, for further studies of the PUCH preferences, randomly synthesized capped RNA
oligonucleotides could be obtained, cleaved, and sequenced to conclude PUCH preferences.

Besides the precursor sequence requirements, we found that only m’G-cap-carrying
precursors can be processed by PUCH. RNA, containing 5'P or TMG cap stayed intact after the
incubation with PUCH (Figure R20.B). This cap specificity probably evolved to prevent the
processing of regular mRNA in C. elegans.

Such strong substrate restrictions are required possibly to prevent unwanted PUCH
activity. The current understanding of 21U RNA precursor biogenesis suggests that PETISCO
complex serves as a platform for precursor cleavage. As mentioned above, PETISCO complex
combines two functions, and most likely, PETISCO binds other kinds of RNA. One of the
phenotypes caused by the absence of IFE-3, a cap-binding protein in PETISCO, is Mel, suggesting
that this protein is also required for the non-21U RNA-related PETISCO function. IFE-3 selectively
binds m’G (Keiper et al. 2000), thus other PETISCO-bound RNA may carry m’G cap as well.
Therefore, a strict requirement for U in position three might be necessary to protect other kinds
of RNA from unwanted nuclease activity of PUCH. Indeed, histone transcripts do not have a U at

position 3 (data belonging to another project).

5.2.1.2. Other substrates, processed by PUCH.

Besides canonical 21U RNA, we found that PUCH processes type Il 21U RNA as well. In
contrast to usual type | 21U RNAs, which are transcribed from short clustered individual genes,
21U RNAs type Il are formed as a result of the aborted transcription of the gene sequences by
RNA Pol Il. Some of those transcripts contain uracil in position three as well, and those transcripts
are processed by PUCH (Podvalnaya et al. 2023). The function of those transcripts remains
unknown. In theory, some of the 21U RNA type Il might be involved in the regulation of
transcription of the genes they derived from, but most of them are probably just an accidental

substrate for PUCH, as 21U RNA type Il are much less abundant than other kinds of 21U RNA.
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Another interesting point is whether the delivery of 21U RNA type Il precursors happens via the
same mechanism as for the 21U RNA precursors type |.

Yet another, fully untested idea for additional PUCH substrates is the following: RNA
Modification m’G can occur not only as a cap structure but also internally in the RNA of RNA (Li-
Sheng Zhang, 2022). Interestingly, one of the most common locations for m’G modifications is in
the position 46 variable loop of tRNA (Tomikawa 2018). m’G46 is introduced by METTL1/WRD4
machinery, and the impairment of m’G46 modification of tRNA causes microcephalic primordial
dwarfism (Shaheen et al. 2015). Misregulation of m’G affects the differentiation and self-renewal
of embryonic stem cells (Lin, S.; 2018; Deng, Y, 2020) and promotes the development of different
types of cancer (Orellana et al. 2021). Interestingly, long mammalian Schlafen proteins are proven
to cleave tRNA. There is no evidence, that m’G modification is anyhow affecting Schlafen-
mediated cleavage

In the experiment, performed to identify possible modifications on the 21U RNA
precursors, an increase of the m’G modifications was observed in the tofu-2(e216a) mutant, both
in total RNA and IP RNA samples. It is not clear if this difference could be explained by 21U RNA
precursors only. Despite the differences between internal m’G modifications and cap structure,
which is connected to the 5’ end of RNA via the PPP bridge, it is possible, that PUCH could process

substrates, containing internal m’G-NNU sequences.

5.2.2. SLFL-3 and SLFL-4 act redundantly.

SLFL-3 and SLFL-4 have 90% sequence homology and, likely, they act completely
redundantly. 21U RNA precursors are cleaved in vitro both by PUCH containing SLFL-3 and SLFL-
4, deletion of only SLFL-3 or SLFL-4 does not cause a major effect on 21U RNA levels (Figure R17).
The cross of slfl-3(-/-) deletion causes the temporal activation of the 21U RNA sensor which lasted
for several generations (Figure R17), which was reversed either by compensation of SLFL-4 or by
activation of the RNAe effect.

