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Summary

Ribosomes are conserved in the three domains of life, Archaea, Bacteria and Eukarya.
They are essential for protein synthesis in all living cells. Formation of ribosomes in
eukaryotic cells occurs through an energy-consuming multi-step process, involving a
myriad of ribosome assembly factors and snoRNAs. This complex process starts in
the nucleolus by the synthesis of a large ribosomal RNA precursor, the 35S pre-rRNA
in yeast, which is co-transcriptionally cleaved to separate the pre-40S and the pre-60S
pathways. The first intermediate formed during the early phase of ribosome assembly
is the 90S pre-ribosome, the precursor to the small subunit. While the 90S to pre-40S
route proceeds with its own set of assembly factors and snoRNAs including U3 and
Ul4, little is known about the formation of the earliest pre-60S intermediates and
whether snoRNAs have a role in this process.

To gain insight into these early steps of large subunit synthesis, | isolated and
studied a pre-60S assembly intermediate at the beginning of its construction, where
specific SnoRNAs also come into play. This analysis revealed a network of assembly
factors and snoRNAs participating in the building of this primordial pre-60S patrticle.
This particle is characterized by two large a-solenoid scaffold modules Rrp5 and Urb1,
SPOUT methyltransferases Upal (YGR283C) and Upa2 (YMR310C), several RNA
helicases including Mak5 and two prominent snoRNAs, C/D box snR190 and H/ACA
box snR37. My findings suggest that snR190 and snR37 play a structural role in pre-
60S assembly and their disruption caused changes in the primordial pre-60S
composition. Moreover, | used the uncharacterized Upal and Upa2 as single baits to
isolate the primordial pre-60S, which helped to unravel its overall shape by negative
stain EM. By using a dominant mak5 helicase mutant, | showed that this nascent pre-
60S intermediate does not efficiently separate from the 90S pre-ribosome, which
enabled for the first time the visualization of a 70 nm super 90S—pre-60S bipartite
particle by electron microscopy. These findings are relevant for human ribosome
biogenesis, which occurs predominantly via the post-transcriptional mechanism and,
thus, is expected to also involve a pre-ribosomal intermediate carrying both 90S and
pre-60S moieties before pre-rRNA cleavage. Altogether, this work sheds further light
on the earliest steps of pre-60S assembly and its connection to the upstream 90S

pathway.



Zusammenfassung

Ribosomen sind in den drei Doménen der Lebewesen Archaeen, Bakterien und
Eukaryoten konserviert. Sie sind notwendig fur die Proteinsynthese in allen lebenden
Zellen. Die Bildung von Ribosomen in eukaryotischen Zellen erfolgt durch einen
energieaufwandigen, mehrstufigen Prozess, an dem eine Vielzahl von Ribosom
Biogenesefaktoren und snoRNAs beteiligt sind. Dieser komplexe Prozess beginnt im
Nukleolus durch mit der Synthese eines grof3en ribosomalen RNA-Vorlaufers, der
35S-pra-rRNA in Hefe, die co-transkriptionell gespalten wird um den Pra-40S- und den
Pra-60S-Weg voneinander zu trennen. Die erste Zwischenstufe, die wéahrend der
frihen Phase der Ribosomenbiogenese gebildet wird, ist das 90S-Pra-Ribosom, der
Vorlaufer der kleinen Untereinheit. Wahrend die Route von 90S zu Pr&a-40S mit einer
eigenen Menge von Biogenesefaktoren und snoRNAs einschlie3lich U3 und U14
verlauft, ist wenig tber die Bildung der frihesten Pra-60S Zwischenstufen bekannt
und ob snoRNAs in diesem Prozess eine Rolle spielen.

Um einen Einblick in diese friihen Schritte der Synthese grofRer Untereinheiten zu
erhalten, habe ich zu Beginn ihre Konstruktion eine Pra-60S-Zwischenstufe, bei der
auch spezifische snoRNAs ins Spiel kommen, isoliert und untersucht. Diese Analyse
brachte ein Netzwerk von Biogenesefaktoren und snoRNAs zum Vorschein, das am
Aufbau dieses primordial Pra-60S Partikel beteiligt ist. Dieses Partikel ist durch zwei
grol3e a-Solenoid-Gerlistmodule Rrp5 und Urbl, SPOUT-Methyltransferasen Upal
(YGR283C) und Upa2 (YMR310C), mehrere RNA-Helikasen einschliel3lich Mak5 und
zwei prominente snoRNAs, C/D-Box snR190 und H/ACA-Box snR37,
gekennzeichnet. Meine Ergebnisse legen nahe, dass die snR190 und snR37 eine
strukturelle Rolle bei der Pra-60S Biogenese spielen und ihre Beeintrachtigung zu
Verdnderungen in der primordialen Pra-60S-Zusammensetzung fuhrte. Darlber
hinaus habe ich die uncharakterisierten Upal und Upa2 als Einzelkdder verwendet,
um das primordiale Pra-60S Partikel zu isolieren, was dazu beitrug, seine Gesamtform
durch negative stain EM zu lésen. Durch die Verwendung einer dominanten mak5-
Helikase-Mutante zeigte ich, dass sich dieses entstehende Pra-60S Zwischenstufe
nicht effizient vom 90S-Pra-Ribosom trennt, was zum ersten Mal die Visualisierung
eines zweiteiligen 70-nm-Super-90S-Pra-60S Partikels durch Elektronen Mikroskopie
ermdglichte. Diese Ergebnisse sind fur die Ribosomenbiogenese in Menschen

relevant, die hauptséchlich Gber den post-transkriptionellen Mechanismus ablauft und



daher voraussichtlich auch eine pra-ribosomales Zwischenstufe umfasst, die sowohl
90S als auch Pra-60S-Einheiten vor der pra-rRNA-Spaltung enthalt. Insgesamt
beleuchtet diese Arbeit die frihesten Schritte der Pra-60S-Biogenese und ihre

Verbindung zum vorgelagerten 90S-Pfad.
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1 Introduction

1.1 The eukaryotic ribosome

In all living cells, proteins are synthesized by the ribosomes, which are conserved in
all domains of life. The ribosomes have a sophisticated structure made of
ribonucleoproteins. These nanomachines translate the messenger RNAs (mMRNAS)
that carry genetic information from the genome. During the translation process,
ribosomes decode the template mRNA molecules and catalyze peptide bond
formation between amino acids in a sequential order specified by the codons of
MRNA. This leads to formation of polypeptide chains.

In 1955, George Palade has observed “a small particulate component of the
cytoplasm” in the tissues of rat and chicken using electron microscopy (Palade, 1955).
He noticed that these particulates are preferentially bound to the membrane of the
endoplasmic reticulum and they are also present in free form in the cytoplasm. Later,
these microsomal ribonucleoprotein particulates were named ribosomes in a
symposium in 1958. During these times, it was observed that ribosomes are
responsible for protein synthesis in all organisms. It was found that multiple ribosomes
can bind the same mRNA forming bigger structures (polysomes), which engage in
protein synthesis (Warner et al., 1963). Extensive research and investigations of
ribosomes were made to explore their origin, evolution, composition and role in protein
synthesis.

The ribosome consists of two subunits made of ribosomal RNA (rRNA) and
ribosomal proteins (r-proteins). In the eukaryotic 80S ribosome, the large subunit (60S)
is made of 3 rRNAs 28S (25S in yeast), 5.8S and 5S combined with 47 r-proteins (46
in yeast), while the small subunit (40S) is made of 18S rRNA and 33 r-proteins. By
contrast, in the prokaryotic 70S ribosome, the large subunit (50S) contains 23S and
5S rRNA with over 30 r-proteins, while the small subunit (30S) contains 16S rRNA with
around 20 r-proteins. Crystal structures and cryogenic electron microscopy (cryo-EM)
reconstructions of prokaryotic and eukaryotic ribosomes have revealed enormous
details about the structure of mature ribosomes from different organisms and their
conserved functional sites (Anger et al., 2013; Armache et al., 2010; Ben-Shem et al.,
2011; Khatter et al., 2015; Yusupov et al., 2001). An example of these functional sites
of the ribosome is the transfer RNA (tRNA) binding sites A, P and E: The A-site binds



aminoacyl-tRNA carrying substrate amino acid, the P-site binds peptidyl-tRNA which
is a tRNA attached to the nascent polypeptide chain and the E-site binds a free tRNA
after the acyl-amino acid is removed. The large subunit contains the peptidyl
transferase center (PTC) that catalyzes peptide bond formation and the polypeptide
exit tunnel (PET) where the nascent polypeptide exits the ribosome (Figure 1.1).
Apparently, the small subunit contains the mRNA decoding center where the subunit
matches the mRNA codons with the tRNAs anticodons. The small subunit also
includes the mRNA entry and exit sites.

Notably, these functional sites (tRNA binding sites, PTC, PET and mRNA decoding
center) are universally conserved between bacterial, archaeal and eukaryotic
ribosomes and all of them are located in the core on the subunit interface (except the
PET) (Konikkat and Woolford, 2017; Melnikov et al., 2012; Yusupova and Yusupov,
2014). However, eukaryotic ribosomes are larger than their prokaryotic counterparts
because of features specific to ribosomes in eukaryotes including extra sequences
within the rRNA (rRNA expansion segments), extensions of many r-proteins and extra
eukaryotic r-proteins (Jenner et al., 2012; Klinge et al., 2011; Rabl et al., 2011). These
eukaryotic specific features are mainly present on the solvent-exposed interface of the
ribosome (Figure 1.1). Moreover, the three-dimensional shape of the large subunit has
some recognizable features such as the central protuberance (including the 5S rRNA
area), L1 stalk and P stalk (Figure 1.1). By contrast, different regions could be
discerned in the small ribosomal subunit such as the head, beak, platform and body
(Figure 1.1).
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Figure 1.1 The large and small subunits of Yeast
The upper panel shows the subunit interface while the lower panel shows the solvent side of
both subunits. The conserved core has rRNA (white) and r-proteins (light orange) while
eukaryotic specific areas (red) are clustered mainly on the solvent side. DC: decoding center,
CP: central protuberance, PTC: peptidyl transferase center. Figure adapted from (Yusupova
and Yusupov, 2014).

1.2 Ribosome biogenesis in yeast Saccharomyces cerevisiae

Growing cells depend unequivocally on protein synthesis. Therefore, the cells need to
generate ribosomes efficiently. Ribosome biogenesis or ribosome assembly is an
immensely energy-consuming multi-step process that is conserved in eukaryotes and
essential for living cells. Rapidly growing yeast cells generate about 2000 ribosomes
per minute and a typical yeast cell can make nearly 200 000 ribosomes in its cell cycle
(Warner, 1999). To maintain cell growth and support this high demand for ribosomes
production, yeast cells allocate remarkable number of resources exploiting all three

RNA polymerases. Strikingly, the transcription of rRNA by RNA polymerase |



represents 60% of total RNA transcription in fast growing yeast cells. Meanwhile, 50%
of RNA polymerase Il transcription is dedicated to the genes of r-proteins (Warner,
1999). From the most highly expressed genes in yeast, r-proteins genes are the
source for 20 out of the 30 most abundant expressed mRNAs (Velculescu et al., 1997).
Splicing of r-proteins mRNAS represents 90% of all mMRNA splicing events in yeast
(Warner, 1999).

Early research on ribosome assembly has shown that bacterial ribosomal subunits
can be reconstituted in vitro from their purified components rRNA and r-proteins (Held
et al., 1973; Nierhaus and Dohme, 1974; Traub and Nomura, 1968). It was believed
back then that the complete information for ribosomal subunits assembly is contained
within its components and no need for other external non-ribosomal factors. However,
eukaryotic ribosomes could not be reconstituted with the same approach indicating a
more complex ribosome assembly for eukaryotes, which involves more factors. In
early 1960s, research studies have used radioactive labelling of RNA in HelLa cells
(pulse labelling) and identified a large precursors of rRNA (45S pre-rRNA), which is
later processed to give rise to the different mature rRNAs (Scherrer and Darnell, 1962;
Scherrer et al., 1963). Further work on this large precursor rRNA in HelLa cells
revealed that it associates with proteins forming ribonucleoprotein precursor particles
(pre-ribosomes) that precede formation of the cytoplasmic ribosomes (Tamaoki, 1966;
Warner and Soeiro, 1967). In yeast, these precursor particles or pre-ribosomes had a
sedimentation on sucrose gradient at approximately 90S, 66S (precursor for 60S
subunit) and 43S (precursor for 40S subunit) (Trapman et al., 1975). The pre-
ribosomes, especially the 90S and 66S, had higher protein to RNA ratio than the
mature ribosomal subunits, indicating that these pre-ribosomes carry non-ribosomal
proteins that are absent from the mature ribosomes (Trapman et al., 1975). The non-
ribosomal proteins were also detected in the pre-ribosomes of HelLa cells (Kumar and
Warner, 1972). Apparently, these non-ribosomal proteins were believed to play a role
in processing of the pre-ribosomal particles to mature ribosomes then they get
discarded and re-used for subsequent assembly of ribosomes (Kumar and Warner,
1972). The non-ribosomal proteins were later named ribosome biogenesis factors or

ribosome assembly factors (AFs).



1.2.1 Ribosomal RNA synthesis in the nucleolus

The initial steps of ribosome assembly occur in the cell nucleolus with rRNA
transcription from the ribosomal DNA (rDNA) genes located inside the nucleolus
(reviewed in Mélése and Xue, 1995; Thiry and Lafontaine, 2005). Notably,
transcription of rDNA was visualized by Miller and Beatty using the Miller spreads
technique in 1969 revealing a first look at the nascent pre-rRNA precursors being
transcribed from rDNA in the nucleolus of amphibian oocytes (Miller and Beatty, 1969).
The nucleolus is a well-defined membrane-free subnuclear compartment as seen by
electron microscopy (Hernandez-Verdun et al., 2010; Léger-Silvestre et al., 1999;
Warner, 1990). It is organized into three distinct components as defined by electron
microscopy: the fibrillar centers which are surrounded by the dense fibrillar component
and together they are embedded in a granule-rich compartment called the granular
component. The rDNA genes are mainly present in the fibrillar centers, while the
transcription of pre-rRNA occur at the interface between the fibrillar centers and the
dense fibrillar component. Early steps of pre-rRNA processing appear to be in the
dense fibrillar component and subsequent steps of maturation occur in the granular
component (Thiry and Lafontaine, 2005; Thiry et al., 2000).

In yeast, the crescent-shaped nucleolar compartment is formed around more than
150 rDNA repeats present on chromosome XlI (Figure 1.2). Only one half of these
rDNA repeats is transcriptionally active while the other half is transcriptionally
repressed (Toussaint etal., 2011; Woolford and Baserga, 2013). However, each rDNA
repeat is not always active or inactive in transcription but the repeats cycle between
both states so that the ratio is maintained and most repeats get active in transcription
at some pointin a single yeast cell (Tan and Van Oudenaarden, 2010). Typically, DNA
genes are transcribed by RNA polymerase | at a rate of 40-60 nucleotides per second
(Kos$ and Tollervey, 2010), producing a polycistronic transcript called 35S pre-rRNA.
This 35S pre-rRNA includes the rRNAs that will later form the small 40S subunit (18S
rRNA) and the large 60S subunit (5.8S and 25S rRNASs). The 35S pre-rRNA contains
internal (ITS1 and ITS2) and external (5-ETS and 3'-ETS) transcribed spacer
sequences (Figure 1.2). By contrast, 5S rRNA is transcribed separately by RNA
polymerase llll in the opposite direction and it forms a complex with the r-proteins Rpl5
(uL18) and Rplll (uL5) before the formed 5S RNP gets incorporated into pre-60S
particles at an early step of the maturation pathway.
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Figure 1.2 Transcription of rDNA repeats in Yeast

rDNA genes are arranged in tandem repeats in the nucleolus. RNA polymerase | (Pol 1)
produce a precursor 35S pre-rRNA which is later processed to produce the mature 18S, 5.8S
and 25S. 5S is independently transcribed by polymerase Il (Pol 1ll) then it joins 5.8S and 25S
for 60S ribosomal subunit synthesis.

Ribosome biogenesis pathway proceeds by several 35S pre-rRNA cleavage to
finally generate the mature rRNAs, accompanied by rRNA modification, folding of the
pre-rRNA and recruitment of ribosomal proteins. Remarkably, these processes are
facilitated by many ribosome assembly factors that sequentially associate with the
continuously maturing pre-ribosomes and drive the progression of the pathway from
the nucleolus to the nucleoplasm passing through the nuclear pore complex (NPC) to
the cytoplasm, where both subunits acquire final maturation and become competent
for protein synthesis (reviewed in Baldler and Hurt, 2019; Henras et al., 2015; Klinge
and Woolford, 2019; Peia et al., 2017; Woolford and Baserga, 2013).

In 2001, the development of the tandem affinity purification (TAP) approach has
allowed the biochemical isolation of discrete pre-ribosomal particles, which opened
the doors to study the assembly factors and pre-rRNAs associated with these particles
by mass spectrometry and RNA analyses techniques (Bal3ler et al., 2001; Fatica et
al., 2002; Harnpicharnchai et al.,, 2001; Saveanu et al.,, 2001). Therefore, these
methods have enabled the categorization of the pre-ribosomes into early (nucleolar),
intermediate (nuclear) and late (cytoplasmic) particles (Nissan et al., 2002; Schéafer et
al., 2003; Tschochner and Hurt, 2003).

There are more than 200 ribosome assembly factors identified so far, which fall

into different categories. Some of these factors have enzymatic function e.g.



endonucleases, exonucleases, GTPases, ATPases, RNA  helicases,
methyltransferases and protein kinases. By contrast, other assembly factors have no
enzymatic activity but rather they have other domains that allow them to bind rRNA
and/or provide protein-protein interaction platform, which eventually enable these
assembly factors to chaperone and drive ribosome biogenesis. Many of these
ribosome assembly factors are essential for cell growth and conserved in eukaryotes.
However, they only function in ribosome biogenesis, not in protein synthesis, and they

are not present in mature ribosomes.

