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Zusammenfassung

TORC1 (Target Of Rapamycin Complex 1) ist eine konservierte, Nahrstoff-sensitive Se-
rin/Threoninkinase, die als zentraler Regulator des Zellwachstums fungiert. lhre Kinaseaktivitat kann
durch das antimykotische Medikament Rapamycin, einem natirlichen Metaboliten mehrerer Akti-
nomyceten, gehemmt werden. Der Wirkstoff bildet einen Komplex mit dem FK506-Bindeprotein
(FKBP), der dann in der Lage ist, nahe der katalytisch aktiven Domé&ne der TORC1-Komponente Torl
zu binden.

Ziel dieser Arbeit war die Untersuchung der Auswirkungen der TORC1-Kinase auf die Ribosomenbio-
genese der Backerhefe Saccharomyces cerevisiae. Die Behandlung mehrerer Stamme mit Rapamycin
zeigte, dass in Gegenwart des Wirkstoffes das primare rRNA-Transkript, die 35S Pra-rRNA, tGberwie-
gend an der As-Site anstelle der A,-Site geschnitten wird. Dies deckt sich mit vorangegangen Daten
von Kos-Braun et al., 2017. Um die Auswirkungen auf Protein- und rRNA-Gehalt zu bestimmen, wur-
den ausgewidhlte nucleolare Pra-Ribosomen von verschiedenen Reifungsstadien (Nop58-, Noc2-,
Nogl- und Nsal-Partikel) mittels Tandem Affinity Purification (TAP) isoliert und mittels Western- und
Northern Blotting analysiert. Diese Analyse zeigte spezifische Anderungen der pri-ribosomalen Parti-
kelkomposition. Nop58-Partikel zeigten, dass Nop58 und Nop1, zwei Box C/D snoRNP (small nucleo-
lar ribonucleoprotein) Kernproteine, an der 23S rRNA zurlickgehalten wurden. Das Noc2-Partikel aus
dem Rapamycin behandelten Stamm wies auRerdem Charakteristika eines spateren pra-ribosomalen
Komplexes, dem die 27SA; Pra-rRNA fehlte, der aber reich an 27SA; und/oder 27SB rRNA war, auf.
Diese Veranderungen im Noc2-Partikel waren TORC1-spezifisch, da die Pra-rRNA eines Rapamycin-
resistenten Stammes auch in Gegenwart des Wirkstoffes an der A,-Site geschnitten wurde. Zusatzlich
konnte eine Beeinflussung der Pra-rRNA- und Protein-Zusammensetzung von Pra-Ribosomen durch
spezifische TOR1-Mutationen nachgewiesen werden. Weitere Untersuchungen erlaubten Riick-
schliisse auf mogliche Targets des TORC1-Pathways in der Ribosomenbiogenese.

Insgesamt bietet diese Arbeit erstmalig einen Einblick in die individuellen Veranderungen in der Zu-

sammensetzung friiher pra-ribosomaler Komplexe nach TORC1-Inaktivierung.



Abstract

The Target Of Rapamycin Complex 1 (TORC1) is a conserved, nutrient-sensitive serine/threonine ki-
nase that acts as a central regulator of cell growth. The kinase activity of TORC1 can be inhibited by
the drug rapamycin, which is a natural metabolite produced by several actinomycetes. It forms a
complex with the FK506-binding protein (FKBP), which is able to bind near the catalytically active
domain of the TORC1 component Torl.

This study aimed to investigate the impact of the TORC1 kinase on ribosome assembly in the baker’s
yeast Saccharomyces cerevisiae. Treatment of several strains with rapamycin demonstrated that in
the presence of the drug, the rRNA primary transcript, the 35S pre-rRNA, is predominantly cleaved at
the As site instead of at the A; site. This is consistent with previous data shown by Kos-Braun et al.,
2017. Selected nucleolar pre-ribosomes from different maturation steps (Nop58-, Noc2-, Nogl- and
Nsal-particles) were isolated via tandem affinity purification (TAP) and analysed by western and
northern blotting in order to determine the effects of the inhibitor on their protein and rRNA con-
tent. Changes in the pre-ribosomal particle composition upon inhibitor treatment were unique for
each of the nucleolar pre-ribosomal particle. For instance, Nop58-particles showed an entrapment of
the box C/D small nucleolar ribonucleoproteins (snoRNPs) Nop58 and Nop1 at 23S rRNA. In contrast,
the Noc2-particle shifted to a later pre-ribosomal complex, lacking 27SA; pre-rRNA, but accumulating
27SA; and/or 27SB pre-rRNA after rapamycin treatment. These changes in Noc2-particles were
TORC1-specific, as the pre-rRNA of a rapamycin resistant strain was cleaved at A; in the presence of
the drug. These results underline the importance of the TORC1 pathway for the regulation of ribo-
some biogenesis which is further supported by pronounced compositional changes of pre-ribosomal
particles from Torl mutant strains observed in this study. Further investigations suggested possible
targets of the TORC1 pathway in ribosome biogenesis.

Taken together, this thesis provides, for the first time, insight into the individual changes in the com-

position of early pre-ribosomal complexes upon TORC1 inactivation.
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1 Introduction

1.1 Ribosomal biogenesis: An overview of the maturation of pre-ribosomal parti-

cles

Ribosomes are the "protein factories" of any cell. They are responsible for the translation of genetic
information into the amino acid sequences of proteins. Eukaryotic 80S ribosomes contain two subu-
nits, one small or 40S and one large or 60S subunit. The core of each subunit is formed by ribosomal
RNA (rRNA). In addition, each subunit contains its own set of ribosomal proteins (r-proteins), which
are mainly located on the surface. Functionally, the 40S subunit is responsible for the association of
transfer RNAs (tRNAs) and messenger RNAs (MRNAs); whereas the 60S subunit contains the peptidyl
transferase centre, which is necessary for the formation of peptide bonds between amino acids. Sac-
charomyces cerevisiae ribosomes consist of 4 rRNAs (5S, 5.8S, 18S and 25S) and 79 r-proteins in total
(Woolford and Baserga, 2013). The biogenesis of its subunits is described in the following paragraphs

and schematically shown in Figure 1.

Ribosomal DNA (rDNA) exists in a pool of about 150 tandem repeats of transcription units, which
form the nucleolus, a non-membrane-bound subcompartment of the nucleus. Transcriptionally ac-
tive units serve as a template for the synthesis of the 35S primary pre-rRNA transcript by RNA poly-
merase | (RNAPI) and for the synthesis of 55 pre-rRNA by RNA polymerase Il (RNAPIII). The 35S pri-
mary transcript contains the sequences for the mature 18S, 5.8S and 25S rRNA. These sequences are
separated by external (5’ETS and 3’ETS) and internal transcribed spacers (ITS1 and ITS2). Those spac-
ers are then removed through several processing steps occurring in the nucleolus (reviewed in more
detail in Fernandez-Pevida et al., 2015). rRNA processing and r-protein binding requires more than
200 assembly factors (AFs) and 76 small nucleolar RNAs (snoRNAs), which are not present in the ma-
ture subunits. The assembly factors are trans-acting proteins with distinct biochemical functions. For
example, they include ATPases, GTPases, helicases, methyltransferases, nucleases and scaffold pro-
teins. At different stages of ribosomal assembly, various AFs and snoRNAs are associated with pre-
rRNAs and r-proteins. Therefore, heteromorphic pre-ribosomal particles can be distinguished by their

protein and RNA content (Konikkat and Woolford, 2017).
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Figure 1: Maturation pathway of yeast ribosomes. Left: Major pathway of pre-RNA processing. Right: Simplified overview
of ribosomal particle assembly. Assembly factors are shown in orange (60S) and yellow (40S), ribosomal proteins in light
blue (60S) and dark blue (40S).

Transcription of 35S rDNA starts in the nucleolus. Very early processing steps include the removal of
the 5'ETS and the cleavage of the A; site, which is located within the ITS1. These events are depend-
ent on the first formed pre-ribosomal particle termed the “small-subunit (SSU) processome” or “90S
pre-ribosome” (Fernandez-Pevida et al., 2015). The fully assembled particle contains the box C/D U3
snoRNA, at least 18 early binding r-proteins and 51 assembly factors, which are predominantly re-
sponsible for the maturation of the small subunit. Thus, the absence of individual 90S factors leads to
defects in the 40S subunit assembly (Bernstein et al., 2004; Dragon et al., 2002; Grandi et al., 2002;
Zhang et al., 2016).

A; cleavage is an important step in rRNA processing as it leads to the separation of the 40S and 60S
precursor rRNAs. It has been shown that the segregation of these precursors can occur both post-
and co-transcriptionally, but the latter predominates under favourable growth conditions (Kos and
Tollervey, 2010; Osheim et al., 2004). It has long been assumed that Rcll cuts the A; site. But more
recent data question this and suggest that the endonuclease Utp24 is responsible for this early cleav-
age step (Horn et al., 2011; Wells et al., 2016). Regardless, A, cleavage creates 20S and 27SA; rRNA,
which are packaged into 43S and 66S pre-ribosomes, respectively. At this point, the maturation of
the 40S and 60S subunits is split into two independent pathways. 43S particles are rapidly transport-
ed into the cytoplasm where 20S rRNA is cleaved at the D site to generate mature 18S rRNA. In con-
trast, the rRNA processing in the 60S subunit is more complex. Further maturation of 27SA; rRNA can

occur either by the major (85 %) or the minor (15 %) processing pathway (Fernandez-Pevida et al.,



2015; Woolford and Baserga, 2013). The major pathway differs from the minor pathway in that the
major pathway includes an additional processing step in which the As site is cut through the ribonu-
cleoprotein (RNP) RNase MRP (Lygerou et al., 1996). This results in a further pre-rRNA intermediate,
the 27SA; rRNA, which is trimmed at the Bis site by exonucleases. In comparison, the creation of
27SB rRNA in the minor pathway proceeds through direct cleavage at the B;. site. Another event in
the early 60S subunit maturation is the integration of a ribonucleoprotein complex, which comprises
the 5S rRNA. Later processing steps include the removal of the ITS2 by C, cleavage and subsequent
trimming. Trimming of the resulting 7S and 25.5S intermediates takes place first in the nucleoplasm
and then in the cytoplasm, where the last steps of ribosome maturation occurs (Konikkat and Wool-

ford, 2017).

A single S. cerevisiae cell harbours about 200000 ribosomes. With a generation time of approximately
100 minutes under optimal conditions, a production of 2000 ribosomes per minute is necessary
(Warner, 1999). The formation of ribosomes depends on environmental conditions, and therefore
ribosomal biogenesis is strictly regulated. An important regulator of ribosomal biogenesis is the ser-
ine/threonine kinase TORC1 (Target Of Rapamycin Complex 1), which is highly conserved from yeast

to human (reviewed in de la Cruz et al., 2018; Loewith and Hall, 2011).