Until now we were not able to tag SLFL-3 and SLFL-4 with fluorescent tags in vivo,
therefore we cannot compare if the localization, expression pattern, and abundance of these two
protein is identical. Genes, encoding SLFL-3 and SLFL-4 are located on the different chromosomes
and their expression patterns could be different. | assume, that SLFL-3 protein is most expressed

in this couple. SLFL-3 and not SLFL-4 was identified during the RNAi and genetic screens. The worm
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strain, carrying the deletion of the slfl-3 gene, crossed to the 21U RNA sensor, and caused
expression of mCherry for some generations, while the strain, carrying the deletion of slfl-4 did
not show activation of the sensor (data not shown). However, it is possible that in wild-type
conditions, these two proteins are expressed during different developmental stages or have
different preferences for different substrates, but it all still has to be researched. Differences in
the expression between slfl-3 and slfl-4 genes could be identified by gPCR. In addition, analysis of
the slfl-4 expression levels within several generations of s/fl-3 deletion could give an answer if the
21U RNA sensor becomes inactive due to the increasing expression of sl/fl-4 or due to the

activation of the RNAe effect.

5.2.3. The transmembrane domain of SLFL-3 and SLFL-4 proteins leads to mitochondrial
localization.

TMHMM2.0 analyzer predicted the presence of a transmembrane helix in SLFL-3 and SLFL-
4. Interestingly, the newer version of this software, DeepTMHMM, did not confirm this prediction.
| have not been able to add a fluorescent tag coding sequence to s/fl-3 and slfl-4 endogenously
yet; thus, the localization of SLFL-3 and SLFL-4 proteins in worms still needs to be investigated. In
the meantime, to obtain preliminary data on the localization of SLFL-3 and SLFL-4 proteins, a study
conducted on BmN4 cells, showed that PUCH, containing wild-type SLFL-3 was colocalizing with
MitoTracker, while SLFL-3 lacking the transmembrane helix lost localization in mitochondria.
TOFU-2 followed the localization of SLFL-3 in both full-length and truncated versions.

Even though there is no direct information on SLFL-3 and SLFL-4 localization obtained in
worms yet, it seems very probable that in C. elegans SLFL-3 localized indeed to the mitochondria.
Interestingly, Drosophila and mammalian piRNA processing nuclease Zucchini (Zuc) had been
shown to localize to mitochondria as well (Saito et al. 2010). Zucchini’s nuclease activity is not
Schlafen-based and belongs to the phospholipase D family (Pane et al. 2007). In contrast to PUCH,
Zuc has only a mild preference towards generating cleavage products containing 5’U nucleotide,
and only 5’U-containing sequences are then utilized by PIWI (Nishimasu et al. 2012). PUCH and
Zuc have different evolutional origins, but still, both piRNA biogenesis factors appear to localize
on the mitochondria, suggesting the general importance of mitochondrial localization for piRNA

biogenesis factors.
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5.2.4. Mitochondrial localization is crucial for piRNA biogenesis.

Deletion of slfl-3 or slfl-4 alone did not affect 21U RNA levels, suggesting that these two
proteins compensate for the loss of each other. To avoid the compensation for the loss of the TM
domain in SLFL-3 by SLFL-4, the TM-deletion in slfl-3 gene was introduced to the slfl-4(-/-) mutant.
Small RNA sequencing of the slfl-3(Atm);slfl-4(-/-) strain revealed that the transmembrane
domain is important for the 21U RNA pathway in worms: The total amount of 21U RNAs in the
TM mutant was decreased to about 10% from the amount of mature 21U RNAs in the wild-type
worms. | need to admit, that the tagged version of SLFL-3 or SLFL-4 was not yet obtained, and the
statement on the stability of SLFL-3(ATM) protein cannot be made yet. In vitro, the loss of the TM
domain neither destabilized the SLFL-3 protein nor prevented its purification. | assume that the
reduction in 21U RNA level is happening because of the loss of mitochondrial localization, rather
than the reduction in the protein level. However, this still needs to be shown.