1.2.2 Co-transcriptional versus post-transcriptional pre-rRNA processing

The nascent 35S pre-rRNA needs to be processed and cleaved through a series of
enzymatic reactions to generate the mature rRNAs. Endonucleases and exonucleases
process this nascent pre-rRNA to sequentially remove the externally and internally
transcribed spacer sequences (Figure 1.3). One of the earliest steps of the nascent
pre-rRNA processing is an endonucleolytic cleavage in the ITS1 sequence to split the
assembly pathway of the large and small ribosomal subunits, which follow
independent maturation (Udem and Warner, 1972). Cleavage and processing of pre-
rRNA can occur co-transcriptionally and/or post-transcriptionally. Under optimal
growth conditions, the nascent pre-rRNA in yeast is mainly co-transcriptionally
processed as the cells require fast ribosome assembly to support cell growth (Kos and
Tollervey, 2010; Osheim et al., 2004). This has been studied using electron
microscopy on chromatin spreads of yeast rDNA genes, which revealed that the
majority of yeast nascent pre-rRNA is co-transcriptionally processed (Osheim et al.,
2004). Biochemical experiments combined with mathematical modelling to study pre-
rRNA processing in yeast have estimated that around 70% of the nascent transcripts
go through co-transcriptional processing (Ko$ and Tollervey, 2010). Yeast cells can
still process their pre-rRNA post-transcriptionally and a shift between these two modes
of processing is possible. Interestingly, the co-transcriptional cleavage at site A2 of
yeast pre-rRNA can be strongly diminished under various stress conditions including
nutrient limitation, oxidative stress or heat shock (Kos-Braun et al., 2017; Osheim et
al., 2004). Moreover, disruption of some yeast ribosome assembly factors can also
inhibit the co-transcriptional cleavage of nascent pre-rRNA and shift the pathway to a
post-transcriptional processing (Axt et al., 2014; Lebaron et al., 2013; Talkish et al.,

2016). It was shown that depletion of the essential pre-60S assembly factor Drs1 has



blocked pre-rRNA co-transcriptional processing, which led to accumulation of 35S pre-
rRNA in yeast cells and pre-ribosomal particles to carry both pre-60S and 90S
assembly factors simultaneously (Talkish et al., 2016).
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Figure 1.3 Overview of pre-rRNA processing in yeast
Endo and exonucleolytic cleavage steps of the nascent pre-rRNA are summarized with the
enzymes responsible for some steps indicated. Figure adapted from (Henras et al., 2015).



Apparently, ITS1 co-transcriptional cleavage at site A2, separating 40S and 60S
subunit maturation pathways, does not occur immediately after ITS1 transcription but
is delayed until the transcription of 5.8S rRNA, ITS2 and beginning of 25S rRNA
(approximately 1.5 kb downstream of A2) has occurred (Axt et al., 2014; Kos and
Tollervey, 2010; Osheim et al., 2004). On the other hand, processing of pre-rRNA in
higher eukaryotes, including humans, occur exclusively post-transcriptionally
(Gamalinda et al., 2014). In fact, chromatin spreads of Xenopus oocytes rDNA genes

showed no co-transcriptional cleavage of nascent pre-rRNA (Osheim et al., 2004).

1.2.3 Modifications of rRNA in yeast

Another major process in ribosome biogenesis is the covalent modifications of rRNA
bases and ribose. These modifications occur mainly during early steps of rRNA folding
co-transcriptionally (Ko$ and Tollervey, 2010) and also post-transcriptionally. The
rRNA modifications are introduced at early steps of ribosome biogenesis so that the
rRNA is still not compactly folded and the target rRNA sites are accessible to the
modification machineries. RNA modifications exist in all three kingdoms and around
2% of rRNA nucleotides are modified corresponding to 112 sites identified in yeast
and 201 sites identified in human (Sharma and Lafontaine, 2015; Sloan et al., 2017).
There are two major types of rRNA modifications: 2 -O-ribose methylation, which can
be introduced at any nucleotide and isomerization of uridine to pseudouridine. So far,
55 methylated nucleotides, 45 pseudouridines and 2 acetylated cytosines were
identified in yeast rRNA. Few of these modifications are introduced by stand-alone
enzymes that can directly identify their target site e.g. Emgl, Spbl, Rcm1 and Nop2
(Lapeyre and Purushothaman, 2004; Meyer et al., 2011; Sharma et al., 2013). On the
other hand, the majority of rRNA modifications are introduced by snoRNA-guided
enzymes that form snoRNA ribonucleoprotein complexes (snoRNPs), which are
classified into two classes, the C/D box and H/ACA box snoRNPs. Each of these
SnoRNP classes use a snoRNA that can base-pair with the pre-rRNA at a specific
location and guide the enzymatic component to modify a specific nucleotide (Ganot et
al., 1997; Kiss-Laszl6 et al., 1996).

The C/D box snoRNPs use C/D box snoRNAs that are characterized by two
conserved motifs, C box and D box, in addition to two degenerate C* and D" boxes
(Figure 1.4 A). The C box with sequence (RUGAUGA) is located near the 5-end of
the snoRNA, while the D box with sequence (CUGA) is located near the 3" -end. The



C/D box snoRNPs carry out the 2’-O-ribose methylation using Nopl (Fibrillarin in
human) as the principal methyltransferase and co-factors Nop58, Nop56 and Snul3
which help to structurally stabilize the complex. On the other hand, the H/ACA
snoRNPs use H/ACA snoRNAs that form a double hairpin structure and contain two
conserved sequences: H box (ANANNA) and ACA sequence (Figure 1.4 B). The
H/ACA snoRNPs are responsible for isomerization of uridine to pseudouridine
(pseudouridylation) using the pseudouridine synthase Cbf5 (Dyskerin in human)
besides the co-factors Garl, Nhp2 and NoplO (Reviewed in Reichow et al., 2007;
Sloan et al., 2017; Watkins and Bohnsack, 2012).

rRNA

Box ACA
ANANNA ACA|_ 3/

C/D box snoRNA H/ACA box snoRNA

Figure 1.4 Schematic representation of snoRNAs structure
The figure shows the C/D box (A) and H/ACA Box (B) snoRNAs structures with their conserved
motifs and their interactions with the target rRNA. Figure modified from (Reichow et al., 2007).

It is believed that RNA modifications can stabilize secondary and tertiary structure
of RNA by enhancing base-stacking, increasing the hydrogen bonding potential and
supporting structural rigidity (Decatur and Fournier, 2002; Helm, 2006). Thus, rRNA
modifications stabilize the structure of mature ribosomes to ensure efficient translation.
Indeed, a number of the highly conserved modifications are clustered around
functionally important sites of ribosome, located at the ribosomal subunits interface

where translation takes place, such as the peptidyl transferase center (PTC), the
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decoding center and the intersubunit interface (Figure 1.5) (Baudin-baillieu et al.,
2009; Decatur and Fournier, 2002; Sloan et al., 2017).
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Figure 1.5 rRNA modifications on the yeast ribosome

The figure shows the distribution of modification sites on the yeast mature ribosome and
highlights the cluster of modifications on three functional regions. Ribose methylation is
colored in purple, pseudouridines are colored in blue and modifications by stand-alone
enzymes are colored in orange. Figure adapted from (Sloan et al., 2017).

Notably, it was found that yeast cells with ribosomes lacking single or a cluster of
rRNA modifications, caused by deletion of their respective snoRNAs, are outcompeted
by wild-type cell as the absence of certain modifications can have an effect on protein
translation activity and/or accuracy including increased sensitivity to antibiotics
(Baudin-baillieu et al., 2009; King et al., 2003; Liang et al., 2007, 2009). Additionally,
there is a link between rRNA modifications machinery and diseases in vertebrate. For
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example, impairing rRNA modifications in zebrafish through disrupting the expression
of three snoRNAs has caused sever developmental defects (Higa-Nakamine et al.,
2012). In humans, several reports have identified mutations in snoRNAs and proteins
from the rRNA modifications machinery that are involved in development of human
diseases or syndromes (Armistead et al., 2009; Dong et al., 2008, 2009; Heiss et al.,
1998; Liao et al., 2010; Sahoo et al., 2008; Schosserer et al., 2015; Tanaka et al.,
2000).

1.2.4 Small ribosomal subunit maturation

The biogenesis of the small subunit biogenesis starts with the transcription of rDNA
genes as ribosome assembly factors co-transcriptionally associate with the emerging
nascent pre-rRNA transcript in a hierarchical order, forming the first pre-ribosomal
intermediate, the 90 pre-ribosome, which can be biochemically isolated and further
characterized (Dragon et al., 2002; Grandi et al., 2002; Pérez-Fernandez et al., 2007).
Notably, the 90 particles contain assembly factors and r-proteins required for assembly
of the small subunit but lack assembly factors and r-proteins of the large subunit
assembly pathway (Dragon et al., 2002; Grandi et al., 2002; Kornprobst et al., 2016;
Pérez-Fernandez et al., 2007). This indicates that the 90S pre-ribosome forms the
precursor for the small subunit assembly pathway.

Inside the nucleolus, many assembly factors get incorporated into the 90S particles
in the form of sub-complexes or modules (Krogan et al., 2004; Pérez-Fernandez et al.,
2007) (Figure 1.6). The UTP-A module attaches to the nascent 5-ETS co-
transcriptionally and it includes the factors Utp4, Utp5, Utp8, Utp9, Utp10, Utpl5 and
Nanl (Gallagher et al., 2004; Pérez-Fernandez et al., 2007; Pdll et al., 2014). Another
module which also associates with 5°-ETS, is the UTP-B Module with its components:
Utpl (Pwp2), Utp6, Utpl2 (Dip2), Utpl3, Utpl8 and Utp21 (Kornprobst et al., 2016;
Pérez-Fernandez et al., 2007; Poll et al., 2014). The U3-snoRNP (U3 snoRNA, Nop1,
Nop56, Nop58, Snul3 and Rrp9) is another interesting module within the 90S particles
which does not install any rRNA modification, but supports the 90S structure (Chaker-
Margot et al., 2017; Kornprobst et al., 2016; Sun et al., 2017). The UTP-A, UTP-B, U3-
snoRNP together with the Mpp10 module (Mpp10, Imp3, Imp4 and Sas10) form a 5'-
ETS patrticle, which provides a structural support for subsequent assembly of the 18S
rRNA subdomains (Chaker-Margot et al., 2015; Zhang et al.,, 2016). Electron
microscopy of chromatin spreads (Miller spreads) revealed the formation of terminal
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balls or knobs near the 5™-end of nascent pre-rRNA transcripts, which were later
attributed to the 5°-ETS particle within the evolving 90S pre-ribosomes (Miller and
Beatty, 1969; Mougey et al., 1993; Osheim et al., 2004). Further assembly of the 18S
rRNA subdomains proceeds with incorporation of other modules (UTP-C, Kre33 and
Noc4-Nopl4) and assembly factors (e.g. Efgl, Cmsl, Bmsl-Rcll, Dhrl, Utp20,
Rrp5...etc) (Figure 1.6) (reviewed in Barandun et al., 2018; Klinge and Woolford,
2019).

The nascent pre-rRNA is cleaved co-transcriptionally at sites Ao and A1 to remove
the 5°-ETS, with its associated modules, and begin with the 90S patrticle disassembly.
The other endo-nucleolytic cleavage at site A2 releases the 20S pre-rRNA (precursor
of 18S rRNA) and the 27SAz pre-rRNA (precursor of 5.8S and 25S rRNAs), thus
separating the pre-40S and pre-60S assembly pathways (Udem and Warner, 1972).
After dismantling the 5°-ETS particle and Az cleavage, few 90S assembly factors
(Enpl, Pnol, Rrpl2) remain associated with the evolving pre-40S in the nucleus,
where some additional pre-40S assembly factors (Ltvl, Tsrl, Rio2, Diml and Nob1l)
and r-proteins get incorporated (reviewed in Henras et al., 2008; Klinge and Woolford,
2019). At this point, the pre-40S particles have already acquired some regions of the
mature 40S such as the head, platform and body but not the beak. Afterwards, the
pre-40S patrticles get exported to the cytoplasm for further maturation.

In the cytoplasm, formation of the 40S beak region is facilitated by the release of
Enp1l and Ltvl, which occur after their phosphorylation via the kinase Hrr25 (Ghalei et
al., 2015; Schéafer et al., 2006). Their release allows the r-protein Rps3 (uS3) to adopt
its mature position, which promotes the beak region formation (Mitterer et al., 2016;
Schéfer et al., 2006). Interestingly, a quality control step involves the interaction of the
pre-40S particle with the mature 60S subunit forming an 80S-like particle to test the
pre-40S particle in a translation-like cycle (Strunk et al., 2012). This test drive cycle
triggers the final cleavage of the 20S pre-rRNA at the D site, by the endonuclease
Nobl, to generate the mature 18S rRNA and subsequently the removal of the
remaining assembly factors (Lamanna and Karbstein, 2009; Pertschy et al., 2009;
Strunk et al., 2012). At this stage, all the r-proteins have already been incorporated

with the small subunit which is mature and competent for translation.
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Figure 1.6 Small ribosomal subunit maturation
Schematic representation of major steps in assembly of the small ribosomal subunit from
formation of 90S pre-ribosomes (SSU processome) in the nucleolus until the complete
maturation of the small subunit in the cytoplasm. Figure adapted from (Klinge and Woolford,

2019).
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1.2.5 Large ribosomal subunit maturation

The structure of mature 60S subunit is more intricate than the mature 40S subunit,
hence its biogenesis follows extensive pre-rRNA processing (see Figure 1.3) and
structural rearrangement events. The 25S rRNA consists of six domains, domains I-
VIfrom 5" to 37, intertwined with each other in the mature large subunit which requires
complex biogenesis, involving many energy-consuming enzymes, to drive and
chaperone the correct folding of these domains (Reviewd in Bal3ler and Hurt, 2019;
Greber, 2016; Klinge and Woolford, 2019; Konikkat and Woolford, 2017; Kressler et
al., 2010).

Initial assembly of the large subunit occurs during the co-transcriptional cleavage
at site Az, which generates the 27SA: pre-rRNA, the earliest pre-rRNA precursor for
60S assembly. Interestingly, the assembly factor Rrp5 has a dual role in the assembly
of both the small and the large subunits (Venema and Tollervey, 1996). It binds to the
ITS1 region near the A2 site, bridging between the 90S pre-ribosome and the emerging
pre-60 pre-ribosome, and co-ordinates the co-transcriptional processing (Khoshnevis
etal., 2019; Lebaron et al., 2013). After A2 cleavage, Rrp5 detaches from the 90S pre-
ribosome, but stays associated with the nascent pre-60 and forms a complex with the
assembly factors Nocl and Noc2 (Rrp5 module) (Hierlmeier et al., 2013). Following
the end of pre-rRNA transcription, the earliest precursor for 60S assembly is formed,
which carries the 27SA2 pre-rRNA and the Rrp5 module. This primordial 60S is poorly
characterized and no structural information of this particle is available so far. Obtaining
a structure for this primordial 60S is challenging because most of the rRNA domains,
at this early stage, are not folded yet. However, biochemical studies show that this
27SA2 pre-rRNA-containing particle interact with another module of unknown function,
consisting of Urb1 (Npal), Urb2 (Npa2), Nop8, Dbp6 and Rsa3, called Urb1l module
(Dez et al., 2004; Joret et al., 2018; Mnaimneh et al., 2004; Rosado and De La Cruz,
2004; Rosado et al., 2007). At this stage, modifications of rRNA nucleotides are
expected to occur as the pre-rRNA is not compacted yet and the maodification
machineries could access their target nucleotides.

Most of the 27SA:2 pre-rRNA is then cleaved at site Az by the MRP RNase (Chu et
al., 1994; Lindahl et al., 1992; Lygerou et al., 1996; Schmitt and Clayton, 1993) and
the remaining sequence of ITS1 is processed by the exonucleases Ratl, Xrnl and
Rrpl17 to yield the 27SBs pre-rRNA (see Figure 1.3) (Henry et al., 1994; Oeffinger et

al., 2009). Cryo-EM structures of the nucleolar pre-60S intermediates carrying the
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27SB pre-rRNA, have provided interesting insights into the folding events of its rRNA
domains and the organization of the associated assembly factors and r-proteins (Kater
et al., 2017; Sanghai et al., 2018; Zhou et al.,, 2018). These cryo-EM structures
revealed that initial assembly of this intermediate begins with the formation of the
solvent-exposed interface by folding of 5.8S rRNA, ITS2 and the 25S rRNA domains |
and Il to form a stable core for further assembly. Afterwards, the 25S domain VI is
integrated with domains | and Il leading to formation of a tightly packed ring-like
structure, while domains Ill, IV and V remain initially flexible and not stably assembled.
Notably, the 5S RNP, 5S rRNA together with the r-proteins Rpl5 (uL18) and Rpl11
(uLb), is already recruited to these pre-60S intermediates but is not yet resolved in
these cryo-EM structures, indicating that it is flexibly attached and not yet stably
incorporated (Figure 1.7) (Kater et al., 2017; Sanghai et al., 2018; Zhou et al., 2018).
Ribosome assembly factors and r-proteins stabilize the RNA domains in these
nucleolar intermediates. For example, ITS2 is organized and stabilized by CIC1
(Nsa3), RIp7 and Nopl15, Hasl, Nop7, Ytml and Erbl to create the foot structure.
Also, the Brix domain-containing assembly factors (Brx1, Rpfl and Ssfl) together with
their protein partners stabilize, chaperone and bridge various rRNA domains to each
other (Baller et al., 2017; Bogengruber et al., 2003; Kaser et al., 2001). Brx1 and its
partner bind and stabilize domains | and Il. Rpf1-Mak16-Nsal-Rrpl module sits on a
location near to where later the PET will be formed and are in contact with 5.8S,
domains | and Il (Kater et al., 2017). Ssfl and its partners Rrp15 and Rrpl14 are located
at the interface of domains | and VI (Sanghai et al., 2018). The assembly factors Noc3,
Nop2 and Spbl appear from the subunit side and bind to domains VI and V in a
location, which later the PTC will be formed (Kater et al., 2017). Thus, release of these
assembly factors in the following steps of assembly is important to drive and complete
the maturation of the rRNA domains, subsequent association of other assembly
factors/r-proteins and further construction of the functional sites.

Cryo-EM structures combined with biochemical studies of late nucleolar and
nuclear pre-60S intermediates have clarified further maturation steps including ITS2
processing to remove the foot structure, docking and rotation of the 5S RNP as well
as further maturation of the functional regions PET and PTC (Barrio-Garcia et al.,
2016; Bradatsch et al., 2012; Gasse et al., 2015; Leidig et al., 2014; Thoms et al.,
2015; Wu et al., 2016).
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Figure 1.7 Organization of rRNA domains in nucleolar pre-60S particles

The figure shows schematic representation and 3D structure of rRNA domains organization
discovered in the nucleolar pre-60S particles Nsal-Ytml (PDB: 6EM1) and Nog2 (PDB:
3JCT). Dashed circles represent flexible domains.