1.2 Tor, a component of the TORC1 complex, is inhibited by rapamycin

Saccharomyces cerevisiae TORC1 is an approximately 2 MDa sized complex which consists of the four
proteins Kogl, Lst8, Tco89 and either Torl or Tor2 (Loewith et al., 2002; Reinke et al., 2004). Among
them, the phosphatidylinositol kinase-related protein kinases (PIKKs) Torl and Tor2 (Helliwell et al.,
1994) are the best-studied TORC1 components. Through the isolation of resistant yeast mutants, the
Tor proteins were originally discovered as the direct targets of rapamycin in 1991 (Heitman et al.,
1991a). Rapamycin (reviewed in Yoo et al., 2017) is a macrocyclic natural product (Figure 2) produced
by several actinomycetes, which is known for its growth inhibiting effect on a number of fungi. It
forms a complex with the FK506-binding protein (FKBP; encoded by the FPR1 gene in S. cerevisiae)
and this complex is then able to bind with (and to thereby inhibit) the Tor proteins (Heitman et al.,
1991b, 1991a; Koltin et al., 1991; Lorenz and Heitman, 1995; Stan et al., 1994). Inhibition by rapamy-
cin leads to G1 cell cycle arrest (Heitman et al., 1991a), which is also caused by TOR1 TOR2 double
disruption (Helliwell et al., 1994). How FKBP-rapamycin succeeds in inhibiting the kinase activity of
TORC1 is not yet fully understood. It was shown that rapamycin treatment does not inhibit Tor by

disruption TORC1 (Loewith et al., 2002). Because the FKBP-rapamycin-binding (FRB) domain is locat-



ed to the kinase domain of Tor (Figure 3), it has been proposed that Tor’s kinase activity is sup-
pressed either by direct inhibition and/or by preventing optimal substrate presentation at the cata-

lytic site (Adami et al., 2007).

Figure 2: Structure of rapamycin (Taken from Yoo et al., 2017)

Tors are large proteins; the size of Torl is 281 kDa (2470 amino acids) and the size of Tor2 is 282 kDa
(2474 amino acids). The amino acid sequence of Torl is 67 % identical to Tor2 and both are phospho-
inositide 3-kinase (PI3K) homologues. Furthermore, Torl-Tor2 and Tor2-Torl hybrids indicated that
these kinase domains are interchangeable (Helliwell et al., 1994). They also share a similar domain
structure, which is schematically shown in Figure 3: The N-terminal region is characterized by multi-
ple HEAT repeats. A single HEAT repeat forms a pair of interacting antiparallel a-helices. The FAT- and
the FATC-domains, which are specific for PIKK families, flank the FRB- and kinase domains in the C-
terminal region (Loewith and Hall, 2011). The FRB domain is located N-terminal to the catalytic rele-
vant domain and contains an important serine residue (Ser1972 in Torl and Ser1975 in Tor2). Amino
acid exchanges (to arginine and isoleucine, respectively) at this site provide rapamycin resistance by

preventing interaction with FKBP-rapamycin (Helliwell et al., 1994; Lorenz and Heitman, 1995).

FRB

v
N HEAT I FAT | |Pisk [|c

FATC

Figure 3: Domain organisation of Tor. The HEAT- (1-2025), FAT- (1319-1919), FRB- (1955-2049), kinase- (2027-2394) and
FATC (2395-2470) domains are found in both Torl and Tor2. The phosphoinositide 3-kinase (PI3K) homologous domain of
the Tor proteins is shown in pink (1802-2394). The amino acid positions of the domains refer to Torl, which consists of
2470 amino acids in total (taken from Adami et al., 2007).

Torl and Tor2 are highly homologous in both structure and function. But how do they differ and why

does S. cerevisiae need two Tor paralogues?



Unlike Tor2, Torl is not essential for vegetative growth. Disruption of TOR1 leads to a slow growth
phenotype whereas disruption of TOR2 is lethal, but does not cause a cell cycle arrest (Helliwell et al.,
1994). It has been shown that Tor2, in addition to its role in the G1 cell cycle, has another function
that is essential and cannot be inhibited by FKBP-rapamycin (Zheng et al., 1995). This was later clari-
fied by Loewith et al. They were able to show that Tor2 — but not Torl — is also part of another pro-
tein complex called TORC2. In contrast to TORC1, FKBP-rapamycin fails to bind to TORC2 and there-
fore TORC2 disruption does not mimic rapamycin treatment. The reason for this is the presence of
the TORC2-unique protein Avo3, which binds adjacent to the FRB domain and thus prevents FKBP-
rapamycin binding. This concludes that TORC2 mediates a rapamycin-insensitive Tor2-unique path-

way (Karuppasamy et al., 2017; Loewith et al., 2002).

1.3 TORC1 influences ribosomal biogenesis

TORC1 is regulated by environmental influences. Thus, nutrient starvation leads to much the same
effects on yeast physiology as exposure to rapamycin. In addition, other noxious stressors like a high
salt concentration, redox stress or caffeine also have a negative impact on TORC1 activity. TORC1
itself controls cell growth by regulating a number of cellular processes. Among them, the inhibition of
autophagy and stress response programs are prominent examples. More interesting for this study is
that TORC1 inactivation leads to the downregulation of transcription and ribosome biogenesis (re-
viewed in more detail in Loewith and Hall, 2011). A simplified overview of important up- and down-
stream pathways of TORC1 is shown in Figure 4.

Because TORC2 is primarily involved in cell cycle-dependent polarization of actin cytoskeleton, in
sphingolipid biosynthesis and in endocytosis (Loewith and Hall, 2011), this study focuses on the Tar-
get Of Rapamycin Complex 1 (TORC1).

Nutrients Nutrient
depletion

Rapamycin 1 Stress
P

Autophagy TO R@A Ribosome @C']\
'“\ biogenesis /
Stress f f ‘ ‘

response Transcription - :
Autophagy  Stress  Transcription Ribosome
response biogenesis

Figure 4: The Target Of Rapamycin Complex 1 (TORC1) processes numerous signals and controls diverse cellular process-
es. TORC1 is activated by nutrients (left) and inhibited by stress and rapamycin (right). Among other processes, the complex
controls cell growth via regulation of autophagy, stress response, transcription and ribosome biogenesis.
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Ribosomal biogenesis in S. cerevisiae is regulated by TORC1 mainly by transcription of rDNA, RP (Ri-
bosomal Protein) and RiBi (Ribosome Biogenesis) regulons as well as at post-transcriptional level
(reviewed in de la Cruz et al., 2018; Loewith and Hall, 2011). The following paragraphs provide more
detailed insight into cellular mechanisms used by TORC1 to influence ribosome maturation. A corre-

sponding representation is shown in Figure 5.

The first evidence that rapamycin has an influence on transcription by RNA polymerase | was pub-
lished in the late 1990s by Zaragoza et al. and Powers and Walter. Both studies showed that rapamy-
cin treatment resulted in a drop in 35S rRNA production (Powers and Walter, 1999; Zaragoza et al.,
1998). A few years later, publications followed that gave more detailed insight into the effects of
rapamycin on RNA polymerase | (Claypool et al., 2004; Philippi et al., 2010). Specifically, TORC1 inac-
tivation leads to degradation of Rrn3, which is one of the transcription factors of the RNA polymerase
I. This correlates with the loss of initiation competent RNAPI-Rrn3 complexes and with the decrease
of RNAPI recruitment to the rRNA genes. Consequently, the transcription of the 35S rRNA is down-
regulated. In starved yeast cells, it has recently been shown that the RNA polymerase | is inactivated
through homodimerization and that this is important for the complete clearance of the RNAPI-Rrn3
complexes (Torreira et al., 2017). However, the downregulation of transcription upon TORC1 inacti-
vation cannot entirely be explained by the loss of RNAPI-Rrn3 complexes, suggesting the existence of
additional regulatory mechanisms (Philippi et al., 2010; Torreira et al., 2017).

Zaragoza et al. also showed that the amounts of 55 rRNA decreases after rapamycin treatment (Zara-
goza et al., 1998). This is because active TORC1 regulates the phosphorylation of the phosphoprotein
Mafl. Mafl is a negative regulator of RNA polymerase Ill-dependent transcription, which directly
binds the polymerase when dephosphorylated. The subsequent rearrangement of RNAPIII subunits
interferes with its recruitment to its promoter; and therefore, RNA polymerase Ill transcription is
downregulated (Oficjalska-Pham et al., 2006; Vannini et al., 2010; Wei and Zheng, 2009; Wei et al.,
2009).

Furthermore, data regarding TORC1 localisation confirm its role in the regulation of rDNA transcrip-
tion. Li et al. reported that in normal growing S. cerevisiae cells, the kinase Tor1 is found in both cy-
toplasm and the nucleus. Further investigations showed that TORC1 components (but not TORC2-
specific proteins) are associated with 35S promoter and 5S rDNA chromatin, and that the binding
takes place in a nutrient-dependent and rapamycin-sensitive manner (Li et al.,, 2006; Wei et al.,,

2009).

However, Reiter et al. have shown that the reduction of newly synthetized ribosomal subunits upon

TORC1 inactivation precedes the downregulation of RNA polymerase I-dependent transcription. In-
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stead, the decrease in r-protein production is the short-term effect of rapamycin treatment, which
correlates with the synthesis defect of ribosome subunits. Therefore, the disruption of certain r-
proteins as well as rapamycin treatment leads to the nucleolar entrapment of pre-ribosomal Nogl-
and Rrp12-particles (Reiter et al., 2011).

TORC1 affects the synthesis of r-proteins and ribosome assembly factors via their regulons and via
their translation. The regulation of RP and RiBi regulons occurs using different TORC1 signalling
branches. For example, two prominent substrates of TORC1 are the kinase Sch9 and the split zinc-
finger protein Sfpl. Both act downstream of TORC1, but have different effects on both RP and RiBi
regulons. While Sfpl is a general transcription activator (de la Cruz et al., 2018; Loewith and Hall,
2011), Sch9 inhibitory phosphorylates the transcription repressors Dot6, Stb3 and Tod6, which are
responsible for the recruitment of the RPD3L histone acetyltransferase complex (Huber et al., 2011).
Additionally, Sch9 is involved in the nucleus-to-cytoplasm transport of the RNA polymerase Il inhibi-
tor Mafl (Wei and Zheng, 2009). The above-described TORC1-dependent inhibition of the RNAPIII
transcription also leads to the decrease of tRNA, which coincides with translational repression (Zara-
goza et al., 1998). Furthermore, it was shown that TORC1 is also involved in the regulation of transla-

tion initiation (Barbet et al., 1996; Berset et al., 1998; Cherkasova and Hinnebusch, 2003).

®
%@1
@ ®
TORC1 Foass rRNA = RP/RiBi mRNA @ .;:55 rRNA

ON Non-active transcription repressors

-
=3
TORCH1 % 35S rRNA 2% RP/IRiBi mRNA @1@ = RP/RiBi mRNA 2% 5S rRNA
OFF

J

RNAPI RNAPII RNAPIII

Figure 5: TORC1 regulates the transcription of all three RNA polymerases (RNAPI/II/III). Upon TORC1 inactivation, the
synthesis of rRNA and the transcription of RP (Ribosomal Protein) and RiBi (Ribosome Biogenesis) regulons are downregu-
lated. The decrease of pre-rRNA, ribosomal proteins and assembly factors leads to defects in ribosome maturation.