Interestingly, the level of precursors was not elevated, in contrast to the tofu-2(e216a) or
slfl-3(-/-);slfl-4(-/-) mutants. Possibly, despite the wrong localization of SLFL-3 protein in the
absence of the TM domain, 21U RNA precursor still was happening, preventing the accumulation
of the precursors. Possibly precursor processing is not affected, but loading to PRG-1 of processed
21U RNA transcripts is impaired when PUCH is not localizing to mitochondria. Either way,
mitochondrial localization seems to be an important location for piRNA biogenesis factors. |
cannot exclude the existence of a feedback loop that increases transcription levels of 21U RNA
precursors in the absence of mature 21U RNA, but | do not think that it is very likely.

There may be various reasons why 21U RNA processing is happening at the mitochondrial
surface. Mitochondria are the energy stations of the cells, and the temperature in mitochondria
is higher compared to the surroundings. Analyzing the precursor reads, originating from the s/fl-
3(Atm);slfl-4(-/-) mutant worms showed an increased amount of precursors containing
“suboptimal sequence”, with a C in positions one or two, compared to the worms carrying tofu-
2(e216a) mutation and wild type worms, suggesting that the processing of the precursors,
containing “less popular” bases in positions 1 and 2 was affected more strongly than the
processing of optimal precursors (data not shown). Thus, it is possible that the reaction,
happening close to mitochondria, is simply faster, and allows for more efficient processing of sub-

optimal precursors when it happens close to mitochondria. Another possibility is that the surface
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of mitochondria serves as a meeting point for additional 21U RNA biogenesis factors, allowing
easy transfer of the 21U RNA transcripts from precursors to mature 21U RNA between different
21U RNA pathway players. Clearly, the exact role of this localization needs to be further

investigated.

5.2.5. Why was the PUCH nuclease not discovered before?

21U RNA, a class of small RNAs in C. elegans, was identified in 2006 (Ruby et al. 2006). 21U
RNA pathway is well described, and PUCH was the last major unknown factor in 21U RNA
biogenesis. In contrast, the piRNA processing enzyme Zucchini in Drosophila melanogaster was
described as a putative nuclease in 2007 (Pane et al. 2007). Thus, the question is why did it take

so long for C. elegans? In my opinion, there are three reasons for that.

5.2.6.1. Substrate limitations.

First, but not the most obvious reason is that PUCH-mediated cleavage is very specific. To
achieve cleavage in vitro, PUCH needs to have a capped substrate, containing U in position three.
Therefore, obtaining a suitable substrate is a hard task. Standard in vitro transcription does not
allow obtaining a suitable amount of RNA with U in position three, due to the minimal promoter
sequence. Suboptimal in vitro transcription from modified SP6 promotor can be achieved, but the
production of the short transcripts is already a reason to apply troubleshooting. In other words,
obtaining a clean and clear substrate by in vitro transcription is close to impossible. The addition
of the cap to the synthetic RNA by chemical synthesis became available very recently (Abe et al.
2022; Muttach et al. 2017), and ordering capped substrate is expensive, and commercially

performed by two companies to my knowledge.

5.2.6.2. The function of the Schlafen domains was assumed wrongly.

The second reason is, that although Schlafen-domain-containing proteins have been
known for about 30 years (Frickey and Lupas 2004; Lupas and Martin 2002), their nuclease
function was discovered only in 2018. Until then, Schlafen domain-containing proteins were
mistakenly assumed to have an ATPase activity, based on homology with AAA-domain-containing
proteins (Frickey and Lupas 2004; Lupas and Martin 2002). Low amino acid sequence homology
between different Schlafen proteins prevented the initial recognition of the SLFN-folds in TOFU-

2 and TOFU-1 based on the sequence alone. Thus, the resolved crystal structure of Schlafen13
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(Yang et al. 2018) was a critical key to the identification of SLFN-folds in TOFU-1 and TOFU-2 by
structure-based analyzers HHpred or more recent structure predictors like AlphaFold or
SwissModel. Thus, even though the initial description of the 21U RNA phenotype of tofu-1 and
tofu-2 mutants matched with them acting at the 5’ cleavage step, the lack of good structural

information prevented their identification as nucleases.