The prominent foot structure, including ITS2 as well as the associated assembly
factors Nsa3 (Cicl), RIp7, Nop15 and Nop7, is removed in the nucleoplasm through
ITS2 processing. Processing of ITS2 proceeds with the cleavage of the 27SB pre-
rRNA at site C2 by the endonuclease Lasl (Gasse et al., 2015), which generates a
7S and 26S pre-rRNAs (See Figure 1.3). Subsequently, the 5°-3" exonuclease Ratl-
Rail trims some nucleotides of the 26S pre-rRNA to yield the 25 rRNA (Gasse et al.,
2015). Meanwhile, the nuclear exosome is recruited to the 7S pre-rRNA via Nop53
(Thoms et al., 2015) and trims the extra nucleotides in the 3"-5directions, yielding 6S
pre-rRNA (Mitchell et al., 1997; Schuller et al., 2018). In the cytoplasm, 3 -end of the
6S pre-rRNA is finally processed by the exonuclease Ngl2 to produce mature 5.8S
rRNA (Thomson and Tollervey, 2010).

At an early step, the Brix domain-containing Rpf2 and its partner Rrs1 interact with
the 5S RNP and facilitate its incorporation into the nucleolar pre-60 pre-ribosome at
the CP (Asano et al., 2015; Kharde et al., 2015; Madru et al., 2015; Zhang et al., 2007).
Interestingly, the 5S RNP is initially associated with the pre-60 particles in a twisted
conformation around 180° rotated compared to its position in mature 60S subunit
(Leidig et al., 2014; Wu et al., 2016). At a later nuclear step, the maturation of the CP

region involves the rotation of the 5S RNP by around 180° to adopt its mature
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conformation. This conformational rearrangement seems to be coupled with action of
the ATPase Real (Mdnl) on pre-60 particles inducing structural changes (Barrio-
Garcia et al.,, 2016). The maturation of the large subunit at this stage involves
successive action of Real. Upon ATP hydrolysis, the ATPase Real can create a
pulling force to release many assembly factors and stimulate remodeling of the pre-
60S particles. At an earlier step, Real binds to its substrate Ytm1l and utilize its
ATPase activity to trigger the release of Ytm1-Erb1-Nop7 subcomplex (Baller et al.,
2010). The long N-terminus of Erbl meanders over the pre-60 particle, extending
through ITS2 to 25S domain | and Il areas, contacting a couple of assembly factors.
Thus, release of Erb1 seems to also cause the exit of these factors from the pathway
(Kater et al., 2017). A second round of binding of Real to pre-60S particles, together
with Rix1-1pil-1pi3, triggers the removal of Rsa4 (Ulbrich et al., 2009). Recruitment of
the Real-Rix1 machinery to pre-60S patrticles coincides with the dissociation of Rpf2-
Rrs1 which allows rotation of the 5S RNP (Barrio-Garcia et al., 2016). This second
round of Real binding and Rsa4 removal, activates the GTPase Nog2 and cause its
release from the particle (Matsuo et al., 2014). The nascent PTC is covered by the
GTPases Nogl and Nog2 and release of these factors allows the rearrangement of
the RNA neighborhood around the PTC leading to formation of an almost-mature PTC
and recruitment of the export factor Nmd3 (Ma et al., 2017; Matsuo et al., 2014).
Therefore, the remodeling events of Real, Nog2 and maturation of the CP as well as
the PTC establish a checkpoint, which gives export competence to 60S pre-ribosomal
particles.

The export competent pre-60S particles are exported from the nucleus to the
cytoplasm through the nuclear pore complex (NPC). The pre-60S particles utilize a
couple of export factors such as Nmd3, Arx1l and Mex67-Mtr2 to facilitate their
passage through the NPC channel which is filled with Phenylalanine-Glycine (FG)-rich
repeats nucleoporins. These export factors shield the hydrophilic surface of the pre-
60S particles from the hydrophobic surroundings inside the NPC meshwork. Some of
these export factors such as Arxl and Mex67-Mtr2 interact directly with FG-rich
nucleoporins (Bradatsch et al., 2007; Yao et al., 2007). On the other hand, Nmd3 does
not directly bind to nucleoporins, but contains a nuclear export sequence that is
recognized by the exportin Crm1, which interacts with nucleoporins and mediates the
export (Gadal et al., 2001; Ho et al., 2000).
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Figure 1.8 Cytoplasmic maturation of pre-60S particles
The figure shows a summary of final steps of maturation of 60S pre-ribosomal particles in the
cytoplasm. Figure adapted from (Konikkat and Woolford, 2017).

After export to the cytoplasm, the pre-60S particles go through the final maturation
steps where the remaining assembly factors are released and the last r-proteins get
incorporated (Figure 1.8) (reviewed in Greber, 2016; Karbstein, 2013; Panse and
Johnson, 2010). The ATPase Drgl catalyze the release of RIp24 and Nogl from the
particles, and subsequently Rlp24 is replaced by its homologous r-protein L24 (eL24)
(Kappel et al., 2012; Pertschy et al., 2007). This step initiates further downstream
maturation steps as it enables the assembly factors Reil, Jjj1 and Ssal/2 to dissociate
Arx1-Albl from the rim of the PET (Demoinet et al., 2007; Hung and Johnson, 2006;
Lebreton etal., 2006; Meyer et al., 2007). Meanwhile, the phosphatase Yvh1 facilitates
the removal of Mrt4, a structural homolog of the r-protein PO (uL10), and the
concomitant association of PO, leading to the P-stalk formation (Kemmler et al., 2009;
Lo et al., 2009; Sarkar et al., 2016). Apparently, the final steps include incorporation
of the r-protein L10 (uL16) as well as release of Tif6 and Nmd3 (Figure 1.8). The anti-
association factor Tif6 (elF6), prevents the association of pre-60S particles with
mature 40S, is released by Rial (Efl1) and Sdol (SBDS) (Bécam et al., 2001; Menne
et al.,, 2007; Senger et al., 2001). Meanwhile, Nmd3 release is facilitated by the
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GTPase Lsgl and coupled with the stable integration of the r-protein L10 (uL16)
(Hedges et al., 2005; West et al., 2005). At this point, the PTC as well as other
functional sites have matured and the 60S subunit is ready to associate with the 40S

subunit and engage in protein synthesis.

1.3 Ribosome biogenesis and human diseases

In humans, mutations in ribosome assembly factors or ribosomal proteins can lead to
a range of human diseases, termed ribosomopathies (reviewed in Armistead and
Triggs-Raine, 2014; Farley and Baserga, 2016; Kampen et al., 2020; Narla and Ebert,
2010; Yelick and Trainor, 2015). Such mutations result in reduced ribosome
biogenesis and affect overall protein translation. At an early phase, most of
ribosomopathies cause bone marrow failure and anemia leading to cellular hypo-
proliferation. However, there is an intriguing paradox after ribosomopathy patients
survive this lethal phase with supportive treatments (De Keersmaecker et al., 2015).
Surprisingly, the patients have higher risk of developing cancer, cellular hyper-
proliferation, later in life. There are several interesting theories to explain the relation
between ribosomopathies and cancer discussed in (Kampen et al., 2020; Sulima et
al., 2019).

Diamond-Blackfan anemia (DBA) is an autosomal dominant disorder and one of
the most studied ribosomopathies. Many r-proteins mutations leading to
haploinsufficiency have been identified in patients with DBA, including mutations in
Rps19 (€S19), Rps10 (eS10), Rps17 (€S17), Rpl5 (uL18), Rpl11 (uUL5), RpL26 (uL24),
RplI35A (eL33) and Rpl36A (eL42) (Armistead and Triggs-Raine, 2014; Choesmel et
al., 2007; Draptchinskaia et al., 1999; Farrar et al., 2008; Gazda et al., 2012; Horos et
al., 2012). This disease is characterized by anemia, craniofacial abnormalities, short
stature, thumb abnormalities and sometimes bone marrow failure.

Schwachman-Diamond syndrome is an autosomal recessive ribosomopathy with
most patients having inactivating mutations in SBDS gene (Sdol in yeast) (Boocock
et al., 2003; Woloszynek et al., 2004). As | mentioned in last section (1.2.5 Large
ribosomal subunit maturation), yeast Sdol is involved in the release of the anti-
association factor Tif6 (elF6 in human) from pre-60S particles in the cytoplasm.
Therefore, inefficient release of elF6 from the pre-60S particles delays the maturation

of the large ribosomal subunit in patients with Schwachman-Diamond syndrome
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(Finch et al.,, 2011). Patients with this disorder display exocrine pancreatic
insufficiency, skeletal abnormalities, ineffective hematopoiesis and predisposition to
cancer.

Examples for other ribosomopathies include X-linked dyskeratosis congenita,
Treacher Collins syndrome, Cartilage hair hypoplasia, Bowen-Conradi syndrome,
ANE syndrome, North American Indian childhood cirrhosis and chromosome 5q
syndrome (Armistead et al., 2009; Chagnon et al., 2002; Ebert et al., 2008; Heiss et
al., 1998; Nousbeck et al.,, 2008; Ridanpaa et al., 2001; Trainor et al., 2009).
Ribosome biogenesis is highly conserved from yeast to human. Therefore, studying
ribosome biogenesis in yeast could expand our understanding of the related diseases
in humans, including ribosomopathies and cancer, as well as facilitate treatments

development.
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2 Aim of work

Biogenesis of ribosomes has been extensively studied in eukaryotes over the last two
decades, with each study revealing a drop in the ocean of this intricate and essential
pathway, but also raising new questions. The 90S pre-ribosome is the first stable
intermediate formed after the co-transcriptional cleavage of the pre-rRNA at ITS1,
which was structurally well studied over the last years. However, many aspects of the
earliest steps of pre-60S assembly are still unclear and little is known about their link
to the upstream 90S pathway.

Prompted by this lack of knowledge, the project started with revisiting an old
observation that a nopl-4 mutant allele has caused a defect in pre-60S particles,
indicating that snoRNPs could trigger the pre-60S assembly pathway. Thus, | aimed
to find and isolate the earliest pre-60S particle in order to characterize it and study the
role of snoRNPs in pre-60S assembly as well as delineate this particle from the
succeeding nucleolar pre-60S particles. In this context, | sought to further investigate
some of the uncharacterized components, assembly factors and snoRNAs, in this
particle to shed further light into the earliest stage of pre-60S assembly. Moreover,
structural analysis of the earliest pre-60S was lacking. Therefore, | tried to gain
structural information on the overall architecture of the earliest pre-60S. Using a
dominant negative Mak5 mutant, | aimed to finally isolate and visualize a large pre-

ribosomal intermediate containing both 90S and pre-60S moieties unseparated.
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3 Results

3.1 Mutant nop1-4 cells show abnormal pre-60S particles

It was found in the case of the U3 snoRNP that it does not introduce pre-rRNA
modification, but it rather has a structural role essential for pre-rRNA processing and
maturation (Beltrame and Tollervey, 1995; Hughes, 1996; Hughes and Ares, 1991,
Sharma and Tollervey, 1999). Subsequently, this has been biochemically and
structurally proven for the U3 snoRNP, which forms a structural module integrated
within the 90S pre-ribosome (Chaker-Margot et al., 2017; Cheng et al.,, 2020;
Kornprobst et al., 2016; Sun et al., 2017). However, it is still unclear whether snoRNPs
could be integrated within the early pre-60S patrticles to play a role in their assembly
similar to the U3 snoRNP in the 90S pre-ribosome.

This open question prompted me to follow an old observation that a mutation in the
yeast methyltransferase Nopl (nopl-4 allele; Ala245>Val), a well characterized 90S
and core C/D box snoRNA factor, has induced formation of abnormal pre-60S particles
(Tollervey et al., 1993). To check this defect, | isolated pre-60S particles from wild-
type and nop1-4 mutant yeast cells using tandem affinity purification (TAP) of the pre-
60S assembly factor Nsa3 (Cicl) (Figure 3.1). In wild-type cells, affinity purification of
Nsa3, an ITS2 foot factor, yields a broad range of early nucleolar to intermediate
nuclear stages pre-60S particles. Surprisingly, purification of Nsa3 from nop1-4 mutant
cells shows abnormal 60S pre-ribosomes with accumulation of 90S assembly factors
beside the typical pre-60S assembly factors (Figure 3.1A). To analyze the protein
composition difference between these wild-type and mutant particles, | performed
semi quantitative mass spectrometry analysis (Figure 3.1B). The analysis shows an
accumulation of many 90S modules and factors (e.g. UTP-A, UTP-B, UTP-C, Rrp12,
Kre33, UTP20, Emgl and Mpp10) on these Nsa3 particles purified from nop1-4 mutant
background, as if a fraction of the particles purified by Nsa3 is still connected to the
90S pre-ribosome (Figure 3.1B). Notably, some assembly factors existing in later large
subunit intermediates such as Real and Rix1 complex or Sdal were significantly
reduced in the Nsa3 eluate of the nop1-4 mutant (Figure 3.1A and 3.1B). On the other
hand, other core pre-60S assembly factors such as the ITS2-associated factors, Erb1,

Ytm1, Nsal, Nogl and Spb1 did not show significant change (Figure 3.1B).
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Figure 3.1 Affinity purification of Nsa3 particles from wild-type NOP1 and nop1-4 mutant
cells

(A) Nsa3 tagged with Flag-TEV-ProtA (Nsa3-FTpA) was affinity purified from wild-type and
nopl-4 cells. The final eluates were separated on a 4-12% gradient SDS-polyacrylamide gel
followed by Coomassie staining. Major bands were identified by mass spectrometry. Pre-60S
assembly factors are colored in orange and 90S assembly factors are colored in blue. The
bait Nsa3 (Cicl) is indicated by an asterisk.

(B) Semiquantitative mass spectrometry analysis was performed on the Nsa3-FTpA eluates
depicted in (A). The LFQ values (normalized to Erb1) derived from the nopl-4 mutant particles
were divided by the values derived from the wild-type particles (NOP1) to show the fold change
of the assembly factors. The values for 90S assembly factors are colored in blue and the
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values for the pre-60S assembly factors are colored in orange. Rrp5 is labeled in black due to
its dual role in 90S and pre-60S assembly.

(C) Dot spot growth analysis of nopl-4 and isogenic NOP1 cells not containing (top) or
carrying (bottom) chromosomally integrated Nsa3-FTpA. The strains were spotted in tenfold
serial dilutions on YPD plates, which were incubated at 23°C, 30°C and 37°C for 3 days.
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Figure 3.2 Sucrose gradient centrifugation of Nsa3 particles from nopl-4 cells

Flag eluates of Nsa3-FTpA particles from wild-type NOP1 and nop1-4 cells were fractionated
by sucrose gradient centrifugation (10%-40%) (w/v). From each gradient, 14 fractions were
collected and precipitated by TCA. The samples were analyzed by 4-12% SDS-PAGE and
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stained with Coomassie. Pre-60S assembly factors (orange) and 90S assembly factors (blue)
are labeled. The bait Nsa3 (Cicl) is indicated by an asterisk.

Mutant nopl-4 cells show a slow growth phenotype at 30°C, which is the
temperature used to grow the cultures. To exclude the possibility that tagging Nsa3
with FTpA (Flag-TEV-protA) is exaggerating the phenotype of nopl-4 mutant cells, |
checked the cells in a growth test (Figure 3.1C). This showed that the tag did not
exaggerate the phenotype of nopl-4 mutant cells.

To test whether the Nsa3 particles from the mutant nop1-4 cells could form a stable
pre-ribosome containing both the pre-60S and 90S factors simultaneously, the final
eluates of Nsa3 particles from NOP1 wild-type and nopl-4 cells were fractionated by
sucrose gradient centrifugation followed by SDS-PAGE and Coomassie staining of the
collected fractions (Figure 3.2). The nopl-4 mutant Nsa3 particles showed extra 90S
factors co-migrating with pre-60S factors in fraction 11 such as Utp20 and Rrp5,
compared to NOP1 wild-type. The mutant also showed small subunit r-proteins in
fractions 7 and 8 as if they fell off the particle, fraction 11. Another possibility is that
the free pool of Nsa3 in the mutant cells had non-specific binding to small subunit r-
proteins.

Overall, these results suggest that the mutant nop1-4 has caused a shift in the pre-
60S patrticles purified by Nsa3 to an earlier stage, explaining the initial discovery of an

impaired large subunit biogenesis in nop1-4 mutant cells (Tollervey et al., 1993).

3.2 Isolation and characterization of snoRNPs-containing early pre-

60S particles

There is the possibility that the mutant nop1-4 has impaired 90S biogenesis first before
a pleiotropic feedback effect on pre-60S biogenesis. The other scenario is that nopl-
4 mutation has directly affected pre-60S biogenesis at an early stage through one or
a couple of pre-60S specific C/D box snoRNPs, carrying the mutant Nopl1. To further
investigate the role of Nopl and the snoRNPs in 60S ribosomal assembly, | sought to
isolate very early pre-60S particles that might contain these unknown snoRNPs.
However, all the structurally characterized nucleolar pre-60S particles, so far, are
devoid of snoRNPs (Kater et al., 2017; Sanghai et al., 2018; Zhou et al., 2018). The
early pre-60S assembly factors Urbl (Npal) and Urb2 (Npa2) are good candidates to
isolate such early pre-60S ribosomes. Urb1 and Urb2 are part of a chaperone module
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Urb1-Urb2-Dbp6-Nop8-Rsa3 (Urb1l module) that was found in association with early
pre-60S particles and mainly interacts with the 27SAz pre-rRNA (Dez et al., 2004; Joret
et al., 2018; Rosado et al., 2007), which is the earliest pre-rRNA precursor for 60S
assembly.