Recently, it has been shown that TORC1 even has an impact on rRNA processing. Kos-Brown et al.
have described an alternative pre-rRNA processing pathway using exclusively the A; instead of the
standard A; cleavage site (Figure 6). This pathway results in the production of 23S and 27SA; rRNA
(the latter is further processed to 27SB rRNA). Total RNA samples showed an accumulation of 35S
and 23S rRNA; and tritium-uracil-pulse chase experiments indicated that the alternative pathway is

non-productive. Az cleavage occurs in cells exposed to heat shock, oxidative stress or rapamycin, and

12



in post-diauxic cultures. Since resistant tor1°°7?R strains failed to shift to the alternative pathway
after rapamycin treatment, it was concluded that the A; to As switch is TORC1 specific. Kos-Braun et
al. have also shown that the TORC1 signalling branch, that regulates the switch between the A; and

A; cleavage site, involves the casein kinase 2 (CK2) (Kos-Braun et al., 2017).
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Figure 6: The 35S primary transcript is processed differently upon TORC1 inactivation. Left: In normal growing S. cerevisiae
cells, pre-rRNA cleavage occurs at the Ao, A; and A; sites. Right: The 35S pre-rRNA of cells exposed to low nutrients or stress
is cleaved at the Ajs site. This represents an alternative, non-productive pre-rRNA processing pathway, which is controlled by
TORC1 and CK2.

But this alternative processing pathway is not the only example of post-transcriptional regulation by
TORC1 in ribosome maturation. Honma et al. have reported that the complex is involved in the nu-
cleolus to nucleoplasm transfer of 60S precursor particles. In the presence of rapamycin, certain ribo-
somal assembly factors are enriched in the nucleolus. Their displacement can cause effects in the
ongoing ribosomal maturation. One example is the GTP-binding protein Nogl, which is necessary for
60S ribosome biogenesis in both nucleolus and nucleoplasm. Its nucleolar entrapment upon nutrient
depletion or rapamycin treatment suggests that TORC1 also regulates later stages of ribosomal bio-
genesis (Honma et al., 2006). In addition to Nogl, the exposure to rapamycin leads to the nucleolar
enrichment of further ribosomal assembly factors like Dim2, Nog2, Nop7, Rlp24 and Rrp12 (Honma
et al., 2006; Reiter et al., 2011; Vanrobays et al., 2008). Others, such as the 90S assembly factors
Nop1, Nop56 and Nop58, diffuse into the nucleoplasm (Kakihara et al., 2014).

1.4 Role of the early assembly factors Nop58 and Noc2 in TORC1 pathway and in

ribosomal biogenesis

As described above, TORC1 has a great effect on ribosome biogenesis. However, further research is

required to obtain a more detailed insight into its impact on the composition of pre-ribosomal parti-
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cles. For this purpose, Nop58- and Noc2-particles were isolated using tandem affinity purification
(TAP) (Puig et al., 2001). It has already been shown that both assembly factors are associated with
the TORC1 pathway. As described before, Nop58 diffuses from the nucleolus into the nucleoplasm
upon TORC1 inactivation (Kakihara et al., 2014). Noc2, on the other hand, contains an amino acid site
(570), which is more phosphorylated following rapamycin treatment (dissertation of Cremonesi,
2002).

In the ribosome maturation pathway, Nop58 is part of the box C/D small nucleolar ribonucleopro-
teins (snoRNPs). Box C/D snoRNPs, which are primarily involved in the 2'-O methylation of rRNAs,
consist of the core proteins Nop1, Nop56, Nop58 and Snul3, and a box C/D snoRNA (Lafontaine and
Tollervey, 1999, 2000; Schimmang et al., 1989; Watkins et al., 2000; Wu et al., 1998). The R2TP pro-
tein complex acts as a snoRNP assembly factor in the nucleus and is responsible for the stabilization
of unassembled Nop58. The interaction is mediated by Pih1 (also known as Nop17), one of the four
R2TP components. Under rapamycin treatment or in the stationary phase, however, the complex is
transferred to the cytoplasm. As a consequence, the box C/D snoRNP assembly is impaired (Kakihara
et al., 2014).

One prominent box C/D family snoRNA is U3, which base-pairs with nucleotides in the 5’ETS and the
pre-18S rRNA. Unlike others of its class, the U3 snoRNP does not act via 2'-O methylation. Much
more, it acts as an RNA chaperone complex that stabilizes rRNA elements within the SSU processome
and is necessary for co-transcriptional cleavage at sites Aq-A; (Klinge and Woolford, 2019).

Noc2 acts like Nop58 in early ribosome maturation, but has a different function. It is involved in the
processing of pre-25S and pre-5.8S rRNA, as well as in the intranuclear transport of the 60S pre-
ribosomes. It has been shown by immunoelectron and fluorescence microscopy that Noc2 is localised
in both nucleolus (60 %) and the nucleoplasm (40 %). Furthermore, Noc2 is found in two distinct
complexes (Milkereit et al., 2001). It is recruited co-transcriptionally to the nascent pre-rRNA tran-
script and interacts there with Noc1 and Rrp5 (Hierlmeier et al., 2013). This module is associated with
both 90S and 60S pre-ribosomal particles. Noc2 also can be isolated in a complex with Noc3, which is
only associated with 66S pre-ribosomes (Milkereit et al., 2001). It has been suggested that Noc1 is
replaced by Noc3 after transport into the nucleoplasm (Milkereit et al., 2001; Nissan et al., 2002).
Considering their function and localisation in the nucleolus and nucleus, respectively (Kakihara et al.,
2014; Milkereit et al., 2001), an illustration of Nop58 and Noc2 arrival and release was created (Fig-

ure 7).
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Figure 7: Arrival and release of the nucleolar assembly factors Nop58 and Noc2. Nop58 and Noc2 are recruited co-
transcriptionally to the primary 35S transcript. Considering its function and nucleolar and nucleoplasmic localisation, Noc2
remains associated with the 66S pre-ribosomal particle until formation of 27SB rRNA. If it is part of the U3 snoRNP, Nop58
dissociates prior to the formation of the 43S-particle. Finally, both proteins are released and recycled to the 35S primary
transcript. It should be noted that the actual release of the two assembly factors has not yet been determined. Further-
more, Nop58 is also part of other box C/D snoRNPs and can therefore be associated with further rRNA intermediates.

The goal of this study was to determine the protein and rRNA content of early ribosomal particles
before and after rapamycin treatment to gain better insights into the role of the TORC1 complex in
ribosome biogenesis. Further conclusions should be drawn by examining tor1 mutants. Additionally,
a possible effect on ribosome biogenesis of these mutations should be investigated by comparison

with samples of the respective untreated TOR1 wild-type strain.
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2 Material and Methods

2.1 Saccharomyces cerevisiae strains and media

Saccharomyces cerevisiae strains used in this study are summarized in Table 1. The strains were

grown in Yeast Extract Peptone Dextrose (YPD) medium. Synthetic Dextrose Complete (SDC) medium

supplemented with all amino acids was only used for fluorescence microscopy (see 2.6). The media

composition is described in Table 2. Culture plates were made by adding 2 % agar. For selective

growth (see 2.2.2), geneticin disulphate (Carl Roth) in a final concentration of 300 pug/ml was added

to YPD after sterilisation and cooling the media to about 60 °C.

Table 1: Saccharomyces cerevisiae strains used in this study

Collection S. cerevisiae
Genotype Source
# strain
MATa, leu2, ura3, his3, ade2, trp, RLP7-
6008 W303_RIp7-YFP Christina Morgenstern
YFP
Micheline Fromont-
MATa, trp1-289, ura3-52, ade2, leu2-
6393 LMA158 Racin,
3,112, Arg4(RV-), Nog1-TAP::TRP1
Institute Pasteur
MATa, ura3, trpl, his3, leu2, NSA1- Dieter Kressler,
6584A Nsal-TAP
TAP::kITRP1 University of Freiburg
Nop4-GFP_Hhol- MATa, leu2, ura3, his3, meth15, NOP4-
6589D Christina Mauerhofer
mCherry GFP::HIS3, Hhol-mCherry::hphNT1
Nsal-GFP_Hhol- MATa, leu2, ura3, his3, meth15, NSA1-
6590C Christina Mauerhofer
mCherry GFP(HIS3), Hho1-mCherry::hphNT1
Nogl-GFP_Nop58- MATa, leu2, ura3, his3, meth15, NOG1-
6591C Christina Mauerhofer
mCherry GFP::HIS3, NOP58-mCherry::hphNT1
Noc2-GFP_Nop58-  MATa, leu, ura3, his3, meth15, NOC2-
6594D Christina Mauerhofer
mCherry GFP::HIS3, NOP58-mCherry::hphNT1
MATa, leu2, ura3, his3, ade2, torl-1,
6613C HHY110/Noc2-TAP  fpri::NAT, PMA1-2xFKBP12::TRP1, Manuela Grassegger

NOC2-TAP::HIS
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Collection

S. cerevisiae

Genotype Source
# strain
MATa, ade2, arg4, leu2, ura3, trpl,
Nop58-TAP/Utp20-
6616B NOP58-TAP::TRP, UTP20-HA::KanMX, Gertrude Zisser
HA/Utp14-Flag
UTP14-Flag::natNT2
MATa, ade2, arg4, leu2, ura3, trpl,
Noc2-TAP/Utp20-
6616C NOC2-TAP::TRP, UTP20-HA::KanMX, Gertrude Zisser
HA/Utp14-Flag
UTP14-Flag::natNT2
Tatsuya Maeda,
6673B TS161 MATa, ura3-52 University of
Tokyo
Tatsuya Maeda,
6673C TS184 MATa, ura3-52, tor1'?134M University of
Tokyo
6678B TS161 Noc2-TAP See TS161; NOC2-TAP::KanMX This study
6678D TS184 Noc2-TAP See TS184; NOC2-TAP::KanMX This study

Table 2: Yeast Media recipes used in this study. All media were sterilized for at least 25 minutes at 121 °C either in an
autoclave or in a CertoClav. For the SDC media, solution A and solution B were sterilized separately in a CertoClav.

Medium Component Concentration pH

Bacto™ Yeast Extract, Technical (Becton Dickinson) 10 g/
Bacto™ Peptone (Becton Dickinson) 20 g/I

YPD 5.5
D(+)-Glucose 1-hydrate (PanReac AppliChem) 20 g/l
European Agar (Becton Dickinson) — optional 20 g/l
Solution A 5.5
Yeast Nitrogen Base w/o Amino Acids and Ammonium 1.40 g/l
Sulphate (Becton Dickinson)
Ammonium sulphate (SERVA) 5g/l

°be CSM Complete Supplement Mixture (MP Biomedicals) 0.79 g/l
Adenine (SERVA) 0.05 g/l
Solution B
D(+)-Glucose 1-hydrate (PanReac AppliChem) 20 g/l

The pH values of media, buffers and solutions were adjusted with 1 N sodium hydroxide solution

(Carl Roth), 1 N potassium hydroxide solution (Carl Roth) or 1 N/32 % hydrochloric acid (Carl Roth),

depending on the initial pH value and content.
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2.2 TAP tagging of NOC2

TAP tagged strains were needed to isolate whole pre-ribosomal complexes using an adapted version
of the tandem affinity purification (TAP) procedure (Puig et al., 2001) (see 2.3). TAP tagging of NOC2
in strains TS161 and TS184 (Table 1) was performed by homologous recombination of TAP-KanMX
cassettes by linear transformation according to the lithium-acetate method (lto et al., 1983). After
growth on selective media, the cell colonies were controlled for correct TAP tag integration by colo-
ny-PCR and western blot analysis. All other TAP-tagged strains (Table 1) were taken from the house's

own strain collection. Primers used during this procedure are listed in Table 3.