5.2.6.3. SLFL-3 and SLFL-4 proteins are too similar to each other.

The last reason, why PUCH nuclease was not identified for so long, is a very high sequence
similarity between SLFL-3 and SLFL-4 and redundancy in their functions. SLFL-3 and SLFL-4 are
90% similar on the amino acid sequence level, but their nucleotide sequence happened to be
different enough for SLFL-4 to escape the silencing by the same RNAi molecule as SLFL-3 and vice
versa. Thus, only SLFL-3 was identified in the RNAi screen (Goh et al. 2014). In addition to the
screening performed by the Hannon group, SLFL-3 appeared in a mutagenic screen, performed
by the Ketting group, in which also pid-1 was identified, with a missense mutation G16E in the
slfl-3 gene. Still, the effect of a single mutation in SLFL-3 was not strong enough in both screens
to attract the research interest. Most of the genetic screens are designed to identify individual
genes, and as mutations in duplicated genes are a rare situation, it is more complicated to identify
genes, that act redundantly.

Identification of proteins, having very close paralogs, by mass spectrometry is also not a
simple task. We were fortunate to identify SLFL-3 among TOFU-2 interactors during the IP/MS
experiment, as most of the MS quantifying pipelines, including one used for TOFU-2 IP MS are
based on Occam’s Razer principle, meaning that the peptides, which cannot be assigned to unique
proteins, are excluded from the analysis. In the case of SLFL-3 and SLFL-4 the number of unique
peptides is very low, and it is most probably the reason why SLFL-3 or SLFL-4 were not detected
in TOFU-2[E216A]:HA version. However, even the identification of SLFL-3 among TOFU-2
interactors was not convincing enough to include SLFL-3/4 in the initial cleavage reaction

attempts.

5.2.7. Relationship between PUCH and PETISCO
No interaction between PUCH and PETISCO could be detected by IP-MS approaches

(Figure R25). Possibly this is due to the interaction between PUCH and PETISCO complexes being
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too transient to be detected by such approaches. Analysis of interactions between recombinant
proteins revealed the interaction between the TOFU-1 protein from PUCH and TOFU-6 from
PETISCO (Figure R26). Disruption of this interaction by creating point mutations in the
endogenous loci encoding TOFU-6 and TOFU-1 proteins resulted in a reduction of 21U RNA levels
and moderate accumulation of 21U RNA precursors (Figure R26.C and R26.D), suggesting that
interaction between the two complexes is important for the 21U RNA biogenesis. PUCH complex
components and PETISCO subunits show the same conservation pattern within nematodes, with
an exception for ERH-2 and IFE-3, which are more broadly conserved proteins, suggesting that

PUCH and PETISCO evolve together to be a part of the 21U RNA processing pathway.

5.2.7.1. PETISCO protects the precursors from degradation and does not interfere with
PUCH-mediated processing.

Our current understanding of the PUCH-mediated processing of 21U RNA precursors
suggests that within PETISCO IFE-3 binds precursors via the m’G cap. Indeed, EMSA performed
with PETISCO complex showed that PETISCO binds capped RNA better, than non-capped, but it is
still capable of binding RNA, containing 5'P. Then, the TOFU-6-TOFU-1 interaction brings PUCH to
the PETISCO complex, and during the processing, the precursor may or may not remain bound to
PETISCO. This model suggests that PETISCO should at least not prevent the processing of the
precursors by PUCH in vitro, and possibly may stimulate PUCH activity. Kinetics of the cleavage
reactions, performed in the presence of PETISCO showed that the presence of PETISCO had no
effect on PUCH cleavage, indicating that PETISCO is neutral with respect to PUCH activity (Figure
R24). It should be noted, though, that PID-1 was not included in these reactions, and | cannot
exclude that the presence of PID-1 may in fact stimulate PUCH cleavage, and TOST-1, respectively,
could prevent interaction between PUCH and PETISCO by blocking the interaction interface.

But why then is PETISCO binding the precursors in vivo? 21U RNA precursors are short,
non-spliced, m’G-capped transcripts, and they do not have a poly-A tail. This makes them an easy
target for RNA degradation pathways. Hence, in order to be used, they will need to be stabilized,
and this could be the function of PETISCO in the 21U RNA pathway.