Therefore, | tried to isolate snoRNP-containing early pre-60S by affinity purification
of FTpA-tagged Urbl or Urb2 (Figure 3.3). Both Urb1 and Urb2 purifications yielded
particles that have free pool of Urbl and Urb2 and distinct subcomplexes, while many
bands appeared sub-stoichiometric. Mass spectrometry of the co-purified bands
revealed the presence of other factors from the Urb1 module (Urb1-Urb2-Dbp6-Nop8-
Rsa3), the Rrp5 module (Rrp5-Nocl-Noc2) and, interestingly, C/D box snoRNP
factors such as Nop1, Nop56 and Nop58 (Figure 3.3). However, the other assembly

factors were sub-stoichiometric.
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Figure 3.3 Affinity purification of Urb1 and Urb2 particles

Tagged Urb1l-FTpA and Urb2-FTpA were affinity purified to isolate their associated pre-
ribosomal particles. Final eluates were analyzed on 4-12% gradient SDS-PAGE gel and
stained with Coomassie. The indicated bands have been identified by Mass spectrometry.
Rrp5 module factors are colored in red, Urb1l module factors in orange and C/D box snoRNA
cofactors in blue.
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In order to enrich for only pre-60S particles without the dominance of Urb1 and
Urb2, a split-tag affinity purification method was considered, using Urb2 as the first
bait (with TAP tag calmodulin-TEV-protA) and Nocl as second bait (with Flag tag).
Nocl was chosen, because it is an early pre-60S assembly factor with an essential
role in the Rrp5 module, with Rrp5 potentially bridging to the 90S pre-ribosome
(Hierlmeier et al., 2013). Isolation of pre-ribosomes using Urb2-Nocl revealed pre-
60S patrticles with better stoichiometry of assembly factors than the particles purified
by Urbl or Urb2 alone (Figure 3.4). | have also tried different split-tag combinations
with Urb2 as first bait and Nop58 (C/D box snoRNPs factor) or Nsa3 as second baits.
In both cases, Urb2- Nop58 and Urb2-Nsa3, the particles purified with these split
combinations were highly similar to the pattern obtained with Urb2-Nocl particle
(Figure 3.4).
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Figure 3.4 Isolation of primordial pre-60S particles with unique pattern of assembly
factors and snoRNPs

Split-tag affinity purification of Urb2-TAP Nocl-Flag, Urb2-TAP Nop58-Flag and Urb2-TAP
Nsa3-Flag. Final eluates were analyzed on a 4-12% gradient SDS-PAGE gel followed by
Coomassie staining. Major bands were excised from the gel and identified by MALDI-TOF
mass spectrometry. Different factors are colored according to their module: Rrp5 module is
red, Urbl module is orange and C/D box snoRNA cofactors are blue. The bait proteins are
indicated by asterisks.
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Mass spectrometry of the co-purified bands with Urb2-Nocl baits revealed a
unique pattern of early pre-60S assembly factors including the Urb1l module, Rrp5
module and some core 60S factors (e.g. Erbl, Ytm1, Nop7, Nsa3, Hasl). Additionally,
the Urb2-Noclpreparation shows strong enrichment of the C/D box snoRNPs factors
Nop1, Nop56 and Nop58, which are all visible as stoichiometric bands by Coomassie
staining (Figure 3.4). This unique pattern of Urb2-Nocl particle with its associated
snoRNPs indicates that it could be an extremely early pre-60S particle, the primordial
pre-60S.

To distinguish the characteristic assembly factors of this primordial pre-60S from
the succeeding well-characterized pre-60S particles, | compared the fold increase or
decrease of assembly factors from Urb2-Nocl particle with those purified with Nsal-
Ytm1l, using semiquantitative mass spectrometry (Figure 3.5). Nsal-Ytml split
combination were chosen because they purify nucleolar pre-60S particles, which are
structurally characterized (Kater et al., 2017). In addition to the Urbl and Rrp5
modules, both C/D box (Nopl-Nop56-Nop58-Snul3) and H/ACA (Cbf5-Garl-Nhp2-
Nop10) snoRNPs are strongly and specifically enriched in Urb2-Nocl particle
compared to Nsal-Ytm1l nucleolar pre-60S particles (Figure 3.5 B). The Coomassie-
stained gel (Figure 3.5A) and semiquantitative mass spectrometry (Figure 3.5B) show
clear enrichment of Nocl with Noc2 in the Urb2-Nocl particle, then Nocl gets
exchanged for Noc3 in the succeeding Nsal-Ytm1 particle. Apparently, the Urb2-Nocl
particle is packed with several RNA helicases. Some of these RNA helicases are
poorly characterized such as Dbp6, Dbp7, Dbp9 and Mak5, yet Dbp9 is retained in the
succeeding Nsal-Ytml particle. These helicases are not purified in stoichiometric
amounts within the particles, indicating that they only associate transiently with the
pre-ribosomes. It seems that at such early stage of 60S biogenesis, the RNA helicases
could assist with pre-rRNA folding or removal of snoRNAs and assembly factors from
the developing 60S pre-ribosome. In addition to these helicases, some other assembly
factors stand out in the Urb2-Nocl particle such as Nop4, Nopl2, Nopl3. The
essential RNA-binding assembly factor Nop4 (Nop77) (Sun and Woolford, 1994) is
strongly enriched in the Urb2-Nocl primordial pre-60S (Figures 3.4 and 3.5). Nop4
was identified in a synthetic lethality screen with another nopl mutant allele, nop1-5
(Bergeés et al., 1994). Notably, a mutation in RBM28, the human ortholog of Nop4, is
involved in the human ribosomopathy ANE syndrome (Nousbeck et al., 2008). On the

other hand, not much is known about the non-essential RNA-binding assembly factors
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Nop12 and Nopl3, although Nop12 together with Pwpl were shown to be involved in
early 5.8S rRNA folding (Talkish et al., 2014). Additionally, YCRO16W is a an
uncharacterized, but conserved, protein that associates specifically with the Urb2-
Nocl pre-60S particle (Figure 3.5B), which has a uniqgue RNA-binding domain (see
Discussion). Further unique and components discovered in the Urb2-Nocl particle
include the putative methyl-transferases YGR283C (which we termed Upal, for Urb2
particle associated methyl-transferase 1) and its paralog YMR310C (termed Upa2
accordingly), both are specifically enriched in the primordial pre-60S (Figure 3.5B) (for

further characterization see chapter 3.7).
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Figure 3.5 Comparison of the primordial pre-60S with the succeeding nucleolar pre-60S
particles

(A) Split-tag affinity purification of Urb2-Nocl, Nsal-Ytml and Noc4-Dhrl particles. Flag
eluates were divided: one half was separated by 4-12% gradient SDS-PAGE and stained with
Coomassie blue (upper part) to reveal the protein composition; the other half was used for
RNA extraction, which was analyzed by northern blotting using specific probes for the different
snoRNAs snR190, snR37 and U3 (lower part).

(B) Semiquantitative mass spectrometry analysis of the final Urb2-Nocl and Nsal-Ytml
eluates were compared. The LFQ values (normalized to Nsa3) of the co-enriched assembly
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factors from the Urb2-Nocl were divided by the values from Nsal-Ytm1 preparation, which
indicated the fold increase or decrease.

In contrast, a group of other pre-60S assembly factors, which are enriched in
Nsal-Ytm1 nucleolar pre-60S particles (e.g. Nogl, Drs1, Dbp10, Spb1l, Locl, Nugl,
Nsa2, Nsal and Rpfl), were strongly diminished in the Urb2-Nocl particles.
Interestingly, the Urb2-Noc1l particle has less of the r-protein Rpl3 compared to Rpl4,
since Rpl3 band appears sub-stoichiometric to Rpl4 band in the SDS-polyacrylamide
gel, while both bands have similar intensity in the later classical pre-60S particles
(Figure 3.4 and 3.5A). Although Rpl4 is already associated with the primordial pre-
60S, the later observation indicates that Rpl3 is still not incorporated into the particle.
Notably, the Urb2-Nocl preparation contains few but sub-stoichiometric 90S factors,
probably from a small pool before the separating cleavage at ITS1.

In summary, the Urb2-Nocl particle, which precedes the previously characterized
nucleolar pre-60S particles, is distinguished by the presence of large a-solenoid
scaffold complexes (the Urb1l and Rrp5 modules), C/D box and H/ACA snoRNPs, the
methyltransferases Upal-Upa2 and a group of poorly studied RNA helicases. As

indicated in next chapters, | investigated and characterized some of these factors.

3.3 Affinity purification of early assembly factors

The primordial pre-60S particle purified via Urb2-Nocl contains many poorly
characterized assembly factors. Therefore, | individually tagged some of these
assembly factors, affinity-purified them and identified the pattern of their co-purified
factors with by SDS-PAGE and mass spectrometry (Figure 3.6). | performed these
purifications searching for a suitable single bait that could isolate the primordial pre-
60S, similar to what | obtained with the split tag affinity-purified Urb2-Nocl. Although
all these assembly factors are mainly associated with the primordial pre-60S particle,
none of their purifications showed the stoichiometric pattern of assembly factors
obtained with Urb2-Noc1l particle. For example, isolation of pre-60S patrticles via Nop4
revealed a pattern of early pre-60S assembly factors, but the C/D box snoRNA
cofactors Nop1l-Nop56-Nop58 were not enriched in the particle and the Urb1 module
was sub-stoichiometric (Figure 3.6A). Although Nop4 purified a pre-60S particle, |
could detect the 90S factor Rrp12 band in the gel (Figure 3.6A; Rrp12 colored in red).
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To confirm that Rrpl12 is an intrinsic part of this particle, the Nop4-FTpA particle was
fractionated by sucrose gradient centrifugation (Figure 3.6B). Rrp12 co-migrated on
the sucrose gradient with the particle (Figure 3.6B; fraction 10) as confirmed by mass
spectrometry. Notably, a yeast two-hybrid screen showed an interaction between
yeast Nop4 and Rrpl2 (McCann et al., 2015). However, the authenticity of this

interaction should be further clarified in future research.
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Figure 3.6 Affinity purification of early assembly factors
(A) Affinity purification of the early pre-60S assembly factors Nop4-FTpA, Nop8-FTpA, Mak5-
FTpA as well as the C/D box cofactors Nop58-FTpA and Nop56-FTpA. Flag eluates were
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analyzed on a 4-12% gradient SDS-PAGE gel and stained with Coomassie. Major bands were
identified by mass spectrometry. The bait proteins are indicated by asterisks.

(B) Flag eluate of Nop4-FTpA (Input) was fractionated by sucrose gradient centrifugation
(10%-40%) (w/v). Fourteen fractions were collected, precipitated by TCA and resuspended in
SDS protein sample buffer. The samples were analyzed by 4-12% SDS-PAGE and stained
with Coomassie blue.

Affinity purification of Nop8, a member of the Urb1 module, showed mainly the Urbl
module and the C/D box cofactors Nopl-Nop56-Nop58, but not a stoichiometric pre-
ribosome. Early pre-60S factors have been co-purified with the RNA helicase Maks5,
in addition to other proteins that are not involved in ribosome biogenesis. On the other
hand, the particles purified via the C/D box snoRNA cofactors Nop56 and Nop58
showed mainly a pattern of 90S factors and few pre-60S factors. Notably, the Nop58
particle enriched two prominent proteins Rvbl and Rvb2 (Figure 3.6A). Rvbl and
Rvb2 are part of the R2TP complex (Rvbl-Rvb2-Tahl-Pihl), which is involved in
multiple processes including C/D box snoRNP biogenesis (Kakihara and Houry, 2012;
Zhao et al., 2008).

3.4 The primordial pre-60S specifically carries two major snoRNAs

The strong enrichment of the C/D box and H/ACA snoRNPs core factors in the
primordial pre-60S particles prompted me to investigate and identify the associated
snoRNAs. Hence, | extracted the RNA from Urb2-Noc1 and Urb2-Nop58 final eluates,
in addition to other controls, then separated the RNA on polyacrylamide/urea gel and
stained with SYBR Green (Figure 3.7A). This revealed two major RNA bands that were
strongly enriched in the Urb2-Nocl and Urb2-Nop58 particles, but not detected in the
nuclear pre-60S (Arx1) and 90S (Noc4-Dhrl) particles. Judging by their sizes, the two
bands were assigned to the C/D box snR190 and the H/ACA box snR37 (Figure 3.7A).
For confirmation, northern blot analysis showed that these two snoRNAs are
specifically enriched in Urb2-Nocl, but completely absent from the Nsal-Ytml
nucleolar pre-60S and the Noc4-Dhrl 90S patrticles (Figure 3.5A). Another evidence
came from the isolation of Urb2-Nocl particle from a snR1904 snR37A4 double
knockout strain, which is devoid of these two snoRNA bands (Figure 3.7B). To confirm
whether snR190 and snR37 are stably associated with the earliest pre-60 particles,

the Urb2-Nop58 eluate was fractionated by sucrose gradient centrifugation followed
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by Northern blotting of the collected fractions (Figure 3.7C). Indeed, both snR190 and

snR37 co-migrated with the pre-60S particles in the lower part of the sucrose gradient.
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Figure 3.7 Specific enrichment of snR190 and snR37 with the primordial pre-60S
particles

(A) 8% polyacrylamide/urea gel electrophoresis showing the analysis of low-molecular-weight
RNA extracted from the split-tag affinity-purified Urb2-Nocl, Urb2-Nop58, Arxl and Noc4-
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Dhrl pre-ribosomes. Total RNA from a wild-type strain W303 whole cell lysate (WCL) and the
final eluates from the purifications were separated on the gel and stained by SYBR Green
RNA gel stain.

(B) RNA was extracted from the final eluates of affinity-purified Urb2-TAP Nocl-Flag, derived
from the wild-type or snR190A snR37A double deletion strain, then separated on 8%
polyacrylamide/urea gel and SYBR Green staining. RNA of a whole cell lysate (WCL) from
wild-type strain W303 was also included. The gel was stained with SYBR Green RNA gel stain
to detect the snR37 and snR190 bands, which are indicated in red.

(C) Final eluate of affinity purified Urb2-TAP Nop58-Flag pre-ribosomal particle was separated
by sucrose gradient centrifugation (10-40% sucrose gradient). Part of each fraction was used
for RNA extraction and northern blotting using probes for snR190 and snR37, and the rest
was analyzed by 4-12% gradient SDS-PAGE gel and stained with Coomassie. Rrp5 module
factors are colored in red, Urbl module factors in orange and C/D box snoRNA cofactors in
blue. The bait proteins are indicated by asterisks.

Another trial was done using the co-precipitated RNA from the affinity purification of
the C/D box cofactor Nop58, to show the complete pool of C/D box snoRNAs, in
comparison to Urb2-Nop58 split-tag affinity purification, which shows the snoRNAs
associated with the primordial pre-60S (Figure 3.8A). Various snoRNAs species were
co-purified with Nop58 including strongly enriched U3, a C/D box snoRNA associated
with 90S particles, and snR190. On the other hand, the Urb2-Nop58 particles purified
the C/D box snR190 and the H/ACA box snR37, the latter was not enriched with the
C/D box snoRNA cofactor Nop58.

In order to further identify additional snoRNAs of lower abundance in the nascent
pre-60S particles, RNA lllumina sequencing was performed. The sequencing was
done in collaboration with Dr. Jose Vincente Gomes-Filho from the Randau lab at Max
Planck Institute for Terrestrial Microbiology, Marburg. For this purpose, | performed
affinity purification of the following particles: Urb2-Noc1l / Urb2-Nop58 (primordial pre-
60S particles), Nop58 to obtain the entire C/D box snoRNAs pool, Kre33 as a bait for
the 90S pre-ribosome and Arx1 as a bait for late nuclear pre-60S particles. Then, |
forwarded the final eluates to the Randau lab, where Dr. JV Gomes-Filho performed
the lllumina sequencing and analysis of the small RNAs co-precipitated with the
different preparations (Figure 3.8B). Analysis of the sequencing data revealed that
Urb2-Nocl and Urb2-Nop58 particles, in comparison to other preparations, contained
a similar set of snoRNAs, with the highest enrichment for the C/D box snR190, snR73,
snR38, snR39, snR48 and snR52 as well as the H/ACA box snR37 and snR42 (Figure
3.8B). As expected, snR190 appeared in the sequencing data as a major SnoRNA

associated with the Urb2-derived particles, but snR37 did not stand out as much. This
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resulted from a technical limitation of the Illumina sequencing method, which was
optimized for RNAs that are smaller than 200 nucleotides, but snR37 is an

extraordinary long snoRNA with 386 nucleotides.
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Figure 3.8 Identification of the snoRNAs co-enriched in the primordial pre-60S particles
(A) SYBR Green staining of the 8% polyacrylamide/urea gel, which exhibits the separated
RNA extracted from Nop58-FTpA, Urb2-TAP/Nop58-Flag and Arx1-FTpA affinity-purified
particles, in comparison to total RNA from the whole cell lysate (WCL) of the wild-type W303
strain. The snoRNAs snr190 and snR37 are labeled in red to highlight their specific enrichment
with the primordial pre-60S particle purified by Urb2-Nop58.

(B) lllumina RNA sequencing of RNA extracted from the eluates of Urb2-TAP/Nocl-Flag,
Urb2-TAP/Nop58-Flag, Nop58-FTpA, Kre33-FTpA and Arx1-FTpA preparations. Log2 Fold
change of Illlumina read counts was calculated for Urb2-Nocl and Urb2-Nop58 samples in
comparison to Arx1, Kre33 and Nop58. (B) was done by Dr. JV Gomes-Filho.
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3.5 C/D box snR190 and H/ACA box snR37 play a role in the

primordial pre-60 particles
Since snR190 and snR37 were prominent and specifically enriched in the primordial
pre-60S particles, | was encouraged to study their role in these early steps of the large
subunit biogenesis. To better understand their role, | performed both genetic and
biochemical experiments. Apparently, the C/D box snR190 does not guide any known
ribose methylation of rRNA (Kiss-Laszl6 et al., 1996; Taoka et al., 2016; Yang et al.,
2016). Thus, it might be involved in rRNA folding or having a structural role within the
earliest pre-60S particles, similar to the U3 snoRNA in the 90S pre-ribosome. On the
contrary, computational prediction suggested that the H/ACA box snR37 guides the
pseudouridylation of yeast 25S rRNA at position U2944 (Piekna-Przybylska et al.,
2007; Schattner et al., 2004). However, it is not experimentally proven that snR37
functions as a guide snoRNA for the pseudouridylation at the predicted position yet.
The genes for both snoRNAs were disrupted individually to assess their
essentiality for cell growth. As previously shown and confirmed here, neither snR190
nor snR37 are essential for cell growth in yeast (Figure 3.9A) (Balakin et al., 1996;
Zagorski et al., 1988). Subsequently, the genes of both snR190 and snR37 were
disrupted from the yeast genome, snR1904 snR374 double disruption, to determine
the combined effect of absence of both snoRNAs on cell growth. This revealed a
synergistic growth defect at 37°C upon the double disruption of both snR190 and
snR37 (Figure 3.9A). In order to examine whether this was the result of an assembly
defect in the primordial pre-60S particles, Urb2-Nocl was affinity purified from the
single deletion strains (snR1904 or snR374) as well as from the double deletion strain
(snR1904 snR374), which was already confirmed to be devoid of these two snoORNAs
by RNA polyacrylamide gel electrophoresis and SYBR Green staining (Figure 3.7B).
To identify the change in protein composition, | separated the final eluates by SDS-
PAGE followed by Coomassie staining and used semiquantitative mass spectrometry
to analyze the change of assembly factors between these preparations (Figures 3.9B
and 3.9C). Single disruption of snR190 has already caused a specific and significant
reduction of the RNA helicases Dbp7, Dbp9 and Mak5, concomitant with a slight
accumulation of some 90S factors such as Utpl0, Utp20, Kre33 and Rrpl2.
Additionally, the Ssf1/Ssf2-Rrp15-Mak11 subcomplex was diminished, which however
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Figure 3.9 Disruption of snR190 and snR37 promotes specific changes in Urb2-Noc1
particle

(A) For growth comparison, the indicated strains wild-type W303, snR1904, snR37A and
snR190A snR37A double deletion were spotted in tenfold serial dilutions on YPD plates. The
plates were incubated at 23°C, 30°C and 37°C for 2 days.