Table 3: Primers used in this study

Primer name Sequence Description
ATTAAACAGTCTGGAAAGTGATGATGACAACGAAGATGTT  Tagging cassette
p GAAATGTCAGACGCTcggATCCCCGGGTTAATTAA amplification
CATTTATAGACTTAACTATTGAATTCAAGACAAAAAATCAA  Tagging cassette
Nocz.rev ATCTTGCTGAGTTGgaaTTCGAGCTCGTTTAAAC amplification
KanR5’b CAAGACTGTCAAGGAGGG Control primer
Noc2_ control_primer  CTTAACAAACGTTTATCAACTG Control primer

2.2.1 Amplification of the TAP-KanMX tagging cassette

Amplification of the TAP-KanMX cassette was performed by polymerase chain reaction (PCR). The
plasmid pFA6a TAP-KanMX (Brigitte Pertschy’s tagging plasmid collection #3039; originally from Uni-
versity of Heidelberg) was used as a template. Primers containing F2/S2 linkers were NOC2 specific.

PCR reaction setup and thermocycling conditions are shown in Table 4 and 5.
350 L of pooled PCR products were frozen and then centrifuged in the presence of vacuum using a

lyophilisation system with Edwards vacuum pump. The volume was reduced to about 50 pl. Until

used for linear transformation, the construct was stored at -20 °C.
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Table 4: PCR reaction setup for TAP-KanMX tagging cassette amplification. All reaction compo-
nents were assembled on ice. Phusion polymerase was added at the end. For negative control, the
template was replaced by Aqua bidest. “Fresenius”.

Component 50 pl reaction
5x Phusion HF Buffer (Thermo Fisher Scientific) 10 pl
dNTPs [2 mM dATP/dCTP/dGTP/dTTP] (Thermo Fisher Scientific) 5ul
Forward primer: Noc2_F2 [10 uM] 5ul
Reverse primer: Noc2_rev [10 uM] 5ul
Template: #3039 pFA6a TAP-KanMX [200 ng/ul] 0.50 ul
DMSO (Thermo Fisher Scientific) 0.50 pl
Phusion polymerase [2 U/ul] (Thermo Fisher Scientific) 0.50 ul
Agua bidest. “Fresenius” (Fresenius Kabi) to 50 ul

Table 5: Thermocycling conditions for TAP-KanMX tagging cassette am-

plification
Step Temperature Time Cycles

Initial denaturation 98 °C 30 seconds 1
Denaturation 98 °C 15 seconds
Annealing 55 °C 1 minute 35
Amplification 72 °C 2 minutes

Final Extension 72°C 7 minutes 1
Hold 4°C oo

2.2.2 Linear transformation

TS161 and TS184 cell cultures were grown in 50 ml YPD and harvested by centrifugation (5-
10 minutes, 3500 rpm, room temperature) after an ODggo value of 0.5 was reached. The pellets were
then resuspended in 10 ml sterile lithium acetate solution (Table 6) and centrifuged under the same
conditions. This procedure was repeated. After resuspension in 300 ul sterile lithium acetate solu-
tion, the cells were incubated for 30 minutes at 30 °C in a water bath. After this incubation step, two
transformation attempts per culture were assembled: Both contained 300 ul PEG solution (Table 6),
50 pl lithium acetate-treated cells and 15 pl herring sperm. One of the attempts was mixed with 10 pl
of the concentrated PCR product containing TAP-KanMX tagging cassettes; and the other attempt
served as a negative control. After 30 seconds of shaking in the vortex-mixer, the cells in the mixtures
were regenerated for 30 minutes in a 30 °C water bath and then heat shocked for 20 minutes in a
42 °C water bath. Cells were then collected by gentle centrifugation (2 minutes, 3000 rpm, room

temperature) and resuspended in 10 ml YPD. After 5 hours of regeneration (30 °C, 170 rpm), the cells
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were collected again and YPD was discarded. The remaining cell suspensions were divided and plated

on selective plates (YPD supplemented with geneticin).

Table 6: Solutions used for linear transformation. The solutions were freshly prepared and sterile filtered us-
ing sterile PVDF Rotilabo®-syringe filters (pore size 0.45 um, @ outer 33 mm, Carl Roth).

Solution Component

Concentration

Lithium acetate dihydrate (Sigma-Aldrich)
Lithium acetate Tris-HCI, pH 7.5 (TRIS PUFFERAN® by Carl Roth)
solution Ethylenediamine tetraacetic acid disodium salt

dihydrate/EDTA (Carl Roth), pH 8

Lithium acetate (Sigma-Aldrich)

Tris-HCI, pH 7.5 (TRIS PUFFERAN® by Carl Roth)
PEG solution

EDTA (Carl Roth), pH 8

Polyethylene glycol 400 (Carl Roth)

0.1M
10 mM
1mM

10.20 g/I
10 mM
1mM
400 g/l

2.2.3 Colony-PCR and agarose gel electrophoresis for TAP tag control

Colonies that had grown on YPD supplemented with geneticin were further examined for the correct

positioning of the TAP tag. Colony-PCR was carried out for this purpose. The colonies to be tested

were spread on new culture plates the evening before. From these plates, fresh cell material was

resuspended in 20 pl Aqua bidest. “Fresenius” and incubated at 95 °C for 10 minutes. 7.5 ul superna-

tant of the suspension were used as a template after short centrifugation (1 minute, full speed). PCR

reaction setup and thermocycling conditions are show in Table 7 and 8.

Table 7: Colony-PCR reaction setup for TAP tag control. All reaction components were assembled

on ice. Taq polymerase was added at the end.

Component

25 ul reaction

Template DNA

10x ThermoPol Reaction buffer (New England Biolabs)

dNTPs [2 mM dATP/dCTP/dGTP/dTTP] (Thermo Fisher Scientific)
Forward primer: Noc2_control_primer [10 uM]

Reverse primer: KanR5’b [10 puM]

Taq polymerase [5 U/ul] (New England Biolabs)

Agua bidest. “Fresenius” (Fresenius Kabi)

7.50 pl
2.50 pl
2 ul
1ul
1ul
0.50 ul
to 25 pul
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Table 8: Thermocycling conditions for colony-PCR

Step Temperature Time Cycles
Initial denaturation 95 °C 5 minutes 1
Denaturation 95°C 1 minute
Annealing 55°C 1 minute 35
Amplification 72°C 2 minutes
Final Extension 72°C 7 minutes 1
Hold 4°C 0

After PCR amplification, 2 pl of the products were mixed with 6x DNA Loading Dye (Thermo Fisher
Scientific) to a final concentration of 1x. Samples were then separated through a 1 % agarose gel [1 g
agarose, universal (VWR International) dissolved in 100 ml 1xTAE buffer containing ethidium bromide
(Carl Roth)] at 100 V. 0.5xTAE was used as running buffer and 0.5 pg A DNA/EcoRI+Hindlll (Thermo

Fisher Scientific) as a size control marker. 50xTAE buffer recipe is listed in Table 9.

Table 9: Components of the 50xTAE buffer used
for gel electrophoresis

Component 1 litre

TRIS PUFFERAN® (Carl Roth) 242 g
Glacial acetic acid (Carl Roth) 57.1 mL
EDTA (Carl Roth), pH 8 100 ml

Distilled water to 1 litre

2.2.4 “Quick ‘n‘dirty” yeast protein extraction

In order to control TAP tag expression of positive transformants, a western blot analysis was also
performed. This involved protein extraction after chemical cell lysis.

Two ODego units of each overnight culture (culture conditions: 30 °C, 170 rpm) were harvested in a
table centrifuge (1 minute, full speed) and were resuspended in 200 ul of a 2-mercaptoethanol solu-
tion (Table 10). After 10 minutes of incubation on ice, 200 ul of a 50 % trichloroacetic acid (TCA,
>99 % from Carl Roth) solution was added to precipitate the proteins. The mixture was then stored
on ice for 10 minutes again. After 10 minutes of centrifugation (13000 rpm, 4 °C) the supernatant
was discarded. To remove TCA residues, the pellet was washed with 1 ml cold sterile water by a fur-
ther centrifugation step (same conditions). The supernatant was discarded again and the pellet was
resuspended in 100 pl 2x final sample buffer (FSB; Table 14). The protein samples were stored at -

20 °C until use.
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To confirm the expression of the TAP tag in later western blot analysis, proteins were also extracted
from a negative (strain TS161, see Table 1) and from a positive control (strain Noc2-TAP/Utp20-
HA/Utp14-Flag, see Table 1).

Table 10: 2-Mercaptoethanol solution used for yeast protein

extraction
Component Concentration
2-Mercaptoethanol (Carl Roth) 7.5%
Sodium hydroxide (Carl Roth) 1.85M
TRIS PUFFERAN® (Carl Roth) 10 mM

2.2.5 Control of TAP tag expression using western blot analysis

Protein samples dissolved in 2xFSB buffer were denatured for 10 minutes at 95 °C and centrifuged at
13000 rpm for at least 3 minutes. 10 pl of these samples and 3 ml of the size control marker Pag-
eRuler Prestained Protein Ladder (10 to 180 kDa; Thermo Fisher Scientific) were separated by sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) at 16 mA. This was performed using
tris-glycine running buffer (Table 11), a homemade 12.5 % polyacrylamide gel and the equipment
from Hoefer (Mighty Small Basic Unit, 8x7 cm). Blotting and antibody detection (using a-CBP, see
Table 13) was performed as described in chapter 2.4.3 and 2.4.4. Since the homemade gel was thin-

ner than the bought one, blotting was done for only 1 hour.

Table 11: Tris-glycine running buffer used for SDS-PAGE
with 12.5 % polyacrylamide gel

Component Concentration
TRIS PUFFERAN® (Carl Roth) 0.25M
Glycerol (VWR International) 1.90 M
SDS (Carl Roth) 1%

2.3  Tandem affinity purification (TAP)

2.3.1 Growth condition and cell harvest

Two litres of YPD (in 5-litre baffled flasks) were inoculated with a pre-culture to an ODggo of about
0.0003 to 0.01 (depending on the growth rate of the culture), incubated at 30 °C and agitated at
110 rpm. These cultures were grown to an ODego of 1.0 to 1.3 and then treated either with rapamycin
(LC Laboratories) in a final concentration of 3 pg/ml or with the drug vehicle (0.10 % DMSO; Carl

Roth) alone. After 2, 15 or 30 minutes of treatment, the cell cultures were harvested by centrifuga-
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tion (5000 rpm, 4 °C, 3 minutes minimum). Cell pellets were resuspended in 20 ml of distilled sterile
water supplemented with 3 pg/ml rapamycin or with the adequate amount of DMSO. After a wash-
ing step (centrifugation at the same conditions), the cell pellets were stored in 50 ml Sarstedt tubes

at-20 °C.