An interesting point is, how exactly precursors are recognized by PETISCO. Even excluding
the mRNAs, most of which have a TMG cap, there are a lot of other transcripts, for instance, such

as long non-coding RNA, which are also produced by RNA Pol Il and potentially could have an m’G
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cap, however, most of them are trans-spliced as well. There should be a balance between
protection from unwanted degradation and allowance of degradation of unwanted transcripts.
Another RNA species, that had been identified to be bound by PETISCO is histone mRNA, which is
also m’G-capped and does not have Poly-A tale (Cordeiro Rodrigues et al. 2019) and unpublished
data from another project in the lab). Long non-coding RNAs, for instance, have a long poly-A tail.
It is possible, that Poly-A tale helps the transcripts to avoid PETISCO, and serves as another
selection function in addition to the m’G cap. Possibly, Poly-A binding machinery catches such
transcripts before PETISCO manages to bind them and transport them to the cytoplasm. However,
the exact mechanism of how PETISCO chooses the transcripts to bind still needs clarification. PID-
1 has a potential N-terminus nuclear localization signal, and the nuclear export signal as well
(Albuquerque et al. 2014), and therefore it is possible that PID-1 shuttles between nucleus and

cytoplasm, collecting the RNA transcripts and bringing them to PETISCO.

5.2.7.2. PETISCO might promote the loading of the processed precursors to PRG-1.

After processing by PUCH, 5’-processed 21U RNA precursors, possibly could still be bound
by PETISCO, as they are vulnerable to RNA degradation machinery. The MID-domain of PID-3
could play a role in this, as MID-domains in Piwi proteins bind the 5’P end of the piRNAs (MacRae
et al. 2008). However, whether the MID-domain of PID-3 indeed has such biochemical activity has
not been tested, and the conservation of the residues, necessary for 5’P binding is doubtful. |
speculate that PETISCO should interact with PRG-1 to transfer the precursors to it. PRG-1 has
never appeared in our IP/MS experiments for PETISCO complex proteins, but it is possible, that
the interaction between PETISCO and PRG-1 is transient, like the interaction between PUCH and
PETISCO. I think, that the binding is happening either via PID-3, because it is assumed to bind the
precursors, or, possibly via the eTUDOR domain of TOFU-6, as TUDOR domains have been shown
to interact with PIWI proteins (Siomi et al, 2010). Even though the eTUDOR-domain of TOFU-6
does not have a conserved aromatic cage, which could be binding methylated arginines of PRG-
1, it is possible, that TOFU-6 binds unloaded PRG-1, which has not been methylated yet. It has
been shown, that in Drosophila, arginine methylation of Aubergine happens only after loading
with piRNA, and if the same is true for PRG-1, then the absence of the conserved aromatic cage

in TOFU-6 is not critical for the interaction with PRG-1 (Huang et al. 2021).
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5.2.8. Function of the TOFU-2 SPRY domain.

Besides the SLFN-like fold, TOFU-2 contains the SPRY domain, which provides another link
between the 21U RNA formation and innate immune response. SPRY domain was identified in
many different proteins, including proteins, responsible for RNA processing (D'Cruz et al. 2013).
The main function of the SPRY domain is to be involved in protein-protein interactions, however,
not all of the SPRY-domain interactors are known yet. Interestingly, the SPRY domain is found in
half of TRIM proteins, which regulate the interferon signaling cascades in reply to the activation
of the innate immune response. In addition, The SPRY domain of TRIM5a protein has been shown
to bind HIV-1 capsid and prevent viral replication through an unknown mechanism (D'Cruz et al.
2013). Mammalian Schlafen proteins have been shown to prevent viral replication as well (see
the introduction), and even though these two mechanisms might be not related, the participation
of the SPRY domain in the innate immunity response brings another evolutionary link between
TOFU-2 protein and Schlafen proteins. It is possible, that the SPRY domain of TOFU-2 is involved
in some protein-protein interactions and immune responses, but it needs to be investigated

further.