(B) Affinity-purification of Urb2-TAP Nocl-Flag from the indicated strains wild-type, snR190A4,
snR37A and snR190A snR37A double deletion. Flag eluates were analyzed on a 4-12%
gradient SDS-PAGE gel and stained with Coomassie. Mak5 and Dbp9 are colored in bold
green to highlight their reduction in the snR190A carrying strains.
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(C) Semiquantitative mass spectrometry analysis of the final Flag eluates from the strains
described in (B). The LFQ values were normalized to Nocl in each sample. Bar graph
representation was done for representative co-enriched assembly factors to show their fold
reduction in the mutant by dividing the normalized LFQ values from the wild-type by the
individual snoRNA deletion strains (WT / snR1904, WT / snR37A and WT / snR1904 snR37A4).
Note that Upal was no longer detected in the AsnR37 strain (LFQ value of 0). In this case, |
arbitrarily set a low LQF value of 1 for the calculation.

was only moderately present in the wild-type Urb2-Noc1l particles. To my surprise, the
putative methyl-transferases Upal (YGR283C) and Upa2 (YMR310C) were
completely absent from Urb2-Nocl particle when isolated from the snR374 strain
(Figure 3.9C) (see Discussion). Also, the H/ACA snoRNA cofactors such as Cbf5 and
Nhp2 were reduced in the Urb2-Noc1l particles when isolated from the snR37 4 strain.
All these described alterations observed in the single disruption strains were also
sustained in the snR1904 snR374 double disruption mutant, except for YCRO16W.
Interestingly, the uncharacterized YCR0O16W did not significantly change by disrupting
snR190 (1.6-fold) or snR37 (3-fold), however it was significantly reduced by disrupting
both snoRNAs (21-fold), which is clearly a synergistic effect (Figure 3.9C). Hence, this
uncharacterized protein could play a role in the synthetically enhanced phenotype

observed between snR190 and snR37.

3.6 Genetic interaction between snR190 and the assembly factor
Rsa3

Most of the described genetic interaction experiments and screens regarding the
ribosome assembly pathway, were based on the test of the functional relationship
between ribosome assembly factors (proteins) and/or r-proteins (Bergés et al., 1994;
Daugeron and Linder, 1998; Dichtl and Tollervey, 1997; De La Cruz et al., 2004). Since
snR190 was always highly enriched and robust in my analysis of the primordial pre-
60S particles, | checked if there is a genetic interaction between snR190 and other
early assembly of the primordial pre-60S particles. The first choice was to check for
genetic interaction between snR190 and Nop4 because Nop4 was discovered in a
synthetic lethality screen with Nopl (C/D box snoRNAs cofactor) (Bergés et al., 1994),
suggesting that its function might be related to C/D box snoRNPs. Therefore, | created

strains carrying temperature sensitive (ts) alleles of Nop4 (hop4-19 and nop4-3), which
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were described by (Sun and Woolford, 1997). Testing these ts alleles in
snR1904 strain did not yield a synergistic effect at 30°C, but there was an
enhancement of the ts phenotype at 37°C (Figure 3.10A). Another test candidate was
Dbp7, which was reduced from Urb2-Noc1 particles purified from snR1904 cells. Dbp7
is a RNA helicase required for the biogenesis of the large ribosomal subunit (Daugeron
and Linder, 1998). Dbp7 is also involved in genetic interactions with some members
of the Urbl module such as Urbl, Urb2 and Dbp6 (Daugeron and Linder, 1998;
Rosado et al., 2007). Although Dbp7 is not essential for cell growth, disruption of its
gene dbp7A4causes severe growth defect (Figure 3.10B) (Daugeron and Linder,
1998). However, double disruption of snR190 and Dbp7 (snR1904 dbp7 A) has actually
induced a better cell growth than the dbp74 strain alone (partial rescue of the
dbp74 phenotype) (Figure 3.10B). This result was unexpected and is potentially
interesting, which will be followed in future studies.

Apparently, snR190 associates with Urb1 as revealed by a UV cross-linking and
analysis of cDNAs (CRAC) (Joret et al., 2018). Notably, Rsa3 is the only non-essential
assembly factor in the Urb1l module Urb1-Urb2-Dbp6-Nop8-Rsa3. This prompted me
to examine whether there is a functional relationship between Rsa3 and snR190.
Combined gene disruption of snR1904 rsa34 caused a synthetically enhanced (SE)
growth defect at all temperatures tested, 23°C, 30°C and 37°C (Figure 3.11A). Next, |
was curious to examine the pre-60S ribosomal particles from the slowly growing
snR1904 rsa34 double disruption strain. Hence, pre-60 particles were isolated via
affinity purification of Nsa3 from wild-type, snR1904, rsa34 or snR1904 rsa34 double
mutant cells in order to check for change in the associated assembly factors. SDS-
PAGE combined with Coomassie staining (Figure 3.11B) and semiquantitative mass
spectrometry analysis (Figure 3.11C) of final eluates revealed some changes. Nsa3-
derived pre-60S particles from the snR1904 rsa34 double mutant showed an altered
pattern of co-purifying assembly factors, with accumulation of many 90S factors (e.g.
Utp20, Utp22, Pwp2, Utpl0, Rrpl2, Kre33), reminiscent of what has been found for
Nsa3 particles isolated from nopl-4 strain. In contrast, a group of pre-60 assembly
factors (e.g. Dbp10, Sdal, Spb1, Nugland Arx1) were reduced from the Nsa3 pre-60
particles when isolated from the snR1904 rsa34 double mutant (Figure 3.11B and
3.11C). Altogether, these results suggest that snR190 could play a role, functionally

related to the Urb1 module, in the early steps of 60S ribosomal subunit biogenesis.

40



snR190A

snR190A dbp7A

nop4A 23°C 30°C 37°C

“

T
=
wn
w
-
iy
3

©
»
-
O

b Y
pRS315-nop4-3 @ ﬁ% e B

wTt
snR190A

dbp7A

5 days 3 days

Figure 3.10 Disruption of snR190 cause partial rescue of Dbp74 phenotype

(A) Growth test analysis of strains carrying NOP4, nop4-19 ts allele or nop4-3 ts allele in wild-
type background compared to snR190A background. Tenfold serial dilutions were spotted on
YPD plates. The plates were incubated at 23°C, 30°C and 37°C for 3 days.

(B) Growth test analysis of the indicated strains: wild-type W303, snR190A, dbp7A and
snR190A dbp7A double disruption. Tenfold serial dilutions were spotted on YPD plates, which
were incubated at 23°C for 5 days or at 30°C and 37°C for 3 days.
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Figure 3.11 Synthetic enhancement between snR190 and the Urb1 module factor Rsa3
(A) Dot-spot growth analysis of wild-type W303, snR190A, rsa3A and snR190A rsa3A strains.
Tenfold serial dilutions were spotted on YPD plates. The plates were incubated at 23°C, 30°C
and 37°C for 2 days.

(B) Isolation of Nsa3-FTpA particles from wild-type W303, snR1904, rsa3A and snR190 A
rsa3A strains. Final eluates were analyzed on 4-12% gradient SDS-PAGE gel and Coomassie
staining. Major bands have been excised from the gel and identified by MALDI-TOF mass
spectrometry. The 90S factors are indicated in blue, while pre-60S factors are indicated in
orange. The bait Nsa3 is indicated by an asterisk.

(C) Semiquantitative mass spectrometry analysis of the Nsa3-FTpA eluates depicted in (B).
The LFQ values (normalized to Nsa3) derived from the snR190A rsa3A were divided by the
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values obtained for the wild-type particles (WT) to represent the fold change of assembly
factors. The values for 90S factors are colored in blue, while the values for the pre-60S factors
are colored in orange. The bridging factor Rrp5 is labeled in black.

3.7 Isolation of the primordial pre-60S particles using the methyl-

transferases Upal and Upa2

The fact that Upal and Upa2 were specifically co-enriched on Urb2-Nocl particles
and were absent from these particles upon deletion of the H/ACA box snR37,
prompted me to further investigate these two uncharacterized proteins. Both Upal and
UpaZ2 are putative methyl-transferases that have a SPOUT domain. The SPOUT class
of methyl-transferases are present in all three domains of life. The SPOUT class
proteins can bind S-adenosyl-L-methionine (SAM) and facilitate the transfer of SAM
methyl group to the substrate which is usually RNA or protein (Anantharam et al.,
2002; Tkaczuk et al., 2007). Actually, yeast Upal and Upa2 are paralogs that resulted
from yest genome duplication. They are both non-essential for cell growth (Giaever et
al., 2002) and predicted to methylate RNA not proteins (Szczepinska et al., 2014),
however they are not associated with any known RNA modification yet. The human
homologue of Upal/Upa2, called SPOUTL1 or C9orfl14, forms a homodimer (PDB:
4RG1), which is characteristic for SPOUT domain-containing proteins (See
Discussion).

Since | showed that Upal and Upa2 are associated with the Urb2-Nocl pre-
ribosomal particles (Figure 3.5B), | wanted to affinity-purify these assembly factors to
check the pattern of their co-purified proteins. Thus, | created C-terminally tagged
Upal and Upa2 yeast strains, namely Upal-FTpA and Upa2-FTpA. For both baits
Upal and UpaZ2, affinity purification showed an almost identical pattern of co-
associated proteins (Figure 3.12A). Notably, this pattern was highly similar to Urb2-
Noc1l primordial pre-60S particles. Although | have tried many affinity purifications with
different early assembly factors as single bait such as Nsa3, Nop4, Mak5, Nop8,
Nop58 and Nop56 (see Figures 3.1 and 3.6), | never got the stoichiometric pattern of
Urb2-Nocl primordial pre-60S particles except when | used Upal and UpaZ2.
Semiquantitative mass spectrometry analysis was performed using the final eluates of
affinity- purified Upal and Upa2 (Figure 3.12B). Similar to Urb2-Nocl primordial pre-
60S, Upal and Upa2 particles contain the Rrp5 and Urb1l modules, H/ACA box and
C/D box core factors, Nop4, Nop12, Nopl3, YCR016W and the RNA helicases Dbp7,
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Figure 3.12 Affinity purification of the methyltransferases Upal and Upa2 enriches early
pre-60S particles similar to the pattern of Urb2-Noc1 particles

(A) Final eluates from the affinity purification of Upal-FTpA and Upa2-FTpA were analyzed
on a 4-12% gradient SDS-PAGE gel and stained with Coomassie. Major bands, including
Upal and Upa2, were excised from the gel and identified by MALDI-TOF mass spectrometry.
The Rrp5 module is labeled in red, Urb1 module in orange, C/D box snoRNA cofactors in blue
and Upal/Upa2 in green. The bait proteins are indicated by asterisks.
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(B) Semiquantitative mass spectrometry of the eluates from Upal and Upa2 purifications. The
absolute LFQ intensities are depicted in the bar graph and the assembly factors are
categorized into groups.

(C) Negative stain electron microscopy of Upal-FTpA preparation. Shown are typical 2D
classes of these early pre-60S particles. The scale bar indicates 100 nm. This negative stain
electron microscopy was done by Dr. Dirk Flemming.

Dbp9 and Mak5 as well as other early assembly factors. Surprisingly, the H/ACA box
core factor Cbf5, a pseudouridine synthase, is one of the most strongly enriched
factors associated with Upal and Upa2 particles (Figure 3.12A and 3.12B).
Interestingly, the Upal particle contained Upa2, and vice versa the Upa2 particle
contained Upal, verified by either MALDI-TOF of the corresponding gel-excised bands
(Figure 3.12A) or semiquantitative mass spectrometry analysis (Figure 3.12B). This
indicates that Upal and Upa2 might form a dimer, similar to their human ortholog
C9orf114 (SPOUTL1) and other SPOUT-domain containing proteins, which form and
function as homodimers (see Discussion).

In order to get more information about the structure of the early pre-60S particles
affinity-purified by Upal, the particles were analyzed by negative stain electron
microscopy and 2D classification (Figure 3.12C). | conducted the affinity purification
of Upal, which was subsequently analyzed by Dr. Dirk Flemming (head of the electron
microscopy facility at the Biochemistry Center, Heidelberg), who performed negative
stain electron microscopy and 2D classification of the sample. This revealed that Upal
pre-60S patrticles are ca. 32 nm long and 25 nm wide, and often show a U-shaped
appearance (Figure 3.12C). In a number of 2D classes, a blurry extra density at one
tip of the U-arms was observed. This blurry extra density might correspond to a flexibly
attached substructure such as Rrp5, Urbl or snoRNP modules.

Altogether, the uncharacterized SPOUT methyl-transferases Upal and Upa2 are
exclusively associated with the earliest pre-60S ribosomal particles and can ideally be
used as single bait to affinity-purify this primordial pre-60S, which often shows a U-

shaped appearance by negative stain electron microscopy.
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3.8 Dominant Mak5 helicase mutant facilitates the isolation and

structural analysis of a 90S-pre-60S super particle

The RNA helicase Maks5 is known to be involved in early 60S biogenesis (Bernstein et
al., 2006; Bruning et al., 2018; Pratte et al., 2013). It binds specifically to early pre-60S
particles but appears under-stoichiometric (see Figure 3.4) and its binding to Urb2-
Nocl particle is reduced in snR1904 cells (see Figure 3.9B). Therefore, we wanted to
further analyze this essential RNA helicase, for which a dominant negative mutant
mapping in the Walker B motif (Mak5 D333A, defective in ATP hydrolysis) has been
described (Bernstein et al., 2006). | cloned the mak5 D333A mutation in a plasmid
under GAL promoter and introduced the plasmid into yeast strains with different
tagged baits for isolation of various pre-60S particles and studying them under the
effect of the dominant negative Mak5.

First, | checked the growth of cells with overexpressed mak5 D333A to confirm the
dominant negative phenotype in our yeast background with tagged Urb2-TAP/Nocl-
Flag (Figure 3.13A). Second, the Nsa3 and Nsal-Ytm1 pre-60 particles were affinity-
purified and prominent bands were identified by mass spectrometry. Notably,
overexpression of Mak5 mutant caused the mutant protein to be massively stuck on
Nsa3 and Nsal-Ytml pre-60S particles, whereas the methyltransferase Spbl, the
GTPase Nugl and the export factor Arxl were strongly reduced (Figure 3.13B). |
checked the reason of this specific change with Spb1 and Nugl reduction upon Mak5
D333A overexpression. Interestingly, the Nugl N-terminus and Spbl C-terminus,
which are seen in the cryo-EM structure of state D Nsal-Ytm1 pre-60S particles (Kater
et al., 2017), are close to the 25S rRNA CRAC crosslinking sites of Mak5 (Briining et
al., 2018) (Figure 3.13C). This suggests that the overexpressed Mak5 D333A, unable
to hydrolyze ATP, is not efficiently dissociated from its binding site, and accordingly it
could have blocked Spb1 and Nug1l from stable association with the pre-60S particles.

On the other hand, the earlier Urb2-Noc1 primordial pre-60S showed a different
phenotype upon overexpression of Mak5 D333A. The dominant Mak5 D333A has
caused accumulation of many 90S factors on the Urb2-Nocl particles (e.g. Utp20,
Utp10, Utp22, Bms1, Rrpl2, Utp21, Pwp2, Utpl2 and Nopl4), which caused the
particle to co-enrich both pre-60S and 90S factors (Figure 3.14A). At the same time,
the r-protein Rpl3 was markedly absent from Urb2-Nocl particle in this mutant.
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Figure 3.13 Overexpression of mak5 D333A mutant

(A) Dot spots to show the dominant negative phenotype of Mak5 D333A overexpression in the
Urb2-TAP Nocl-Flag background. Tenfold serial dilutions of the indicated strains were spotted
on SDC-Leu (glucose) and SGC-leu (galactose) plates, which were incubated at 30°C for 3
days.

(B) Affinity purification of Nsa3-FTpA and Nsal-TAP Flag-Ytm1 particles with overexpressed
wild-type Mak5 and Mak5 D333A mutant. The Nsa3-FTpA and Nsal-TAP Flag-Ytm1 strains
were transformed with YCplacl111-GAL-MAKS5 or mak5 D333A. The cells were grown in
glucose media (SDC-Leu) then shifted to galactose media (YPG) and grown for 8 hours. Final
eluates were analyzed on a 4-12% gradient SDS-PAGE gel and Coomassie staining. Major
bands have been identified by mass spectrometry. The assembly factors Spbl, Nugl and
Arx1 are colored in red to highlight their reduction in the case of mak5 D333A overexpression.
The overexpressed Mak5 is indicated in light Green. The bait proteins are indicated by
asterisks

(C) Nsal-Ytml cryo-EM structure state D (PDB:6EMS5) with indicated CRAC crosslink sites
of Mak5 (Brining et al., 2018) at helices H36/37 and H39 (red). The nearby Nugl N-terminus
(yellow) and Spb1 C-terminus (blue) are highlighted. | used UCSF Chimera for preparing (C).
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Figure 3.14 Dominant Mak5 D333A Mutant of Super 90S-pre-60S Particles

(A) Affinity purification of Urb2-TAP Nocl-Flag particle (WT) and after overexpression of Mak5
D333A. Urb2-TAP Nocl-Flag strain was transformed with YCplac111-GAL-mak5 D333A. The
cells were grown in SDC-Leu glucose media then shifted to YPG galactose media and grown
for 8 hours. Final eluates were analyzed on a 4-12% gradient SDS-PAGE gel and stained with
Coomassie blue. Major bands have been identified by mass spectrometry. 90S assembly
factors are colored in blue, while pre-60S factors are colored in orange. The bait proteins are

indicated by asterisks.
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(B) Negative stain electron microscopy of the Urb2-TAP Nocl-Flag particles isolated from
dominant makb5 D333A mutant background. 2D classes showing 90-pre-60S super particles
with 90S attached to a flexible fuzzy pre-60S moiety. Individual 90S and pre-60S particles
from the same sample are also shown. The scale bar indicates 100 nm. This negative stain
electron microscopy was done by Dr. Dirk Flemming.

These biochemical data encouraged me to further use the Urb2-Nocl particles
isolated from the Mak5 D33A dominant mutant for structural analysis. Thus, | isolated
these particles and sent them to Dr. Dirk Flemming, who analyzed them by negative
stain electron microscopy. This revealed small size particles in the range of (~32 nm
in diameter) and medium-sized particles (around 40 nm in diameter). Moreover, we
found very large-sized bipartite particles (around 70 nm long, 40 nm wide), which
exceeds by far the size of either pre-60S or 90S particles (Figure 3.14B). Thus, the
small particles could be the primordial pre-60S, while the medium particles highly
resemble the classical 90S particles. On the other hand, the large-sized particles could
be a super-assembly between 90S and pre-60S particles, consistent with the
biochemical data. Indeed, the bigger half of the large-sized super particles appears
distinct and highly similar to the typical 90S structure as seen by negative stain EM,
while the smaller half appear less distinct and more flexible, resembling in its overall
shape the primordial pre-60S found for the Upal particles (Figure 3.14B).