2.3.2 Celllysis

The pellets were defrosted on ice and resuspended with the same volume of lysis buffer (Table 12),
including 0.5 mM phenylmethanesulfonyl fluoride [PMSF (Sigma-Aldrich) dissolved in 2-Propanol
(Carl Roth)], 1 mM dithiothreitol/DTT (Carl Roth) and Protease-Inhibitor Mix FY (SERVA; used accord-
ing to the manufacturer’s instructions). Cell disintegration was performed with 1.5-fold volume glass
beads (0.40-0.60 mm; Sartorius), relative to the pellet volume in a Merckenschlager disintegrator (B.
Braun), for 4 minutes under CO»-cooling. The glass beads and cell debris were then removed by sev-
eral centrifugation steps at 4 °C, whereby the supernatants were transferred into a fresh centrifuga-
tion tube after each step: The first centrifugation step was carried out for 10 minutes at 5000 rpm,
the second for 10 minutes at 18500 rpm and the last for at least 30 minutes at 18500 rpm. The su-
pernatant after the last centrifugation step is called crude extract (CE). Aliquots of CE were taken for

later northern blot and SDS-PAGE analyses.

2.3.3 Purification

Prior to their usage in purification, IgG Sepharose™ beads (GE Healthcare) and 1 um BcMag™ Epoxy-
Activated magnetic beads (Bioclone) conjugated with rabbit IgG (Dunn Labortechnik) were washed
three times with lysis buffer.

The CE was then incubated under constant rotation for 90 minutes at 4 °C either with 150 ul 1gG
beads or with 200 pl magnetic beads. After this binding step, the beads were washed two times with
lysis buffer (including 1 mM DTT) and one time with cleavage buffer (Table 12) (including 0.5 mM
DTT) to eliminate unspecific binding. In between, the buffer was removed by a gentle centrifugation
step (3 minutes, 3000 rpm, 4 °C) when IgG beads were used, or by a magnet separator when magnet-
ic beads were used. TEV protease cleavage was done by adding 2.5 ul or 4 ul TEV protease (home-
made; diluted in cleavage buffer with 0.5 mM DTT) to the IgG beads or to the magnetic beads, re-
spectively, and by incubation under constant rotation at room temperature for 60 minutes. 1 pl Ri-
bolLock RNase inhibitor (40 U/ul; Thermo Fisher Scientific) was added per sample to preserve the
RNA during TEV cleavage. After this incubation step, the ribosomal particles of interest were dis-
solved in the supernatant. This supernatant is called TEV eluate and was collected. While the elution
of the magnetic bead samples was done using a magnetic separator, the elution of the IgG bead

samples was done using Mobicol “Classic” M1002 (MoBiTec) columns. The beads were then discard-
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ed. 15 ul of each TEV eluate sample was taken and stored at -70 °C for later northern blot analyses.
The remaining residues of the TEV eluate samples were collected at -20 °C for later western blot

analyses.

Table 12: Buffers used for tandem affinity purification

Buffer Component Concentration
N-(2-hydroxyethyl)piperazine-N'-2-ethane sulfonic acid/HEPES 20 mM
(SERVA)
Lysis buffer,
Potassium chloride (Fluka) 10 mM
pH 7.5
Magnesium chloride hexahydrate (Carl Roth) 2.50 mM
EGTA (Carl Roth) 1mM
HEPES (SERVA) 20 mM
Cleavage Potassium chloride (Fluka) 10 mM
buffer, Magnesium chloride hexahydrate (Carl Roth) 2.50 mM
pH ~7.5 EGTA (Carl Roth) 1mM
Sodium chloride (Carl Roth) 100 mM

2.4 Western blot analysis of TEV eluates

2.4.1 SDS-PAGE

TEV eluate samples (for growth conditions and purification see 2.3) were mixed with 5xFSB (Table 14)
to get a final concentration of 2xFSB. Before loading the gel, the samples were denatured for
10 minutes at 95 °C and centrifuged (full speed) for at least 3 minutes. In order to estimate protein
sizes, 3 ul of PageRuler Prestained Protein Ladder (10 to 180 kDa; Thermo Fisher Scientific) were also
loaded onto the gel. NUPAGE™ 4-12 % Bis-Tris gels (1.0 mmx15 well) and 1x NuPAGE® MOPS SDS
Running Buffer (Life Technologies) were used both for colloidal blue staining as well as for blotting.
The samples loaded on the gel were separated in an XCell SureLock™ Electrophoresis Cell (Life Tech-

nologies) at 100 V.

2.4.2 Colloidal blue staining

Stainer A and B of the Novex® Colloidal Blue Staining Kit (Invitrogen) were used to make protein
bands present in SDS gels visible. For staining, the SDS gels were first shaken 10 to 20 minutes in a
fixer solution (Table 14) and then 10-20 minutes in 11 ml Aqua bidest. “Fresenius” (Fresenius Kabi),

4 ml methanol (Carl Roth) and 4 mL Novex® Stainer A. After adding 1 ml Novex® Stainer B, the gels
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were incubated overnight in the shaker. The next day the gels were washed at least three times for
10 minutes with distilled water. All steps were performed at room temperature. The gels were stored
in 3 % acetic acid (96 % by Carl Roth) in the fridge. For the loading of a second SDS gel, which was
needed for blotting, the colloidal blue-stained gel was used to adapt the amounts of the samples to

each other.

2.4.3 Blotting

For blotting, polyvinylidene difluoride membranes (Roti®-PVDF, 0.45 um; Carl Roth) were activated in
methanol (Carl Roth) for at least 1 minute. Within a time-period of 2 hours, the separated proteins
were transferred onto the membrane at 220 mA using a tank blot system (Hoefer) filled with CAPS
buffer (Table 14). Afterwards the membranes were blocked overnight at 4 °C by shaking in a 0.5 %
powdered milk (Carl Roth) solution (dissolved in 1xTST; see Table 14).

2.4.4 Antibody detection

All antibodies used in this study are summarized in Table 13. For incubation, membranes were shak-
en in a primary and then in a secondary antibody dilution or in a conjugated antibody dilution at
room temperature. After each incubation step, the membranes were washed three times for
5 minutes with 1xTST. For detection with the ChemiDoc™ Touch Imaging System (Bio-Rad), they
were incubated for 3 minutes with Clarity western luminol/enhancer solution and peroxide solution
(Clarity™ Western ECL Substrate by Bio-Rad) in a ratio of 1:1. After each detection step, stripping of
antibodies was performed by shaking in stripping buffer (Table 14) for 20 minutes at about 60 °C. For
overnight storage, membranes were blocked as described above. For longer storage, membranes
were dried and stored at room temperature; then before re-use, they were shaken for at least

30 minutes in 1xTST with a 0.5 % powdered milk solution.

Table 13: Antibodies used in this study. Antibodies used were diluted in 1xTST with 1 % powdered milk.
Unless otherwise described, Peroxidase labelled a-rabbit antibody was used as secondary antibody.

Antibody Dilution Source
a-CBP 1:5000 Sigma-Aldrich
a-Cicl 1:5000 University of Stuttgart
a-Drgl 1:7500 Zakalskiy et al., 2002
o-Ebp2 1:5000 M. A. McAlear
a-Erbl 1:5000 J. dela Cruz
a-Flag* 1:15000 Sigma-Aldrich
a-HA* 1:5000 Roche
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Antibody Dilution Source

a-Hasl 1:5000 J. dela Cruz
a-Mak11 1:2500 M. Fromont-Racine
a-Nhp2 1:5000 Y. Henry

a-Nocl 1:5000 University of Regensburg
a-Noc2 1:5000 University of Regensburg
ao-Noc3 1:5000 University of Regensburg
a-Nogl 1:5000 M. Fromont-Racine
a-Nog2 1:5000 M. Fromont-Racine
a-Nopl 1:30000/1:50000 E. Hurt
o-Nop2** 1:2000 Invitrogen
o-Nsa2 1:5000 M. Fromont-Racine
a-Phosphoserine 1:1000 Provided by K. Preif3-Landl
a-Rcll 1:5000 A. Henras
a-Rok1 1:5000 K. Karbstein
a-Rpal35 1:3000 M. Oaks

a-Rpl5 1:3000

o-Rpl16 1:40000 S. Rospert
a-Rrp12 1:5000 M. Dosil

o-Rsad 1:10000/1:15000 M. Remacha
a-Sofl 1:300/1:900 E. Hurt

a-Tif6 1:5000 GeneTEX

a-Ytm1 (cross-reaction with Nop7) 1:5000 J. dela Cruz
Peroxidase labelled a-rabbit*** 1:15000 Sigma-Aldrich
Peroxidase labelled a-mouse*** 1:10000 Amersham Biosciences

*Conjugated antibody; no secondary antibody was necessary/**Peroxidase labelled a-mouse antibody
was used as secondary antibody/***Secondary antibody

2.4.5 Semi-quantitative analysis of western blot results

First, western blot results were analysed using the software Image Lab (version 5.2 build 14). The
band intensity was measured by forming rectangles over detected protein bands using the volume
tool “Rectangle”. “Adjusted volume” values were transferred and further analysed in a Microsoft
Excel file. For each membrane the value of the control TOR1 wild-type sample was set to 100 %. The

percentages of the respective rapamycin-treated or torl mutant samples were determined in rela-
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tion according to this. In addition, these calculated values were similarly correlated with the values of

their respective bait protein.

Table 14: Buffers and solutions used for western blot analysis
Buffer or solution Component Concentration

Tris-HCI, pH 6.8 (TRIS PUFFERAN® by Carl Roth) 312 mM

SDS (Carl Roth) 10 %
5x Final sample buffer DTT (Carl Roth) 600 mM
87 % Glycerol (VWR International) 43.5%
Bromophenol blue sodium salt (Carl Roth) 0.02%
Methanol (Carl Roth) 50 %
Fixer solution
Acetic acid (Carl Roth) 10%
CAPS (Carl Roth), pH 11 100 mM
CAPS transfer buffer
Methanol (Carl Roth) 10 %
TRIS PUFFERAN® (Carl Roth) 500 mM
10xTST,pH 7.4 Sodium chloride (Carl Roth) 1.50 M
Tween20 (Carl Roth) 1%
2-Mercaptoethanol (Carl Roth) 100 mM
Stripping buffer SDS (Carl Roth) 2%

Tris-HCI, pH 6.7 (TRIS PUFFERAN® by Carl Roth) 62.50 mM

2.5 Northern blot analysis of CEs and TAP-purified samples

2.5.1 RNA preparation

CE, TEV eluate and magnetic bead samples (for growth conditions and purification see 2.3) were
stocked up to 300 pl with Aqua bidest. “Fresenius”. This was followed by adding 100 pl 4x lysis buffer
(Table 16) and 300 ul phenol:chloroform:isoamyl alcohol in a ratio of 25:24:1 (P-C-I; Carl Roth-Carl
Roth-Merck) per sample. These mixtures were shaken for 1 minute in a vortex-mixer and centrifuged
at 13000 rpm for 2-5 minutes. The upper phases were removed, mixed with 200 pl P-C-1 using a vor-
tex-mixer and centrifuged again. After this, approximately 200 pl chloroform:isoamyl alcohol (24:1)
were added to the upper phases to remove phenol residues. After a final mixing and centrifugation
step, the upper phases were collected again and precipitated with sodium acetate (1/10 the sample
volume) (Table 16), ethanol absolute (2.5 times sample the volume) (Chem-Lab) and 1 pl GlycoBlue™

Coprecipitant (Invitrogen) for at least 20 minutes or overnight at -20 °C. After precipitation, the sam-
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ples were centrifuged 15 minutes at 13000 rpm at 4 °C. The supernatants were removed and the
pellets were dried and dissolved as follows: CE pellets were mixed with 30 pl Aqua bidest. “Frese-
nius” and pellets from TAP-purified samples were mixed with 35.5 ul Aqua bidest. “Fresenius” and
11.5 pl 4x RNA loading dye (Table 16). The RNA concentration of the CE samples was determined
using a NanoDrop spectrophotometer (Thermo Fisher Scientific). 1 ug RNA of each CE sample was
mixed with Aqua bidest. “Fresenius” and 4x RNA loading dye (finally simply concentrated) to an end

volume of 46 ul. All diluted RNA samples were divided into two tubes and stored at -20 °C.