5.2.9. Other Schlafen-containing protein in C. elegans.

TOFU-1, TOFU-2. SLFL-3 and SLFL-4 are not only SLFN-like domain-containing proteins in
C. elegans. Protein TO4H1.2, named SLFL-5, is expressed in gonads and is predicted to be an
orthologue of human GTPB2 protein. SLFL-5 is much more conserved than other SLFN proteins
(Figure R28) and it did not appear in TOFU-2 IP-MS data. It is not known yet if this protein is
interacting with other SLFL proteins, or if this protein is involved in the 21U RNA pathway.
Knockout of SLFL-5 did not lead to any visible phenotype, however knockout of GTB2 in mice

causes the synthetic neurodegenerative phenotype.

5.2.10. Outside the worms.

Identification of the nuclease PUCH, formed by three different SLFN-fold containing
proteins, shows a new kind of very specific nucleases. Previously, only proteins containing a
complete Schlafen domain were described. SLFN11 has been shown to process tRNA with a long
variable loop, SLFN12 and SLFN14 process different types of rRNA (Garvie et al. 2021; Pisareva et

al. 2015), in vitro studies of SLFN13 showed the acceptor stem of tRNA, and rRNAs were also
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affected (Yang et al. 2018). SLFN5 has an intact active center, but its substrate has not been yet
identified (Jo and Pommier 2022). All those findings suggest that SLFN domains can be shaped to
perform a very specific job. In addition, there is much evidence that SLFN nucleases undergo
positive selection towards specialization of SLFN nuclease activity (Bustos et al. 2009; Stabell et
al. 2016).

Partial SLFN-domain-containing proteins, similar to the SLFN-folds identified in PUCH
complex, are encoded in the mammalian genome as well. Their function has not yet been studied,
but it is possible, that they form active complexes with other SLFNs in a PUCH-like manner.
Mostly, SLFN functions are related to the function of the innate immune system, and PUCH is
involved in piRNA formation, showing the link between the innate immune system and immunity
against invading nucleic acids. As the SLFN-like domain of C. elegans TO4H1.2 is conserved in
human GTPB2, it is clear, that there might be many proteins with uncharacterized small SLFN-like
domains.

Besides C. elegans and mammals, partial SLFN-folds are found in many different
organisms, including bacteria and archaea. Identifications of the partial SLFN-folds require
analysis with structure prediction tools, as their sequence similarities to the canonical Schlafen
proteins are pretty low (2023)). It is possible, that PUCH is only the first discovered multi-domain
SLFN nuclease.

It is easy to imagine, that misregulation of SLFN proteins can lead to the formation of
unwanted nucleases, or lack of protective nuclease activity. Mutations in the Om cluster in mice,
overlapping with the Schlafen-proteins containing part of the genome, cause DDK syndrome.
Mice, containing a deletion of the OM cluster, can give viable progeny when mating with mutant
animals while mating with wild-type mice causes lethality of the offspring. Truncated SLFN
proteins formed by deletion of the Om cluster could in theory form some detrimental nucleases
that would affect the crucial kinds of the RNA leading to sterility or newly inherited wild-type
nucleases that were not regulated properly.

The Schlafen-like domain is also present in the family of pox viruses, where is it attached
to poxin, a viral cyclic guanosine monophosphate adenosine monophosphate (cGAMP) nuclease,
involved in inactivating the anti-viral cGAS—STING pathway. It has been shown, that absence of v-

slfn does not affect the ability of the viruses to infect cells, and the role of the v-slfn remains
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unknown (Hernaez et al. 2020). It is possible, that v-s/fn forms a complex with one of the essential
SLFN proteins, preventing the anti-viral activity of SLFN, but this still needs to be studied.
Interaction between different SLFN-fold containing proteins and the ability of SLFNL1 and
other incomplete SLFN-like proteins to form working enzymes, or affect the functions of canonical
SLFN-proteins still needs to be investigated. Understanding how exactly the Schlafen domains
recognize the substrate may allow protein engineering to design artificial specific nucleases,

which will aim for a certain class of RNA.
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