It was very intriguing to gain deeper insights into the structure of this super 90S-
pre-60S particle using cryo-EM. Therefore, | isolated the Urb2-Nocl particles from the
dominant Mak5 D333A mutant again and Dr. Dirk Flemming prepared the cryo-EM
grids as well as collected data using the Glacios cryo-transmission electron
microscope. Matthias Thoms, from Beckmann lab at LMU Munich, has processed and
analyzed this data. This has revealed three major intermediates with a low resolution,
but good enough for assignment of some assembly factors. The smaller pre-
ribosomes looked like pre-60S particles exhibiting the ITS2-foot structure, 25S rRNA
domains | and Il, the 5.8S and the Erb1-Ytm1 complex, similar to the early the Nsal-
Nop2 pre-60S particles state 3 (Sanghai et al.,, 2018), while Nsal was absent
supporting the biochemical data (Figure 3.15A). Domains IV, V and VI of the 25S rRNA
as well as the Rrp5 and Urbl modules were not visible because of their flexible
attachment. The medium-sized particles had typical 90S features and resembled the
Noc4-Dhrl 90S particle (pre-A1; EMD-11359; Cheng et al., 2020), which allowed us to
assign classical factors on these medium-sized 90S particles like Kre33, Utp22-Rrp7,

49



Utp13, Utp12 and Helix 44 of 18S rRNA (h44) (Figure 13.5B). Using a larger box size
for re-extraction of the 90S particles, has resulted in the appearance of an extra density
near the head of the 90S, which resembled in dimension the early pre-60S particles.
Due to high degree of expected flexibility, this extra density could not be further
resolved. Based on its overall dimension, my biochemical data and the negative stain

results, we can assign this blurry additional density to the pre-60S moiety.
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Figure 3.15 Cryo-EM structure of the 90S-pre-60S super particle

(A) Comparison of the Urb2-Noc1 mak5 D333A pre-60S cryo-EM reconstitution (upper panel)
with the Nsal-Nop2 map (state 3, EMDB: 7445, PDB: 6CB1) lowpass filtered to 10 A. The
Foot structure consisting of Nsa3, Nop7, RIp7, Nopl15 as well as Erbl, Ytm1l and Nsal are
labeled.

(B) The obtained Urb2-Nocl mak5 D333A 90S cryo-EM map (upper panel) compared to the
Noc4-Dhrl pre-A; particle filtered to 10 A (EMDB: 11359, PDB-ID: 6ZQC). Utp12, Utp13,
Utp22, Kre33, Rrp7 and Rrp5 are highlighted and labeled.
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(C) Gaussian filtered cryo-EM map of the 90S particle connected to a flexible extra density.
The 90S and the extra density are colored in yellow and gray, respectively and Utp12, Utp13,
Utp22, Kre33, Rrp7 are highlighted.
This figure and its legend are provided by Matthias Thoms. See also Figure 3.16 for the sorting
scheme of the particles.
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Figure 3.16 Sorting scheme of the Urb2-Noc1-Mak5-333 particles

(A-B) Representative electron micrograph (A) and selected 2D classification averages (B).

(C) Cryo-EM processing scheme. Particle numbers are provided in brackets.
(D) Fourier shell correlation curves of the final pre-60S and 90S reconstructions.
This figure and its legend are provided by Matthias Thoms.
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In this super 90S-pre-60S particle, the pre-60S moiety is connected to the 90
particle, where it emerges from the area of the Utp22-Rrp7 (UTP-C) of the 90S, at the
site where Rrp5 is typically located (Figure 13.5C). This finding is consistent with Rrp5
binding to ITS1 area and bridging between the 90S pre-ribosome and the emerging
pre-60S (Khoshnevis et al., 2019; Lebaron et al., 2013; Venema and Tollervey, 1996).
In general, Rrp5 is still not well resolved within 90S structures. However, a part of it
(C-terminal residues 1457-1721) is well seen in Noc4-Dhrl 90S particle, which is in
close contact with Utp22. We do not see Rrp5, not resolved, in the 90S moiety of our
super particle. Thus, it is possible that Rrp5 is more towards the 60S moiety of our
super 90S-pre-60S particle, but still bridging between both the pre-60S and 90S
moieties.

In summary, these data provide for the first time a visual understanding of the
nascent small and large ribosomal subunits while they are still connected at an early

stage of eukaryotic ribosome biogenesis.
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4 Discussion

The earliest steps in 60S ribosomal subunit assembly are the least understood and
characterized of the large subunit biogenesis pathway. Using a combination of
biochemical, genetic and structural analyses, this work provides molecular insights
into the earliest stage of 60S biogenesis, which revealed a primordial pre-60S patrticle.
This primordial pre-60S is distinguished by two large scaffold protein modules, the
Rrp5 module (Rrp5-Noc1-Noc2) and the Urb1l module (Urb1-Urb2-Dbp6-Nop8-Rsa3),
and further discerned by enrichment of two specific snoRNPs, snR190 and snR37.
Additionally, this very early pre-60S particle contains some poorly characterized RNA
helicases including Mak5 and the uncharacterized proteins YCR0O16W as well as the
SPOUT-domain-containing methyl-transferases Upal and Upa2. The use of negative
stain electron microscopy further enabled the identification of how the early pre-60S
isolated via Upal looks like. Moreover, disrupting ribosome assembly using a
dominant negative mak5 helicase mutant has delayed the early detachment of the
primordial pre-60S from the 90S pre-ribosome. For the first time, this has allowed the
visualization, using electron microscopy, of the largest pre-ribosomal intermediate

containing both the 90S and pre-60S moieties, the 90S-pre-60S super particle.

4.1 The primordial pre-60S is associated with two large a-solenoid
modules

The mammalian ortholog of Nopl, Fibrillarin, has been linked to and studied in
different diseases as it is found to be regulated by p53 and overexpressed in different
cancer cells (Marcel et al.,, 2013; Su et al.,, 2014). Due to Nopl importance and
essential function in ribosome maturation, | have further investigated an old nopl-4
mutant (Tollervey et al., 1993), and here | showed that the mutant nop1-4 affected the
pre-60S particles protein composition significantly with accumulation of 90S factors on
the Nsa3-derived pre-60S particles. This has initially directed the project towards
studying the role of snoRNPs in 60S subunit biogenesis. Nopl was seen on the cryo-
EM structure of different 90S particles as part of the U3-snoRNP, which is not
modifying rRNA but rather having a structural role (Chaker-Margot et al., 2017; Cheng
etal., 2020; Kornprobst et al., 2016; Sun et al., 2017). On the other hand, the absence
of snoRNPs from all the nucleolar pre-60S cryo-EM structures analyzed so far (Kater
et al., 2017; Sanghai et al., 2018; Zhou et al., 2018) indicated that they could only be
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involved in earlier steps of 60S assembly. Some studies have reported that Urb1 and
Urb2 associates with the 27SA2 pre-rRNA and the particles isolated via Urb1 and Urb2
contained snoRNPs (Dez et al., 2004; Joret et al., 2018; Mnaimneh et al., 2004,
Rosado and De La Cruz, 2004; Rosado et al., 2007). However, these reports did not
provide information on the stoichiometry or relative abundance of these snoRNPs or
the assembly factors associated with Urb1l and Urb2. Indeed, when | isolated Urbl
and Urb2 particles, the bait proteins Urbl and Urb2 were over-stoichiometric
compared to other pre-60S assembly factors. However, when a split affinity purification
approach using either Urb2-Noc1, Urb2-Nop58 or Urb2-Nsa3 was employed, | could
successfully isolate the primordial pre-60S, which definitely has a unique pattern of
assembly factors with stoichiometric enrichment of different components, including the
C/D box snoRNA cofactors Nop1, Nop56 and Nop58.

Electron microscopy of nascent rRNA transcripts has revealed formation of distinct
5°-terminal knobs for the evolving 90S pre-ribosome (Miller and Beatty, 1969; Mougey
et al., 1993). The terminal knobs for the 90S were ascribed to the large complexes at
the 5-ETS such as the U3-snoRNP and the UTP modules (Mougey et al., 1993).
Interestingly, new 5 -terminal knobs, for the emerging pre-60S particle, also appeared
after the co-transcriptional cleavage at ITS1 (Osheim et al., 2004). The similarity here
is intriguing because the primordial pre-60S also contains two large complexes: the
Rrp5 and the Urbl modules, as described in my PhD thesis. Most of the proteins of
the Rrp5 and Urb1 modules are predicted to have a-helical repeats forming a-solenoid
structures (Figure 4.1A), similar to some UTP proteins from the 90S pre-ribosome
(Figure 4.1B). a-solenoid proteins are usually elongated and known to work as scaffold
proteins for the 90S pre-ribosome, NPC and vesicle coating complexes (Devos et al.,
2004; Fournier et al., 2013; Kornprobst et al., 2016). For example, the large a-solenoid
proteins Utp20 and Utp10 scaffold the 90S pre-ribosome and cover wide areas of the
structure, including contact to the pre-rRNA (Figure 4.1B). Accordingly, the a-solenoid
proteins from the Rrp5 and Urbl modules are expected to behave similarly,
chaperoning the primordial pre-60S particles and allowing the snoRNPs to dock and

have access to the immature pre-rRNA.
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Urb1 Module

Rrp5 Noc1 Noc2

Figure 4.1 Members of Urb1l and Rrp5 modules form a-solenoid structures similar to
some 90S UTP factors

(A) Structure prediction of assembly factors from the Urb1l and Rrp5 modules using AlphaFold
(Jumper et al., 2021). The a-helical repeats of Urb1 (light blue; Identifier: P34241), Urb2 (light
green; Identifier: P47108), Rrp5 (orange; Identifier: Q05022), Nocl (dark green; Identifier:
Q12176) and Noc2 (coral; Identifier: P39744) form a-solenoid structures.
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(B) Cryo-EM structure of the 90S pre-ribosome Noc4-Dhrl (pre-Az; PDB: 6ZQC) is shown with
the a-solenoid proteins Utp20 (red) and Utp10 (dark blue) highlighted.

4.2 C/D box snR190 and H/ACA snR37 dominate the primordial pre-
60S

Several snoRNAs associated with the primordial pre-60S particle have been identified
by lllumina sequencing through our collaboration with the Randau lab in Marburg.
However, we were surprised by the specific and robust enrichment of snR190 and
snR37 in the primordial pre-60S particle, seen by SYBR Green staining, suggesting a
role of these C/D box and H/ACA snoRNAs at the earliest stage of pre-60S pathway.
Although single deletion of either snrR190 or snR37 showed they are not essential for
cell growth, their double deletion caused a synergistic growth defect at higher
temperatures. Normally, ShoRNPs associate transiently with the pre-rRNA in a short
time frame to introduce rRNA modifications as suggested by (Osheim et al., 2004).
However, the strong enrichment of snR190 and snR37 suggests their stable
association with the primordial pre-60S, thereby playing a structural role similar to the
U3 snoRNA in the 90S pre-ribosome, which does not guide rRNA modification but
supports and/or chaperones the 90S particle.

Particularly, snR190 is closely linked to the Urbl module as shown by CRAC
analysis (Joret et al., 2018) and the genetic interaction | found between snR190 and
Rsa3 showing a synthetic enhancement between snR190 and the Urbl module
member Rsa3, which further indicates that snR190 is a part of the Urbl module
network. Therefore, snR190 snoRNP could occupy a region on the 27S pre-rRNA and
keep it from pre-mature folding and/or prevent this region from associating with
assembly factors that only bind at later steps. For example, the Ssfl module and the
r-protein Rpl3 are not yet incorporated into the primordial pre-60S particle as the Urb1
module was found to bind to the site (Joret et al., 2018), where later the Ssf1 module
together with Rpl3 are recruited (Sanghai et al., 2018). Together with the Urb1 module,
snR190 could organize such step. Initially, Rpl3 is incorporated in an immature
position when recruited with Ssf1 module (Sanghai et al., 2018). After dissociation of
Ssfl module, Rpl3 can reach its final position and bind to the root helices in the pre-

60S particle (Gamalinda et al., 2014). For clarification, the root helices are the helices
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at the beginning and end of each of the six 25S rRNA domains. These root helices
cluster together in the 3D structure of the mature 60S subunit (Gamalinda et al., 2014).

Another interesting finding was the reduction of the RNA helicase Dbp7 from the
Urb2-Nocl primordial pre-60S particle when isolated from snR1904 strain. Moreover,
the extremely sick phenotype of dbp74 cells, which was partially rescued by disrupting
snR190 (see Figure 3.10). One possible scenario is that the RNA helicase Dbp7 is
involved in the removal of snR190 from the pre-60S particles. When Dbp7 is absent,
due to its disruption in the dbp74 strain, snR190 is stuck on the pre-60S particles and
cannot be removed, causing the sick phenotype of the dbp74 cells. This slow growing
phenotype is then relieved when snR190 is also absent in the snR1904 dbp74 strain.
Analysis of Urb2-Noc1l particles from the snR1904 strain also revealed reduction of
other RNA helicases such as Dbp9 and Mak5, pointing to a potential link between
snR190 and these helicases on the primordial pre-60S. Apparently, disruption of
snR190 did not affect the association of the C/D box snoRNA cofactors such as Nop1,
Nop58 and Nop56 with Urb2-Nocl primordial pre-60S due to the co-enrichment of
several other C/D box snoRNAs with the particle. By contrast, disruption of the H/ACA
box snR37 has caused a reduction in the H/ACA snoRNA cofactor Cbf5 (a
pseudouridine synthase) from the Urb2-Nocl particle. This is consistent with the
finding that only few H/ACA snoRNAs are co-enriched with the primordial pre-60S
particle.

On the other hand, double deletion of snR190 and snR37 caused a synergistic
reduction of the uncharacterized protein YCRO16W from the Urb2-Nocl primordial
pre-60S particle (see Figure 3.9C). YCR016W has a unique domain called DUF2373
(WKEF). This domain from C70rf50, the human ortholog of yeast YCR106W, has been
identified as an RNA binding domain (Trendel et al., 2019). This suggests YCR016W
could be involved in snoRNAs binding on the Urb2-Nocl particle, which explains why
its binding with the particle was reduced upon deletion of snR190 and snR37. In yeast
genome-wide genetic interaction network study, YCR016W was linked with negative
genetic interactions with the assembly factors Dbp6, Rsa3, Makll and RIp24 and
positive genetic interactions with Drs1, Cbf5 and Tif6 (Costanzo et al., 2016). All these
evidences indicate that YCR0O16W plays a potential role at the earliest step of the large

subunit assembly, involving RNA binding, presumably to snR190 and snR37.
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4.3 Upal and UpaZ2 connection to H/ACA snoRNPs

Upal and Upa2 are suitable single baits to enrich the primordial pre-60S particle,
yielding a pattern of co-enriched assembly factors highly similar to the one observed
with Urb2-Noc1l split affinity purification. Reasons for this stems from the finding that
Upal and Upa2 are exclusively enriched at the earliest stage of pre-60S assembly.
Also, as single baits the overall yield of purified primordial pre-60S particles is
significantly higher when compared to the split affinity-purified Urb2-Nocl. We tried to
do EM structural analysis with the primordial pre-60S purified with Urb2-Noc1, but it
was always difficult due to aggregation of the sample and the fact that this pre-
ribosome has many flexible substructures. However, when we isolated the primordial
pre-60S patrticle via Upal, we managed to identify the overall shape by negative stain
EM. Using Upal as a bait for isolation of the primordial pre-60S could facilitate further
high-resolution structural analysis of this interesting particle using cryo-EM.

The paralogs Upal and UpaZ2 in Saccharomyces cerevisiae have resulted from an
ancient genome duplication and there is only one in other organisms such as Homo
sapiens (C9orfl114). It is not yet clear what the function of Upal and Upaz2 in the large
ribosomal subunit biogenesis is. However, they were found to be functionally linked to
the early pre-60S assembly factors Urb2, Nop8, Dbp6 and Dbp9 (Costanzo et al.,
2016). There was also a potential yeast two-hybrid (Y2H) interaction between Upal
and the pre-60S helicase Dbp6 in a screen using Chaetomium thermophilum ribosome
assembly factors (Baller et al., 2017), but the meaning of such interaction is not yet
clear. It is possible that Upal and Upa2 function together as a heterodimer as | found
them always co-purifying each other. They contain a SPOUT domain and it seems
that it is a general theme of the SPOUT domain-containing proteins to dimerize. The
crystal structure of C9orf114 (SPOUTL1), human ortholog of Upal and Upa2, shows a
homodimer (PDB: 4RG1). The SPOUT domain-containing methyltransferase yeast
Emgl has been shown in the cryo-EM structure of 90S particles as a homodimer
(Chaker-Margot et al., 2017; Cheng et al., 2020; Kornprobst et al., 2016).

Another interesting aspect of Upal and Upa2 is their disappearance from the
Urb2-Nocl primordial pre-60S upon deletion of the H/ACA snR37. My data also
showed that both Upal and Upa2 strongly enrich the H/ACA snoRNA-associated
pseudouridine synthase Cbf5. This connection to the H/ACA snoRNPs is intriguing.

The question here is, what is the relationship between H/ACA snoRNPs, normally
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guiding pseudouridylation, and methyltransferases? Interestingly, it was reported that
some SPOUT class methyltransferases methylate only pseudouridines. For example,
Emgl methylates U1191 in yeast 18S rRNA only after its pseudouridylation (y1191)
by snR35 (Meyer et al.,, 2011). Also, bacterial RImH methylates a pseudouridine
v1915in E. coli 23S rRNA (Ero et al., 2008; Purta et al., 2008). Accordingly, Upal and
Upa2 may be able to methylate a pseudouridine in the primordial pre-60S patrticle,

which was generated earlier by one of the H/ACA snoRNPs.

4.4 The 90-pre-60S super particle

One of the major experimental observation during my work was that disrupting
ribosome assembly, either by mutation of assembly factors such as nopl1-4, deletion
of snoRNAs or overexpression of Mak5 D333A, caused significant enrichment of 90S
factors on the early pre-60S particles. Possibly, this is the result of delayed pre-rRNA
processing, delayed cleavage at ITS1 and the tendency of the mutant cells to undergo
a post-transcriptional cleavage (switching from co-transcriptional Az to post-
transcriptional As cleavage). These results are consistent with earlier findings that
depletion of the pre-60S helicase Drsl has blocked co-transcriptional pre-rRNA
processing, which caused accumulation of 90S factors on the isolated pre-60S
particles (Talkish et al., 2016). Similarly, my data suggests that the dominant-negative
Mak5 D333A caused the accumulation of 90S factors on the primordial pre-60S
particle because the 90S and the primordial pre-60S particles could not efficiently
detach. This has allowed us for the first time to visualize the long-sought 90S—pre-60S
super-particle, revealing the connection between the 90S and pre-60S moieties in the
UTP-C—Rrp5 region (see Figure 3.15). This particle is the largest ribosome assembly
intermediate in eukaryotic ribosome biogenesis with a size of approximately 70 nm,

getting close to the size of the 90 nm nuclear pore complex (NPC) (Figure 4.2).
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Figure 4.2 Comparison between the size of the NPC and the super 90S-pre-60S particle
The figure shows negatively stained NPC from yeast (modified from Rout and Blobel, 1993)
and one of super 90S-pre-60S particles obtained by negative stain EM.