2.5.2 RNA gel electrophoresis

The RNA samples were heated at 65 °C for 10 minutes and then centrifuged for 5 minutes at room
temperature (13000 rpm). 20 ul of the RNA samples were loaded on the gels and separated at 60 V
for approximately 8 hours. The components of the RNA gels are listed in Table 15. MOPS buffer sup-

plemented with formaldehyde was used as running buffer (Table 16).

Table 15: Composition of a single RNA agarose gel (1.5 %) used for RNA gel
electrophoresis. Agarose was dissolved in water and 10x MOPS buffer using a
microwave. After cooling, formaldehyde and ethidium bromide were added.

Component Mass or volume
Agarose, universal (VWR International) 4g
Agua bidest. “Fresenius” (Fresenius Kabi) 220 ml
10x MOPS buffer (Table 16) 25 ml
37 % Formaldehyde solution (Sigma-Aldrich) 4.50 ml
Ethidium bromide, 10 mg/ml (Carl Roth) 10 pL

2.5.3 Blotting

Within 18 hours minimum, the separated RNA samples were transferred from the RNA agarose gels
onto an Amersham Hybond™-N (GE Healthcare) membrane using the capillary-method. The transfer
took place at room temperature. 20x SSC buffer (Table 16) and blotting papers (Bio-Rad) were used.
After blotting, the membranes were carefully cleaned with Aqua bidest. “Fresenius”. The RNA was
then cross-linked to the membranes with ultraviolet radiation (2x 150 MJ/cm?). To visualize RNA on
the membranes, the membranes were stained for at least 15 minutes with a methylene blue solution
(Table 16). For storage until radioactive hybridization analysis, the membranes were imbedded in

autoclave bags and frozen at -20 °C.

2.5.4 Radioactive hybridization analysis
Radioactive hybridization analysis was performed by Lisa Kofler, BSc, MSc and Magdalena Gerhalter,
BSc.
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Hybridization was done overnight at 42 °C or 37 °C (E-C2 probe) using one of the 5’-3?P-labelled oli-
gonucleotides listed in Table 17. Before detection by autoradiography, the membranes were washed
three times at 42 °C for 20 minutes. Afterwards, the membranes were regenerated by washing in 1 %

SDS (Carl Roth). The composition of hybridization and washing buffer is listed in Table 16.

Table 16: Buffers and solutions used for northern blot analysis

Final
Buffer or solution Component
Concentration
Tris-HCI, pH 7.5 (TRIS PUFFERAN® by Carl Roth) 40 mM
4x Lysis buffer EDTA (Carl Roth), pH 8 40 mM
SDS (Carl Roth) 2%
Sodium acetate,
Sodium acetate trihydrate (Carl Roth) 3M
pH 5.2
3-(N-morpholino)propanesulfonic acid (Car Roth) 200 mM
10x MOPS buffer
Sodium acetate trihydrate (Carl Roth) 50 mM
pH 7
EDTA (Carl Roth) 10 mM
Saturated bromophenol solution (bromophenol blue sodium 0.16 %
salt by Carl Roth)
EDTA (Carl Roth), pH 8 4 mM
5x RNA loading dye* 37 % Formaldehyde solution, (Sigma-Aldrich) 2.66 %
87 % Glycerol (VWR International) 20.01 %
Formamide (Fluka) 30.38 %
10x MOPS buffer 40 %
1x MOPS running 10x MOPS buffer 10 %
buffer 37°% Formaldehyde solution (Sigma-Aldrich) 0,74 %
20x SSC buffer Sodium chloride (Carl Roth) 3M
pH 7 tri-Sodium citrate dihydrate (Carl Roth) 0.30 M
Methylene blue Methylene blue (Loba Chemie) 0.20 g/l
solution Sodium acetate trihydrate (Car Roth), pH 5.2-5.5 10%
di-Sodium hydrogen phosphate dihydrate (Carl Roth), pH 7.2 0.50 M
Hybridization buffer EDTA (Carl Roth), pH 8 1 mM
SDS (Carl Roth) 7%
di-Sodium hydrogen phosphate dihydrate (Carl Roth), pH 7.2 40 mM
Washing buffer
SDS (Carl Roth) 1%

*More bromophenol was added to enhance the blue colour. For this reason, the RNA loading dye was less concentrated.
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Table 17: 5’-32P-labelled oligonucleotides used for radioac-
tive hybridization analysis

Probe Sequence

5.85 5-GCGTTCTTCATCGATGC-3’

185 5'-CATGGCTTAATCTTTGAGAC-3'

25S 5’-CTCCGCTTATTGATATGC-3’

A-As  5-TGTTACCTCTGGGCCC-3’

D-A,  5-GACTCTCCATCTCTTGTCTTCTTG-3’
E-C; 5'-GGCCAGCAATTTCAAGTTA-3’

2.6  Fluorescence Microscopy

SDC medium with all amino acids and an additional adenine content (see 2.1) was used for the fluo-
rescence microscopy instead of the YPD medium. GFP-, mCherry- and YFP-tagged strains (Table 1)
were incubated overnight at 30 °C while being agitated at 170 rpm. When the cultures reached an
ODegoo of 0.6-1.0, they were treated for 15, 30 or 45 minutes either with rapamycin (3 pg/ml) or with
the drug vehicle (0.10 % DMSO) alone. After treatment, the cells were spun down in a tabletop cen-
trifuge (13000 rpm, 1 minute) and 2.5 pl were transferred onto a microscopy slide. For fluorescence
microscopy, the equipment used was: a narrow band enhanced GFP, mCherry and YFP filter (Zeiss)

on a Zeiss Axioskop microscope and the MetaMorph software version 6.2r4 (Universal Imaging).
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3 Results

3.1 Effect of Rapamycin on rRNA and protein levels of Nop58-particles

To observe possible changes in the particle composition upon TORC1 inactivation, very early pre-
ribosomal particles were isolated after different times of rapamycin treatment using a TAP fusion to
the snoRNP component Nop58 as bait protein. This snoRNP co-transcriptionally associates with 35S
pre-rRNA and is released shortly after A, cleavage from the pre-ribosome (for references see 1.4).
Control samples were treated with the drug vehicle dimethyl sulfoxide (DMSO) in the equivalent final
concentration. Throughout this study, samples that were exposed only to the drug vehicle are de-
fined as "untreated". The pre-rRNA and protein composition of untreated and treated pre-ribosomal
particles were analysed by northern and western blotting. These results from two biological repli-

cates are illustrated in Figure 8 and 9.

The effect of rapamycin on the composition of the Nop58-TAP containing particle was studied after
treatment periods between 2 and 30 minutes and revealed that rapamycin indeed influences the
protein composition of the pre-ribosome (Figure 8). The effect was particularly pronounced after
30 minutes of drug treatment. With the exception of Nopl and Rpal35, protein levels decreased
noticeably for all investigated proteins. Rpal35 levels did not change and Nopl levels seemed to
accumulate. Because Nop1 and Nop58 are box C/D snoRNP core proteins, it is likely that this complex
remained stable after drug treatment, while other assembly factors dissociate from the particle. In
addition, a reduction of Rok1 levels, compared to untreated cells was observed. However, the reduc-
tion after both 2 and 15 minutes was more dramatic than after 30 minutes. It therefore cannot be
excluded that the decrease of Rokl levels is transient and the Rokl levels accumulate again after
prolonged exposure to rapamycin. Moreover, the ribosomal proteins Rpl5 and Rpl16 were detected.
Since the Nop58-particle represents a very early pre-ribosome, it was assumed that these were con-
taminations. This coincides with the finding that hardly any r-protein levels could be detected in
samples purified using magnetic beads, as this method is known for obtaining eluates with less impu-

rities (see Figure 8A).
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Figure 8: Rapamycin leads to a dissociation of Nop58 containing snoRNP from pre-60S particles. The Nop58-TAP strain
expressing UTP14-FLAG and UTP20-HA (#6616B) was grown to late log phase and treated with rapamycin (3 pg/ml) for 2 to
30 minutes. Nop58-TAP-containing pre-ribosomal particles were then purified by tandem affinity purification using magnet-
ic (A) or 1gG (B and C) beads. The analysis of co-purified proteins was performed by western blotting with antibodies di-
rected against selected assembly factors, ribosomal proteins (r-proteins) and the RNA polymerase | (RNAPI). Since antibod-
ies against Nop58, Utp14 and Utp20 were not available, they were detected via the calmodulin binding protein, a flag or an
HA tag, respectively.

Northern blotting was done using RNA isolated from crude extract and TEV eluate aliquots from the
purified pre-ribosomal particles of the same purifications. Regarding the amounts of total RNA, there
was no significant change in the first 15 minutes of rapamycin treatment. However, after 30 minutes
of treatment, there were decreased levels of 27S and increased levels of 35S and 23S rRNA observed
in the crude extract (Figure 9A). The 27S rRNA is composed of the 27SA,, the 27SA; and the 27SB
rRNA. These three pre-rRNAs cannot be resolved by agarose gel electrophoresis. Therefore, the blots
were detected with one probe specifically detecting the 27SA, rRNA and one probe detecting total
27S rRNA (containing 27SA,, 27SB and the 27SAs, which is present only in minor amounts in the cell).

The Nop58-particle contained high levels of 27SA; and significant amounts of 23S rRNA (Figure 9B
and 9C). Since the latter intermediate is generated by direct cleavage of the A; site of the primary
transcript, its detection in a rapamycin-untreated wild-type strain was unexpected. Under optimal
conditions, the 35S primary transcript is predominantly cleaved co-transcriptionally at sites Ag-A;,
producing 20S and 27SA, pre-rRNA. However, a small fraction of the processing occurs post-

transcriptionally at the As site. The resulting 23S rRNA is obviously contained in a part of the early,

32



Nop58-TAP containing pre-ribosomes. Furthermore, post-transcriptional A; cleavage is increased
when cells are exposed to stress or when the cell division rate is slowed (Osheim et al., 2004; Talkish
et al., 2016). Although the control sample was not exposed to rapamycin, it was treated with the
drug vehicle, DMSO. Whether DMSO increases the fraction of post-transcriptional processing was not
investigated. Moreover, mature rRNA was also detected, but it was assumed that these were con-
taminations as Nop58 is a component of very early pre-ribosomes.

Following longer rapamycin exposure (30 minutes), the levels of 27S rRNA, especially 27SA; rRNA,
dropped; but 23S rRNA and 35S pre-rRNA could still be detected (Figure 9B and 9C). Thus, the 23S
rRNA and to a lesser extent the 35S pre-rRNA were retained in the Nop58-particle during longer pe-
riods of drug treatment. Together with the co-purification of Nop1 detected in western blots, these
results suggest that Nop58 snoRNP is trapped at the 23S rRNA and possibly at very early stages of
rRNA production containing 35S pre-rRNA and RNA polymerase I.
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Figure 9: Nop58 is trapped at the 23S rRNA after 30 minutes of rapamycin treatment. The Nop58-TAP strain expressing
UTP14-FLAG and UTP20-HA (#6616B) was grown to late log phase and treated with rapamycin (3 pg/ml) for 2 to
30 minutes. After isolation of pre-ribosomal particles using Nop58-TAP as bait protein, RNA was extracted using the hot
phenol method, separated by agarose gel electrophoresis and analysed by northern blotting using radiolabelled oligonucle-
otides. The total RNA from the crude extract is shown in (A); RNAs from TEV eluates from two biological replicates are
shown in (B) and (C).

33



3.2  Effect of Rapamycin on the composition of the Noc2-particle

Do gain insight about the effect of rapamycin on early pre-60S particles, we purified pre-60S particles
using Noc2 as bait protein. This protein is also thought to be recruited to the 355-pre-rRNA, but stays
attached for a longer period of time with the pre-60S particles compared to Nop58 (for references
see 1.4). The detection of co-purified RNAs and proteins after 2 and 30 minutes of rapamycin treat-
ment is shown in Figure 10. To monitor whether these compositional changes are specific to TORC1,
a strain expressing the mutant tor1-1, was also examined. The Torl-1 protein contains the amino
acid exchange at position S1972 that mediates rapamycin resistance (Heitman et al., 1991a; Helliwell

et al., 1994).

After 2 minutes of treatment, only minor changes were observed. The amounts of early assembly
factors decreased or did not change, while the levels of the later assembly factors (e.g. Erb1, Nop7,
Cicl, Nogl, Nsa2 or Noc3) slightly increased changed (Figure 10A).

After 30 minutes of rapamycin treatment, the Noc2-particle protein composition exhibited dramatic
changes (Figure 10B). With the exception of Nocl, Noc3 and Rpa35, all protein levels strongly de-
creased. The decrease of most pre-ribosome maturation factors was accompanied by a decrease of
27SA; pre-rRNA with only small levels of total 35S, 32S and 27S pre-rRNA as well as 23S rRNA remain-
ing (Figure 10C). Clearly, the ratio between 32S and 35S pre-rRNA changed upon drug treatment with
35S becoming the dominant pre-rRNA species. Consistent with a blockage at the 35S pre-rRNA level
and the concomitant decrease of 32S pre-rRNA, the 20S pre-RNA decreased after rapamycin treat-
ment. Since the Noc2-particle represents an early pre-ribosomal complex, the mature rRNAs, which
could also be detected, are probably contaminations.

Changes that occurred after 30 minutes of treatment were specific for TORC1, because they were not
observed in the rapamycin resistant tor1-1 mutant. With few exceptions (Erb1, Noc3, Nogl and
Nsa2), this was also true for effects observed in the protein composition of Noc2-particles after
2 minutes of rapamycin treatment. Interestingly, this mutant showed a significantly different particle
composition compared to the wild-type strain, with higher levels of very early pre-ribosome matura-
tion factors (Rrp12, Nocl, Sofl and Rok1) and lower levels of late pre-60S maturation factors (i.e.
Nsa2 and possibly also Nog2 and Rsa4). This finding suggests that the mutation leading to the re-
sistant phenotype also affects the functionality of Torl. Northern blot analysis of the Torl-1 strain
revealed an accumulation of 32S rRNA (Figure 10C). Furthermore, the contents of 20S pre-rRNA in
the tor1-1 mutant were lower, and the ratio of 27SA; and total 27S pre-rRNA clearly shifted towards
27SA;. All this data indicate a shift to an earlier particle. Because the last factors accumulating in the

mutant strain were Ytm1 or/and Nogl, the blockade in 60S ribosome biogenesis seems to take place
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somewhere at this assembly step. However, it should be noted that the TOR1 wild-type strain is not

fully isogenic to the tor1-1 mutant strain. Thus, the possibility of strain-specific differences has to be

considered.
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Figure 10: Compositional changes of Noc2-particles in the Noc2-TAP and HHY110 strain before and after rapamycin
treatment. Pre-ribosomal particles were purified from the rapamycin-treated TOR1 wild-type strain (#6616C) and the ra-
pamycin resistant mutant (#6613C). Strains were treated with 3 pg/ml rapamycin for 2 or 30 minutes. The drug vehicle
DMSO served as control. The bait protein was isolated together with co-purified proteins and rRNAs by tandem affinity
purification using magnetic (A) or IgG beads (B and C). The components were then analysed by western- (A and B) and
northern blotting (C). The proteins detected in the western blots were ordered according their action in the maturation
cascade from early to late as symbolized by a vertical bar shown in (B).

Since the 27SA; rRNA was missing in Noc2-particles and the amount of total 27S rRNA was not signif-
icantly altered, these data suggest that Noc2 remains part of a later particle in the TOR1 wild-type
strain upon rapamycin treatment. This is in agreement with increased levels of later assembly fac-

tors, which were observed in particles exposed to rapamycin for 2 minutes.
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3.3 Impact of hyperactive tor1:?23*™ yariant on pre-ribosomal particle composi-

tion

To gain a further insight into the impact of TORC1 on early ribosome biogenesis, a hyperactive torl
mutant strain and its isogenic wild-type strain expressing a TAP-tagged NOC2 were constructed. The
mutant possesses a leucine to methionine amino acid exchange at position L2134, which is located
within the kinase domain of Torl (Takahara and Maeda, 2012). Isolation of corresponding Noc2-
particles and subsequent detection of co-purified proteins by TAP purification and western blotting
were performed by Gertrude Zisser. The detection of co-purified proteins after 2 and 30 minutes of

rapamycin treatment is shown in Figure 11.
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Figure 11: Behaviour of Noc2-particles in a hyperactive tor1:23*M mutant strain in the absence and presence of rapamy-
cin. A hyperactive Torl strain (#6678D) and its isogenic wild-type strain (#6678B) expressing a TAP-tagged NOC2 were ex-
posed for 2 and 30 minutes to rapamycin (3 pug/ml). Pre-ribosomal particles were TAP purified using magnetic beads and
analysed for co-purified proteins (A). This experiment was performed by Gertrude Zisser. A semi-quantitative analysis of the
western blot results, which represents the changes in Noc2-particle composition of the hyperactive tor12134 mutant com-
pared to the TOR1 wild-type strain (in %) is illustrated in (B). Values from 0 to 100 % denote a decrease whereas values
above 100 % denote an increase of respective factors.
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Consistent with the above sown data, the levels of the snoRNP proteins Nopl and Nhp2 in Noc2-
particles decreased rapidly in the rapamycin-treated wild-type strain (Figure 11A). Interestingly, the
hyperactive torl mutant showed significantly higher levels of these proteins than the wild-type
strain. Moreover, the proteins decreased more slowly in the presence of rapamycin. Further effects
of rapamycin on the composition of Noc2-TAP containing particles in the TOR1 wild-type strain con-
cerned the 90S factors Sofl and Rok1, whose levels temporary dropped after 2 minutes of treatment,
but recovered after 30 minutes of treatment.

Taken together, these results suggest that TORC1 affects the association of the snoRNPs with the
pre-ribosomal particles and that the blockade takes place in early assembly stages after Rokl and

Sof1 binding.

In order to perceive possible changes caused by the tor1'?*3** mutation, the untreated mutant was
compared with the untreated wild-type strain. A semi-quantitative analysis (Figure 11B) revealed a
reduction of most assembly factors. Exceptions were Nhp2 and Nop1, whose levels accumulated, and
Mak11, whose protein level hardly changed. In addition, the r-protein Rpl16, which assembles at the
stage of the Noc2 containing particle (Zisser et al., 2018), accumulated. Thus, it is possible that the

1 L2134

blockade caused by the tor. mutation takes place shortly after this assembly step.

3.4 TORC1 inactivation does not influence Noc2 localisation

Since TORC1 inactivation leads to a delocalisation from the nucleolus of the assembly factor Nop58
into the nucleoplasm (Kakihara et al., 2014), we asked whether the localisation of Noc2 is also influ-
enced by rapamycin treatment. For this purpose, a strain with a GFP-tagged NOC2 and a mCherry-
tagged NOP58 was examined by fluorescence microscopy (Figure 12). Nop58-mCherry diffused into
the nucleoplasm upon TORC1 inactivation, confirming the results from Kakihara et al., 2014. Noc2-
GFP was present in the nucleolus both before and after rapamycin treatment, suggesting that the
Torl kinase has no effect on its localisation. However, in contrast to Milkereit et al. no clear nucleo-
plasmic localisation of Noc2 (Milkereit et al., 2001) could be determined in the untreated strain.
However, due to the small structure of the nucleolus, small changes in localisation are difficult to
judge. In order to determine whether there is really an unmixing of the Noc2 and Nop58 signals upon
rapamycin treatment, the strain should be analysed in a more quantitative manner by high resolution

laser scanning microscopy.
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Figure 12: In vivo localisation of Noc2-GFP and Nop58-mCherry in untreated and rapamycin-treated Saccharomyces cere-
visiae cells. A GFP- and mCherry-tagged strain (#6594D) was exposed to rapamycin (3 pg/ml) or to the equivalent concen-
tration of the drug vehicle DMSO. The strain was analysed for its GFP and mCherry fluorescence. Sections of DIC, GFP, and
mCherry images are shown. In addition, an overlay of the GFP (green) and mCherry (red) image was created.

3.5 Effects of TORC1 inhibition on intermediate and in late nucleolar pre-

ribosomal particles

The previous data of this study demonstrated that yeast cells experience a lack of 27SA; pre-rRNA
upon long TORC1 inactivation in TOR1 wild-type strains (Figure 9A). However, Nop58 as well as Noc2
associates with pre-rRNA before 27SA; rRNA formation. For this reason, assembly factors that bind

nucleolar pre-ribosomal particles after the A; cleavage step became more interesting for this study.

The Nsal-particle is a specific intermediate, which presents a late nucleolar pre-66 particle. This pre-
ribosomal complex is known for its almost exclusive association with the 27SB rRNA (Kressler et al.,
2008). Northern blot analysis of TAP-purified Nsal-particles revealed a clear signal of total 27S pre-
rRNA, but also small amounts of 27SA; rRNA (Figure 13C). Since this pre-ribosomal particle isolation
was based on a one-step TAP purification using 1gG beads, this could be a contamination. Neverthe-
less, an interesting effect was observed in the data showing the composition of Nsal-particles after
long rapamycin treatment. 30 minutes of drug treatment led to a distinct accumulation of total 275
rRNA and to the disappearance of 27SA; rRNA. In addition, 35S, 32S and 23S rRNA increased slightly.
An accumulation of mature rRNA was also noticeable. But since the 18S rRNA — a component of the
40S ribosome subunit — was also significantly increased, it was assumed that this effect was due to an

unequal RNA loading on the gel.
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In aliquots of the same sample, all investigated assembly factors and r-proteins decreased markedly
upon long TORC1 inactivation (30 minutes) (Figure 13B). The RNAPI also showed a clear reduction in
relation to the bait protein. After 2 minutes of rapamycin treatment (Figure 13A), primary effects
were observed that differed from the secondary effects. There were already some factors which
were reduced (Nop7, Cicl, Ytm1, Noc3 and Nsa2), but another factor, the shuttling protein Nogl,
increased. Interestingly, Nogl was proposed previously to be regulated by the TORC1 pathway
(Honma et al., 2006).