The 90S part of this large particle is well developed and many structural features
could be distinguished by cryo-EM. By contrast, the pre-60S moiety was substantially
in a rudimentary state and flexible, awaiting the compaction of the rRNA subdomains
and stable incorporation of bound modules. Similar flexibility is further seen in some
of the succeeding and structurally characterized nucleolar pre-60S particles e.g. state
A and B pre-60S patrticles in (Kater et al., 2017); state 1, 2 and 3 pre-60S patrticles in
(Sanghai et al., 2018), which still include a few flexible modules and/or subdomains
such as 5S RNP, Ssfl module, 25S rRNA domains Ill, 1V, V and VI. Interestingly, it is
expected that the large 90S—pre-60S super-particles are also present in higher
eukaryotes including humans since ribosome assembly in higher eukaryotes follows
the post-transcriptional pathway (Gamalinda et al., 2014). This work has revealed the
overall architecture and dimensions of the bipartite 90S-pre-60S super particle, which
paves the way for future studies on understanding this intermediate and its relevance
in human ribosome assembly.

In conclusion, these data revealed insights into the earliest steps of pre-60S
ribosome assembly, including the associated network of pre-60S assembly factors and
snoRNAs, and its coupling to the upstream 90S pathway. Understanding the molecular
details of this earliest phase of large subunit assembly in yeast is important to also
promote the comprehensive understanding of ribosome biogenesis in humans. This
will help in understanding the link between defects in ribosome assembly and the

associated diseases such as cancers and ribosomopathies.
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5 Materials and Methods

5.1 Materials

5.1.1 Culture Media and plates

Lysogeny Broth (LB)

0.5 % (w/v) yeast extract

1 % (w/v) tryptone

0.5 % (w/v) NacCl

pH 7.2

100 pg/mL Ampicillin or 30 pg/mL Kanamycin
(1.5% Agar were added for plates)

Yeast extract-Peptone-Dextrose (YPD)
1% (w/v) yeast extract

2% (w/v) Bacto™ peptone

2% (w/v) glucose

pH 5.5

(2% Agar were added for plates)

Yeast extract-Peptone-Galactose (YPG)
1% (w/v) yeast extract

2% (w/v) Bacto™ peptone

2% (w/v) Galactose

pH 5.5

Synthetic Dextrose Complete (SDC-X)

2% (w/v) glucose

0.7% (w/v) yeast nitrogen base without amino acids, complemented with amino acids
drop-out mix lacking amino acid X required for selection

pH 5.5

(2% Agar were added for plates)

Synthetic Galactose Complete (SGC-X)
2% (w/v) Galactose

0.7% (w/v) yeast nitrogen base without amino acids, complemented with amino acids
drop-out mix lacking amino acid X required for selection

pH 5.5

(2% Agar were added for plates)
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5.1.2 Buffers

TAP purification buffer
100 mM NacCl

5 mM MgCl2

50 mM Tris-HCI

5% (v/v) Glycerol

0.1% (v/v) IGEPAL CA-630
1mM dithiothreitol (DTT)
Filtered

Phosphate-buffered saline (PBS)
137 mM NacCl

2.7 mM KCI

10 mM Na2HPO4

1.8 mM KH2POq4

pH 7.4

50X TAE (for agarose gel electrophoresis)
2M Tris

5.71% Acetic acid

50 mM EDTA

Semi-dry western blotting transfer buffer
48 mM Tris

39 mM Glycine

0.037% SDS

10% Methanol

10X TBE buffer
500 mM Tris
485 mM Borate
20 mM EDTA
Filtered

RNA sample loading dye (for polyacrylamide/Urea gels)
98% Formamide

1 mM EDTA

Pinch of Xylene Cyanol and Bromophenol blue
Hybridization mix (for northern blots)

6X SSPE

5X Denhardt’s reagent

0.5% SDS

H20 up to 50 ml
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Filtered

20X SSPE buffer

3,0 M NacCl

0,2 M NaH2POa4

0,02 M EDTA
pH7.4
Filtered

50x Denhardt’s
1% (w/v) Ficoll 400

1% (w/v) Polyvinylpyrrolidone

1% (w/v) BSA
in H20
Filtered

4 x Protein sample (loading) buffer
250 mM Tris-HCL (pH 7)

9 % (w/v) SDS

40 % (v/v) glycerol

0.2 % (w/v) Bromophenol blue

100 mM DTT

5.1.3 Yeast strains

Table 5.1 List of yeast strains used in this study

Name Genotype Source

W303 Saccharomyces cerevisiae) MATalpha ade2- | (Thomas and
1, trp1-1, leu2-3,112, his3-11,15, ura3-1, Rothstein, 1989)
canl-100

NOP1+ TF38 Null (haploid), NOP1, ura3, his3 (Tollervey et al.,

1993)

nopl-4 TF38 Null (haploid), nopl1::URAS, his3, LEU2, | (Tollervey et al.,
pSB32-nopl-4 1993)

NOP1+, Nsa3- TF38 Null (haploid), NOP1, ura3, his3, NSA3- | This study

FTpA FTpA:natNT2

nopl-4, Nsa3- TF38 Null (haploid), nopl::URAS3, his3, LEU2, | This study

FTpA pSB32-nopl-4, NSA3-FTpA::natNT2

Urb1-FTpA W303, URB1-FTpA::natNT2 This study

Urb2-FTpA W303, URB2-FTpA::natNT2 This study

Urb2-TAP W303, URB2-TAP (Calmodulin-TEV- This study
prot.A)::HIS3
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Urb2-TAP Noc1-

W303, URB2-TAP::HIS3, NOC1-

This study

Flag Flag::natNT2

Urb2-TAP Nop58- | W303, URB2-TAP::HIS3, NOP58- This study
Flag Flag::natNT2

Urb2-TAP Nsa3- W303, URB2-TAP::HIS3, NSA3-Flag::natNT2 | This study
Flag

Nsal-TAP Flag-
Ytm1

W303, NSA1-TAP::KIURAS, Flag-
YTM1::natNT2

(Kater et al., 2017)

Noc4-TAP Dhrl-

W303, NOC4-TAP::HIS3, DHR1-

(Cheng et al., 2020)

Flag Flag::natNT2

Nop4-FTpA W303, NOP4-FTpA::natNT2 This study
Nop8-FTpA W303, NOP8-FTpA::natNT2 This study
Mak5-FTpA W303, MAK5-FTpA::natNT2 This study
Nop56-FTpA W303, NOP56-FTpA::natNT2 This study
Nop58-FTpA W303, NOP58-FTpA::natNT2 This study
Arx1-FTpA W303, ARX1-FTpA::natNT2 (Thoms et al., 2018)
Kre33-FTpA W303, Kre33-FTpA::HIS3 (Cheng et al., 2019)
snR190A W303, snr190:: KITRP1 This study
snR37A W303, snr37::hphNT1 This study
snR190A snR37A | W303, snr190:: KITRP1, snr37::hphNT1 This study
Urb2-TAP Nocl- W303, URB2-TAP::HIS3, NOC1- This study
Flag snR190A Flag::natNT2, snr190:: KITRP1

Urb2-TAP Nocl- W303, URB2-TAP::HIS3, NOC1- This study
Flag snR37A Flag::natNT2, snr37::hphNT1

Urb2-TAP Nocl- W303, URB2-TAP::HIS3, NOC1- This study
Flag snR190A Flag::natNT2, snr190:: kITRP1,

snR37A snr37::hphNT1

Nop4 shuffle W303, nop4::KanMX6, pRS316-NOP4 This study
Nop4 shuffle W303, nop4::KanMX6, pRS316-NOP4, This study
snR190A snr190:: KITRP1

dbp7A W303, dbp7:: natNT2 This study
snR190A dbp7A W303, snr190:: KITRP1, dbp7:: natNT2 This study
Rsa3A W303, rsa3::natNT2 This study
snR190A Rsa3A W303, snr190:: kKITRP1, rsa3::natNT2 This study
Nsa3-FTpA W303, NSA3-FTpA::natNT2 This study
Nsa3-FTpA W303, NSA3-FTpA::natNT2, snr190:: KITRP1 | This study
shR190A
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Nsa3-FTpA W303, NSA3-FTpA::HIS3, rsa3::natNT2 This study
Rsa3A
Nsa3-FTpA W303, NSA3-FTpA::HIS3, snr190:: kITRP1, This study
snR190A Rsa3A rsa3::natNT2
Upal-FTpA W303, UPAL-FTpA::natNT2 This study
Upa2-FTpA W303, UPA2-FTpA::natNT2 This study
5.1.4 Plasmids
Table 5.2 List of plasmids used in this study
Name Description Source
pFAGA-FTpA For C-terminal tagging Dieter Kressler
pFAGA-TAP For C-terminal tagging Dieter Kressler
pFABA-FLAG For C-terminal tagging Dieter Kressler

pFABA-natNT2

For genomic disruption

(Janke et al., 2004)

PFAGA-hphNT1

For genomic disruption

(Janke et al., 2004)

pFABA-TAP- Used for construction of snR1904-U14- Dieter Kressler
KITRP1 KITRP

pFABA-KanMX6 For genomic disruption (Longtine et al.,

1998)

PRS316-snR190- | Psnrigo-u14, SNR190, U14, URA3, ARS/CEN, | This study

ul4 AmpR

pRS316-NOP4 Pnopr4, NOP4, URA3, ARS/CEN, AmpR This study
pRS315-NOP4 Pnops4, NOP4, LEU2, ARS/CEN, AmpR This study
pRS315-nop4-19 PNop4, Nnop4 F335L, LEU2, ARS/CEN, AmpR | This study
pRS315-nop4-3 PNop4, Nnop4 F557L, LEU2, ARS/CEN, AmpR | This study

YCplac111l LEU2, ARS/ CEN, AmpR (Gietz and Akio,
1988)
YCplac111l-GAL- PcaL, MAK5, LEU2, ARS/ CEN, AmpR This study
MAK5
YCplac111-GAL- PceaL, mak5 D333A, LEU2, ARS/ CEN, AmpR | This study
mak5 D333A
5.1.5 Oligos

Table 5.3 List of oligos used in this study

Name Sequence

Nsa3 (F2) TTAACAATGCAAAAAAGAGATCTTCTAGCGAGCTTGAAAAAGAATCTAGCGA
GTCAGAAGCTGTCAAGAAGGCTAAAAGTCGGATCCCCGGGTTAATTAA

Nsa3 (S2) CACCGCACTCTATGAAATTCAAATTTTTTTCTTCACAAGAAAAAAATGAGAGA
AAAGATAGATAAGGAGGAAACAAATTAATCGATGAATTCGAGCTCG
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Urb1 (F2)

ACGAGCTTGTCAAATCACAAAAAAGGCTAATATTATGGACAGAAGGTGAT
AGCGACAACGTTGTTAAGAGGCTACGTAAACGGATCCCCGGGTTAATTAA

Urb1 (S2) ATACATTTCGCACATTATATAGAAAAGTGGACATTTAATTCTTCAAATCT
TATTTAAAATATCTATCACAAGACAGCTCAATCGATGAATTCGAGCTCG

Urb2 (F2) CTTTCCTTGACACACCTGGGAAACAATATTTCAAAGCACTTTACCTCCAA
TACAAAAAGGTTGGTAAATGGCGCGAAGATCGGATCCCCGGGTTAATTAA

Urb2 (S2) ACTTGTTTAAGCTCCGTCACCCTGTTATTAAACGTGAGCAGAGAAATGCC
TTTTGAAAACACACTAAAACACATAAGTTAATCGATGAATTCGAGCTCG

Noc1l (F2) AGAGAAAGAATATGCTCAAAAGTCTACCGGTATTTGCATCTGCCGACGATTA
TGCTCAATATTTAGATCAAGATTCAGACCGGATCCCCGGGTTAATTAA

Nocl (S2) GGACCGTTTTTTATTGTACAAAATTCTGTTTTCCTTATTTAATTTACAACACCG
AAGTGTTTAGTTAATGTATTATTATTTTCTAATCGATGAATTCGAGCTCG

Nop58 (F2) GGAAAAGAAGGAAAAGAAGGAGAAGAAAGAGAAGAAAGAGAAGAAGGAAAA
GAAGTCCAAGAAAGAGAAGAAAGAGAAGAAACGGATCCCCGGGTTAATTAA

Nop58 (S2) GGATAATTATAGAAAATTTTCTAAATCCAAATAAAAGGGAACGCGAGGGGTC
ACTAATTATTAAAATGTAAAATGCATCCTTAATCGATGAATTCGAGCTCG

Nop56 (F2) GAAAGAAAAGAAGGAAAAGAAGGACAAAAAGGAAAAGAAAGATAAAAAGGA
AAAGAAGGATAAAAAGAAGAAAAGTAAGGATCGGATCCCCGGGTTAATTAA

Nop56 (S2) GAAAAACTTTAAAGGGAAGAAAAGTACACAAAAAGATGGGATATACTTTATTT
CGATTCATTGTTCCTTTTAATCGATGAATTCGAGCTCG

Nop4 (F2) CCAATCCCGATGACAAAAAGATGGGCGATGATATAAAGAGAATAATCGGGTT
CAAGCGTAAGAGAAAGCACGCAAAAAAACGGATCCCCGGGTTAATTAA

Nop4 (S2) CATCTATCTACTCTTTGAAAAATAATGTACATACGTAAAGAGAATACAAATCG
AAATTCCTATAAATATGGTTCTACCTCTAATCGATGAATTCGAGCTCG

Nop4 (S1) CTTTTTATTAGTAAAATAGTGAGATTTCTTCGTGAACTAGTGAAAAGCTATCAA
TATTACCAATCTACCAAAGTGAGATGCGTACGCTGCAGGTCGAC

Nop8 (F2) GGACCCGTGATATGAGGCGCAAAATGAAAGATGCATTGAAGCACCGTAAGA
GGAAACAATCAAAGAGCGGGCTTCTTCTACGGATCCCCGGGTTAATTAA

Nop8 (S2) GGAAATGGCTGTTAAGTTCGGTAAAAATGCTTTTTGAATAAGCGCAGAGAAA
TCTATACTATATATGTATATATACTCACTAATCGATGAATTCGAGCTCG

Mak5 (F2) AAAGAGGTCATAATTCTATCATTGGTCATGAAAAGACAAACGCCTTAGAAACT
TTGAAGAAAAAGAAAAAGAGAAATAATCGGATCCCCGGGTTAATTAA

Mak5 (S2) CATAGTGGGTTTAGAGGACCGTGTATATTACGTAGAAAATACAGTGAAAGGA
GAGTTTCTCTTCAAAAGCCTCGAGATTAATCGATGAATTCGAGCTCG

Upal (F2) CTGCTTCCGTACCCCAGGGAAATATACCCATTCAAGATAGCCTACCCATAGC
TCTTACCATGTTTCAGCGTTGGGCAAGTCGGATCCCCGGGTTAATTAA

Upal (S2) CTAAAAATAGAACTGCATATCCGTAGAAAACGATGATTATATAACATAAATAG
TAATATCAGTTATTAATTGCTATTTATTTCAATCGATGAATTCGAGCTCG

Upa2 (F2) CTCAGCTACCATGCCCCGTATCCAATTCGGACGTTGCAGATGCAATCCCCAT
GACACTGACCACTCTTTCAACTGTATTTCGGATCCCCGGGTTAATTAA

Upa2 (S2) GAGGAAAGTGACAGTAATAATAATGATTGCGTCTCTAATATATACGTACTTAT
CCATTGCATGAAGGTAATTTGGGATTAATCGATGAATTCGAGCTCG

snR190 CGTCATGGTCGAATCGG

(Northern)

snR37 AAGCTCCTCATCACTCACAC

(Northern)

U3 GGTTATGGGACTCATCA

(Northern)

Rsa3 (S1) TATTGTAGTAATATATACAAGAATTTAAACTGCCCACTTGAAATAGCACGGAA
AGAACTAGCCATAATATATTATACAGGATGCGTACGCTGCAGGTCGAC

Rsa3 (S2) CTAAATAATTAATGTGCACGTCAATATATTCTCCGCGGAAACATGACAAACTT
TTAGAAAAAGATTTAAAGCAATATTTTTCAATCGATGAATTCGAGCTCG

Dbp7 (S1) GTACGATTGTTTATATTCTTTTTCCTTTGGGATTATTCATATTCCAAATAAGCA
TACTTATTCAGCAATTTAACACCAAGATGCGTACGCTGCAGGTCGAC

Dbp7 (S2) CTGTAGATTTTATCATTTTCTTTGTCTTCATAGTATACAATTTTTTTTATATGAA

TTAATGCTTGTTCTTGTCTATTTAATCGATGAATTCGAGCTCG
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snR37 (S1)

AACTTCTTCCCTTTGTTACTTCTTCTTTAAAATTCAAATTTTTCTTTTGA
TTTTTTTTCAAAAGGCTAACCGTACGCTGCAGGTCGAC

snR37 (S2)

GGTACCAAGACAAGTCCATCCCCGTAGGCACTACAAATTATGGGAATGAG
AAAGTATACAAAATATAAACATCGATGAATTCGAGCTCG

5.1.6 Reagents and kits

Table 5.4 List of Reagents, enzymes and kits used in this study

Name Source Identifier
Flag peptide (DYKDDDDK) | CASLO N/A
TEV protease (Parks et al., 1994) N/A
SIGMAFAST Sigma—Aldrich S8830
ANTI-FlagM2 Affinity Gel Sigma—Aldrich A2220
IgG-Sepharose 6 Fast GE Healthcare 17096902
Flow
SYBR Green Il RNA gel Sigma—Aldrich S9305
stain
RiboLock RNase inhibitor | Thermo Fisher Scientific EO0381
T4 PNK NEB M0201
T4 DNA ligase NEB M0202
Phusion high-Fidelity DNA | Thermo Fisher Scientific F530L
Polymerase
Restriction enzymes Thermo Fisher Scientific N/A

and NEB
DNase | (RNase-free) NEB MO0303S
GenElute HP Plasmid Sigma—Aldrich NA0160
Miniprep Kit
GenElute PCR Clean-up Sigma—Aldrich NA1020
Kit
GenElute Gel Extraction Sigma—Aldrich NA1111
Kit
mirVana miRNA Isolation Invitrogen AM1560
Kit, with phenol
NEBNext Multiplex Small NEB E7300S
RNA Library Prep Set for
lllumina (Set 1)
Bioanalyzer High Agilent 5067-4626
Sensitivity DNA Analysis
Qubit RNA HS Assay Kit Invitrogen Q32855
Qubit dsDNA HS Assay Invitrogen Q32854
Kit
MiniSeq High Output lllumina FC-420-1003

Reagent Kit

(Kits for lllumina sequencing were used by Dr. JV Gomes-Filho)
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5.1.7 Software

Table 5.5 List of software used in this study

NETlE

MaxQuant

Source

(Cox and Mann, 2008)

Website

https://www.maxquant.or
g

UCSF Chimera

(Pettersen et al., 2004)

http://www.cgl.ucsf.edu/c
himera

Integrated Development for R. RStudio,
PBC, Boston, MA

ChimeraX (Goddard et al., 2018) https://www.rbvi.ucsf.edu
/chimerax

Fastqc Andrews, S. (2010). FastQC: A Quality | https://www.bioinformatic

Control Tool for High Throughput s.babraham.ac.uk/project
Sequence Data [Online] s/fastqc/

Cutadapt (Martin, 2011) https://cutadapt.readthed
ocs.io/en/stable/installati
on.html

Hisat2 (Kim et al., 2019) http://daehwankimlab.git
hub.io/hisat2/

Samtools (Danecek et al., 2021) http://www.htslib.org/

R-studio RStudio Team (2020). RStudio: https://www.rstudio.com/

ggplot2 (R package)

Wickham H (2016). ggplot2: Elegant
Graphics for Data Analysis. Springer-
Verlag New York. ISBN 978-3-319-
24277-4

https://ggplot2.tidyverse.
org

(Zivanov et al., 2020)

IGV (Robinson et al., 2011) https://software.broadinst
itute.org/software/igv/

CrYOLO (Wagner et al., 2019) http://sphire.mpg.de

RELION 3.1.2 (Zivanov et al., 2018) https://github.com/3dem/

relion

CryoSPARC v3.2.0

(Punjani et al., 2017)

http://www.cryosparc.co
m/

Getf

(zhang, 2016)

https://www2.mrc-
Imb.cam.ac.uk/research/I|
ocally-developed-
software/zhang-software/

Software programs in this table are the collection of software used by myself, Dirk (EM),
Matthias (EM) or Vicente (sequencing).
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5.2 Methods

5.2.1 Cloning and plasmid construction

Standard molecular biology protocols for cloning and plasmid construction were
followed. Phusion high-Fidelity DNA Polymerase was used in the PCR reactions. The
oligos used in the PCR reactions were ordered from Sigma-Aldrich and are listed in
(Table 5.3 in Materials). The PCR products were run on 1% agarose gel
electrophoresis, then the bands were excised from the gel and purified with the
GenElute Gel Extraction Kit according to the manufacturer’s instruction. The purified
PCR products and template plasmids were digested with restriction enzymes from
Thermo Fisher Scientific or NEB. Ligation of the digested PCR product into the
template plasmid was carried out using T4 DNA ligase. Chemically competent E. coli
DHb5a strain was used to amplify the plasmids. Subsequently, the plasmids were
extracted from E. coli using GenElute HP Plasmid Miniprep Kit according to the
manufacturer’s instruction. The plasmids were then confirmed by test digest with
restriction enzymes and/or DNA sequencing (Eurofins Genomics, Ebersberg,

Germany). The plasmids used in this work are listed in (Table 5.2 in Materials)

5.2.2 Construction of yeast strains

All yeast strains generated and used in this study are listed (Table 5.1) in the Materials
section. Genomic integration of tags and gene disruptions were performed using PCR
constructs for homologous recombination as described in (Janke et al., 2004; Longtine
et al., 1998). F2 and S2 oligos were designed for each ORF in order to amplify PCR
constructs for C-terminal tagging, while S1 and S2 oligos were designed for gene
disruption (see Table 5.3 in the Materials section). Positive transformants were
confirmed for integration events by colony PCR and/or western blot analysis with
antibodies against the expressed tagged protein (e.g. anti-protA or anti-Flag).

To create snR190 disruption strain (snR1904 strain), | took into consideration that
snR190 is transcribed together with U14 as a bicistronic precursor transcript i.e.
promoter-snR190-Ul4-terminator (Chanfreau et al., 1998). Therefore, | created a
construct with 80 nucleotides deletion in snR190 followed by U14 (snR1904-U14-
native terminator). This construct was subsequently inserted into pFA6A-TAP-KITRP1
plasmid upstream of the KITRP1 marker. Using PCR, | amplified the following construct
(snR1904-Ul4-native terminator- kITRP1). Then, W303 wild-type yeast strain was
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transformed with the latter construct to replace the genomic snR190-Ul4 by

homologous recombination. The strain was confirmed by colony PCR and sequencing.

5.2.3 Western blotting

Western blot analysis was performed to check the expression of tagged proteins. Cells
were lysed with glass beads in Eppendorf tubes, followed by TCA precipitation of
proteins and running the samples on SDS gels. After separation of proteins by SDS-
PAGE, they were transferred to a nitrocellulose membrane (GE Healthcare) using
semi-dry transfer at 11 V for 1 h. The membrane was stained by Ponceau S to check
whether the transfer was successful. The membrane was then blocked with 3% milk
in 1X PBS for 1 h or overnight at 4°C. Subsequently, the membrane was incubated
with the primary antibody (anti-protA from Sigma-Aldrich 1:300 dilution) at room
temperature for 1 hr. Washing of the membrane was performed three times 5 min each
in 1X PBS with 0.1% Tween 20. Detection of the HRP conjugated-antibodies was done
using detection solution Immobilon Western HRP Substrate (Millipore) and the Image
Quant LAS 4000 (GE Healthcare).

5.2.4 Yeast transformation

Yeast cells were harvested at an ODsoo nm value of 0.5-0.7, washed with sterile water
and resuspended in solution | (10 mM Tris-HCI pH 7.5, 1 mM EDTA, 100 mM LiAc).
In a new Eppendorf tube, the following mix was added: an aliquot of the cell
suspension, herring sperm carrier DNA, plasmid or PCR product to be transformed
and solution Il (10 mM Tris-HCI pH 7.5, 1 mM EDTA, 100 mM LiAc and 40% PEG).
Then, the mixture was incubated at 30°C for 30 min rotating on a turning wheel,
followed by heat shock for 10-15 min at 42°C and chilling on ice for 3 min. The cells
were washed with sterile water and either directly plated on the appropriate selection
plates (in case of transformation with plasmid) or let to recover in YPD medium for
couple of hours before plating (in case of transformation with PCR construct

expressing antibiotic selection marker).

5.2.5 Tandem affinity purification
Yeast strains expressing single-bait proteins C-terminally tagged with FTpA or strains
expressing split tags—one protein with TAP and another with Flag—were grown in

YPD media at 30°C and harvested at an ODsoonm value of 2.0-3.0. Cell lysis was
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performed in the purification buffer (100 mM NaCl, 5 mM MgClz, 50 mM Tris-HCI,
pH 7.5, 5% (v/v) glycerol, 0.1% (v/v) IGEPAL CA-630, and 1 mM dithiothreitol)
supplemented with protease inhibitor cocktail (SIGMAFAST) and RiboLock RNase
inhibitor. Cells were lysed mechanically either in a bead beater (Fritsch) using glass
beads or in a cryogenic mill (Retsch MM400). A pre-clearing step was carried out by
centrifugation at 4°C for 10 min at 5000 rpm. Another centrifugation was performed at
4°C with 17,000 rpm for 20 min using Beckman Coulter centrifuges, rotor JA-25.50.
The supernatants were used for the first affinity step by incubation with pre-
equilibrated IgG Sepharose 6 Fast Flow affinity resin for at least 2.5 h at 4°C. The IgG
resin was then washed two times with the purification buffer, collected in smaller
mobicol columns (MoBiTec) and bound proteins were eluted by TEV protease (self-
made) for 1.5 h on a rotating wheel at 16°C. TEV eluates were transferred to new
mobicol columns. The collected TEV eluates were incubated with pre-equilibrated
Anti-Flag M2 Affinity Gel for 1.5 h at 4°C in a second affinity step. Anti-Flag beads
were then washed with the purification buffer and bound proteins were eluted from the
beads with the purification buffer supplemented with Flag peptide (final concentration
300 pg/mL). Flag elution was done at 4°C on a rotating wheel for 1h. Flag eluates were
analyzed on 4-12% polyacrylamide gels (NuPAGE, Invitrogen) with colloidal
Coomassie staining (Roti Blue, Roth) or used for other analyses e.g. RNA extraction,
northern blotting, lllumina sequencing, mass spectrometry or electron microscopy.

In order to induce mak5 D333A mutant overexpression, the Urb2-TAP Nocl-Flag
YCplacl1l1l-GAL-mak5 D333A strain was cultured at 30°C in SDC-Leu (glucose)
medium to early logarithmic phase then shifted to YPG (galactose) medium and grown
for 8 h. Affinity purification of Urb2-TAP Nocl-Flag particles from this mutant strain
was performed as described above with final elution from the anti-flag beads using
Flag peptide (final concentration 300 pg/mL) in the following buffer: 100 mM NaCl,
5 mM MgClz, 50 mM Tris-HCI, pH 7.5 and 5% (v/v) glycerol for negative-stain EM
analysis. For cryo-EM analysis, the final elution was done using Flag peptide (final
concentration 300 ug/mL) in the following buffer: 200 mM NacCl, 5 mM MgClz, 50 mM
Tris-HCI, pH 7.5 and 0.05% Nikkol.
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5.2.6 Sucrose gradient analysis

The final eluate of Urb2-TAP Nop58-Flag split affinity purification was loaded on a
linear 10%—40% (w/v) sucrose gradient (prepared in buffer containing 100 mM NaCl,
5 mM MgClz, 50 mM Tris-HCI, pH 7.5) and centrifuged at 129,300 xg for 16 h at 4°C
using Beckman Coulter centrifuges, rotor SW40. The sucrose gradient was prepared
using a gradient master device from Biocomp Instruments. Subsequently, fractions
from the gradient were collected and an equal volume from each was used for RNA
extraction and northern blotting. The remainder of each fraction was precipitated with
10% TCA, washed with acetone, resuspended in SDS sample buffer and finally
analyzed on 4-12% polyacrylamide gels (NuPAGE, Invitrogen) with colloidal

Coomassie staining.

5.2.7 RNA Extraction, SYBR Green staining and northern blot analysis

RNA extraction from the final eluates of affinity-purified pre-ribosomal particles was
done using phenol-chloroform extraction. Phenol-chloroform-isoamyl alcohol solution
(25:24:1) was added in equal volume to the flag eluates, mixed and centrifuged for 10
min. The agueous phase was then collected in new Eppendorf tube and equal volume
of chloroform was added, then mixed and centrifuged for 5 min. The aqueous phase
was collected and three volumes of 100% ethanol, 1/10 volume 3M NaAc pH 5.2 and
1pl glycogen were added. The mix was incubated in ice for at least 1 h or at -20°C
overnight to precipitate the RNA. Then, the sample was centrifuged for 20 min at
14000 rpm and the pellet was washed with ice cold 70% Ethanol. After washing, the
pellet was left to air dry and finally resuspended in sterile water. For detection of
snoRNAs, extracted RNA samples were resolved on 8% polyacrylamide/8 M urea
gels. For RNA staining, the gels were incubated for 30 min with SYBR Green Il RNA
gel stain (Sigma—Aldrich) using a 1:5000 dilution in 1X TBE.

For northern blot analysis, the RNA was transferred to a Hybond-N+ nylon
membrane (GE Healthcare) and UV-crosslinked in stratalinker. Next, the membrane
was incubated in the hybridization mix (see Materials, section 5.1.2 Buffers) for at least
30 min at 37°C. During the incubation, the probes for detection were labeled by mixing:
1xPNK buffer, 10mM DTT, 10 pmol oligo, [y-3?P] ATP and 10U PNK. The mix was
incubated 30 min at 37°C and then purified with G25 column (GE healthcare). The
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purified labeled probe was added to the membrane with the hybridization mix and
incubated overnight. Afterwards, the membrane was washed three times with 6X
SSPE at least 20 min each. The signals were finally detected using a Phosphor

imager. The membrane was stripped with boiling 0.5% SDS and re-probed again.

5.2.8 Mass Spectrometry

After SDS-PAGE and Coomassie staining and de-staining of the gels, major bands
were individually excised, trypsin digested and identified by MALDI-TOF mass
spectrometry at the in-house BZH mass spectrometry facility, Heidelberg. To identify
the entire set of proteins in the samples, semiquantitative mass spectrometry analysis
was performed. To prepare the samples for the analysis, the flag eluates were run
only 2 cm for about 5 min on 4-12% NuPAGE gels (Invitrogen) and stained with
Coomassie. The 2 cm area of the samples were excised from the gel and sent to the
FingerPrints Proteomics Facility (University of Dundee, UK), where the proteins were
identified by 1D nLC-ESI-MS/MS. Raw data was analyzed using MaxQuant software
(Cox and Mann, 2008).

5.2.9 lllumina Sequencing of RNA

| affinity-purified the particles and sent the flag eluates to Dr. Jose Vincente Gomes-
Filho from the Randau lab, Marburg. Vicente performed the lllumina sequencing and
wrote this following method paragraph (lllumina Sequencing of RNA).

“‘RNA was extracted from the selected particles (Urb2—Nop58, Urb2—Nocl) using a
mirVana miRNA isolation kit, following the manufacturer's protocol for enriching of
small RNAs. After extraction, RNA was quantified using a Qubit RNA HS assay kit and
used as input for library preparation with the NEBNext Small RNA Library Prep Set for
lllumina, following the manufacturer’s instructions. Libraries were loaded on a MiniSeq
and sequenced in single-end mode with reads of 150 nts length. To generate the final
Log2 fold-change values, raw reads were quality checked and processed using in-

house scripts.”

5.2.10 Electron Microscopy and Image Processing
| prepared the samples for EM analysis by performing the affinity purification of the

particles. Dr. Dirk Flemming (head of the electron microscopy facility at the
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Biochemistry Center, Heidelberg) performed all negative stain electron microscopy
and 2D classification of the samples. Dr. Dirk Flemming prepared the cryo-EM grids
of the Urb2-Noc1 particles isolated from the dominant mak5 mutant as well as
collected data using the Glacios cryo-transmission electron microscope. Matthias
Thoms, from Beckmann lab at LMU Munich, has processed and analyzed this data.
Dirk and Matthias wrote together this following method section (Electron Microscopy

and Image Processing).

“‘Negative-stain EM of isolated pre-ribosomal particles was performed essentially as
described by (Lau et al., 2021). For cryo-EM, the Urb2—-Nocl mak5 D333A sample
was snap-cooled in buffer containing 50 mM Tris-HCI pH 7.5, 100 mM NacCl, 5 mM
MgCl2 and 0.05% Nikkol. Three microliters of the sample were pipetted onto Quantifoll
R 2/1 holey carbon grids, which were glow-discharged for 45 s using the PELCO
easiGlow system. The grids were blotted for 5 s using a blot force of 10 at 100%
humidity using a Vitrobot Mark IV (Thermo Fisher Scientific) operated at 4°C, and
immediately plunge-frozen in liquid ethane cooled with liquid nitrogen. Grids were
mounted onto auto-grids and imaged using a Thermo Scientific Glacios cryo-
transmission electron microscope equipped with a Falcon IIIEC detector and operated
at an acceleration voltage of 200 kV. One thousand and one movies were recorded in
nanoprobe mode with parallel ilumination at a nominal magnification of 45,000 and a
spot size of 4 in linear mode. The calibrated object pixel size was 3.17 A. Micrographs
were acquired using dose fractionation to record 119 frames per exposure with a dose
rate of 1 e per A2 per frame. Particles were picked with CrYOLO (Wagner et al., 2019)
and images were processed with the RELION 3.1.2 (Zivanov et al., 2018, 2020) and
CryoSPARC v3.2.0 (Punjani et al., 2017) software packages. In brief, movie stacks
were motion-corrected using MotionCor2 with 5 x 5 as the number of patches, and
estimation of contrast transfer function was performed on the motion-corrected
micrographs with Gctf (Zhang, 2016). For particle picking, particles from 14
micrographs were manually picked with the CrYOLO box manager and used to refine
the general model. A total number of 310,374 particles were picked, extracted using a
box size of 180 x 180 pixels, and subjected to 2D classification in CryoSPARC. Good
2D classes were selected and the corresponding 69,486 particles were used for
subsequent ab initio reconstruction with three classes. The resulting volumes were

used as references for heterogeneous refinement with all picked particles.
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Homogeneous refinement was performed for the resulting pre-60S and 90S classes
following re-extraction (box size 200 x 200) and 3D classification in RELION 3.1.2.
Three-dimensional classification was performed on the pre-60S class, with image
alignment and an angular sampling interval of 7.5°; no alignment was performed for
the 90S class. The good pre-60S class was further refined, post-processed and local-
filtered in RELION. The 90S class was refined and local-filtered with CryoSPARC.
Furthermore, the 90S particles were re-extracted with a box size of 450 x 450 pixels
and 3D refinement was performed with a mask of 1200 A, which led to the
reconstituted 90S connected to a large and flexible extra density. The particles were
iteratively re-extracted, centered, and refined, allowing large shifts, and the final
homogeneous refinement and local filtering was performed with CryoSPARC.

ChimeraX was used to display cryo-EM structures and models (Goddard et al., 2018).”
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6 Appendix

6.1 List of abbreviations

°C degree Celsius

2D two-dimensional

3D three-dimensional

AFs assembly factors

ATP Adenosine triphosphate

CP central protuberance
CRAC crosslinking and analysis of cDNA
Cryo-EM cryogenic electron microscopy
EM electron microscopy

ETS external transcribed spacer
FTpA Flag-TEV-protA

GAL galactose

h hour

ITS Internal transcribed spacer
kDa kilodaltons

LFQ label-free quantification
min minutes

MRNA messenger RNA

NPC nuclear pore complex

PCR polymerase chain reaction
PDB protein data bank

PET polypeptide exit tunnel
protA protein A

PTC peptidyl-transferase center
r-proteins ribosomal proteins

rDNA ribosomal DNA

RNA ribonucleic acid

rRNA ribosomal RNA

snoRNA small nucleolar RNA
snoRNPs small nucleolar ribonucleoproteins
std standard

TAP tandem affinity purification
tRNA transfer RNA

ts temperature sensitive
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