Taken together, these data suggest that after prolonged TORC1 inactivation, maturation factors dis-

sociate from the Nsal-particle and the majority of Nsal is trapped at 27SA; or/and 27SB rRNA.
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Figure 13: Nsal is trapped at 27SA3 and/or 27SB rRNA after rapamycin treatment. For tandem affinity purification, mag-
netic (A) and 1gG beads (B and C) were used to isolate Nsal-TAP and its bound components from the rapamycin (3 pg/ml)
treated strain (#6393). TEV eluates samples were analysed by western and northern blotting.

The GTPase Nogl is a shuttling protein and assembles into early pre-ribosomal particles containing
27SA; rRNA, but remains associated until late 66S-particles are formed (Kressler et al., 2010; Saveanu
et al., 2003). As expected, TAP purified Nogl-particles showed high levels of 27S pre-rRNA, 7S pre-
rRNA, 25S rRNA and 5.8S rRNA, and showed only low levels of 35S pre-rRNA. 23S pre-rRNA was ob-
served in Nogl-particles shown in Figure 14B, but not in Nogl-particles shown in Figure 14E. This
could be due to better RNA isolation in connection with a long exposure time. After 2 minutes of
rapamycin treatment there was a slight accumulation of 35S rRNA and 32S rRNA, which was more

pronounced after 30 minutes of drug treatment. In addition, it seemed that there was a slight in-
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crease of total 27S rRNA and 7S rRNA. However, RNA amounts of TEV eluates could not be deter-
mined and adjusted due to their low concentration. It must therefore be taken into account that this
could also be the result of unequal RNA loading on the gel. In contrast, after 30 minutes of drug
treatment, the Nogl-particles showed a dramatic decrease in the amounts of 27S and 7S rRNA.
Different changes occurred in the protein composition of the Nogl-particle after 2 (Figure 14C) and
30 minutes (Figure 14D) of rapamycin treatment. Fast effects included a decrease of Nocl and Nog2
and an increase of Erbl and Noc3. Other protein levels barely changed after 2 minutes of drug
treatment. Long drug exposure (30 minutes) caused a decline in almost all assembly factors. The
majority of early factors decreased more drastically than later ones. Exceptions were Sofl and Rok1,
which were difficult to detect, but were present in unchanged quantities. Furthermore, Nhp2, a
member of the H/ACA snoRNPs, which is required for the maturation of the 18S rRNA (Henras et al.,
1998), was increased in the presence of rapamycin.

These data indicate that most of the Nogl protein becomes soluble after long time rapamycin treat-
ment. It seems that a small part remains in particles, which contain 35S or 32S pre-rRNA. This is con-
sistent with the finding that the protein levels of Sofl, Rokl and Nhp2 remained unchanged or accu-
mulated. Also, the levels of Rpal35 did not drop completely. Nsa2, Nog2, Rsa4 and Drgl are 60S fac-
tors, which associate with pre-ribosomal particles in later maturation phases (Konikkat and Wool-
ford, 2017). Their less pronounced decrease suggest that during 30 minutes of treatment later parti-
cles persist or that those late particles that are still in course of transition through the maturation
cascade after blocking early maturation steps by rapamycin treatment. This situation is comparable
to that after diazaborine treatment, where also after longer treatment periods, the particle composi-
tion changed to later stages (Zisser et al., 2018). Consistent with the presence of later particles in the
Nogl-TAP preparation, mature rRNAs were still present or increased (5.85 rRNA) in Nogl-particles

exposed to rapamycin.
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Figure 14: Early and late effects in the RNA and protein composition of Nogl-particles. Two litres of cell cultures of a
Nogl1-TAP strain (#6393) were cultured until an ODggo between 1.0 and 1.3. DMSO was then added to the "untreated" strain
and rapamycin was added to the treated strains in a final concentration of 3 ug/ml. Nogl-particles exposed for 2 minutes to
rapamycin were purified via magnetic beads and Nogl-particles exposed for 30 minutes to rapamycin were purified via IgG
beads according to the TAP protocol (see 2.3). Proteins and rRNAs of crude extracts (CE) and TEV eluates were detected by
western and northern blotting.

3.6 There are serine-phosphorylated proteins in Nop58-, Noc2-, Nogl- and Nsal-

particles

As shown in the previous chapters, TORC1 influences the composition of early and late nucleolar
particles in the ribosomal assembly pathway. Because the phosphatidylinositol kinase Torl phos-
phorylates serine and threonine residues of its target proteins, an antibody directed against phos-
phoserine was used to identify possible substrates in the early 60S ribosome assembly pathway. The
membranes showing the respective signals and the corresponding SDS PAGE gels are shown in Fig-

ures 15 and 16.
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Figure 15: Protein composition and serine-phosphorylated components of very early pre-ribosomal particles. Cultures of
Nop58-TAP and Noc2-TAP strains were exposed to rapamycin (3 pg/ml). After tandem affinity purification using magnetic
(A/B and G/H) or 1gG beads (C/D, E/F and 1/J) the particles were examined for their protein content by SDS PAGE and for
possible serine-phosphorylated proteins by western blotting using a phosphoserine specific antibody. The membranes (B, C,
E, H, | and L) are arranged in close proximity to their corresponding SDS PAGE gels (A, D, F, G and J). Note that none of the
protein bands of the gels were identified by mass spectrometry analysis. The protein labelling is based on previous mass
spectrometry analyses of Nop58- and Noc2-particle bound components purified by Gertrude Zisser. The * symbol indicates
the possible position of the corresponding bait protein; stars point to interesting changes or to issues that are addressed in

the text.
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Figure 16: Protein composition and serine-phosphorylated components of late nucleolar pre-ribosomal particles. Pre-60S
particles from rapamycin (3 pg/ml) treated and untreated Nogl- and Nsal-TAP strains were isolated by tandem affinity
purification using magnetic (A/B and E/F) or 1gG beads (C/D and G/H). The particles were then examined for their protein
content by SDS PAGE and for possible serine-phosphorylated proteins by western blotting using an antibody directed
against phosphoserine. The membranes (B, C, F and G) are arranged in close proximity to their corresponding SDS PAGE gels
(A, D, E and H). It has to be noted that no mass spectrometry analysis of these gels has been done. The protein labelling is
based on previous mass spectrometry analyses of Nsal- and Nogl-particle bound components purified by Gertrude Zisser.
The * symbol indicates the possible position of the corresponding bait protein; stars point to interesting changes or to
issues that are addressed in the text.

After antibody detection, the membranes showed multiple protein bands of different intensities.

Some of these signals decreased noticeably after long periods of rapamycin treatment. Two exam-
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ples marked with a blue and a yellow star can be found on membrane G in Figure 16. Based on the
comparison with previous mass spectrometry analyses, these signals showed a similar migration be-
haviour in SDS-PAGE as bands identified as the assembly factors Nop7 (blue star) and Nog2 (yellow
star). However, since western blot analysis had already shown that the protein amounts of these
factors decrease after 30 minutes of drug treatment (see Figure 14E or the section below the respec-
tive phosphoserine detected membrane), the reason for the lack of phosphoserine signal is probably
the absence of these proteins in Nogl-particles. Three more examples of such eye-catching changes
were also found in Nop58-particles (Figure 15C and 15E; see blue star) and in Noc2-particles of the
TOR1 wild-type strain (Figure 15I; see red and orange star). One of the signals might be Nugl (red
star); another could be the r-protein Rpl3 (blue star). Since no specific antibodies for these proteins
were available, it is not possible to make a statement about their phosphorylation state. It is worth
mentioning that the phosphoserine signal assigned to Rpl3 was also found in other particles, but did
not decrease there (Figures 15CEHI and 16BCFG). Due to its running behaviour, the third signal could
be Ebp2 (orange star). Its protein level also disappeared in Noc2-particles treated with rapamycin,
but was clearly present in the tor1-1 mutant strain. However, its phosphoserine signal in the mutant
strain became weaker. Consequently, the assembly factor Ebp2 in tor1-1 mutants is probably less
phosphorylated.

These data showed that the present phosphorylation states of some proteins did not seem to be
caused by TORC1. This was also true for protein bands thought to be the bait protein in Noc2-
particles, which were clearly phosphorylated but showed no changes in the phosphoserine signal
following rapamycin treatment (Figure 15H and 15I). This is in contrast with the data of A. Cremone-
si's dissertation, who reported a TORC1 dependent phosphorylation of Noc2 (Cremonesi, 2002).

Of particular interest for the purpose of recognition of possible TORC1 substrates, were phosphoser-
ine signals that behave differently to their existing levels in pre-ribosomal particles. In fact, such cas-
es were found on several membranes, but could only be detected after 30 minutes of rapamycin
exposure. For a better comparison, the western blot detections of the corresponding proteins are
shown below the membranes of Figures 15 and 16:

e Membrane 15E showed a band just below the 180 kDa marker of the protein standard (yel-
low star), whose intensity was increased after 30 minutes of drug treatment. Rpal35 is also
positioned at this height, but its protein level did not change in Nop58-particles in neither the
absence nor presence of rapamycin. The same band was also slightly increased in membrane
15C.

e Nocl is a factor that also did not change in Noc2-particles of one of the TOR1 wild-type
strains. The proteins can be detected at 180 kDa. At the same high and on the same mem-

brane (Figure 151) a slightly decreased phosphoserine signal was present (green star).

44



e The constant signal next to the violet star on the same membrane possibly corresponds to
Rrp12 and/or Utp14. Utp14 could not be detected in Noc2-particles, but Rrp12 showed a no-
table decrease.

e Moreover, a possible Nogl phosphoserine signal was observed in Nsal- (Figure 16C; see
green star) and Nogl-particles (Figure 16F and 16G; see symbol *). These phosphoserine sig-
nals seemed to increase after long exposure to rapamycin. Interestingly, it has already been
shown that the kinase Tor1 affects the shuttling protein Nogl (Honma et al., 2006).

e Phosphoserine signals, which were migrating in SDS-PAGES similar to Cicl and Nsa2, are indi-
cated in Figure 16G (Nogl-TAP) by a red and orange star, respectively. While the amounts of
Cicl and Nsa2 in Nogl-particles decreased after 30 minutes of rapamycin treatment, the
phosphoserine signals either increase or did not change. Possible Cicl phosphoserine signals
that behave differently to their levels in pre-ribosomal particles were also found on mem-
branes 151 (Noc2-TAP) and 16C (Nsal-TAP). However, Cicl was hardly present in these ra-
pamycin-treated strains, suggesting that the phosphoserine signal arises from a different
protein.

e Another interesting phosphoserine signal of the Nog1-TAP strain is located below the 70 kDa
marker of the protein standard (Figure 16G; see violet star). The comparison with the run-
ning behaviour of detected co-purified proteins indicated that this could be Rsa4.

Taken together, these data suggest a number of possible TORC1 substrates. Therefore, it would well
be worth to identify the proteins represented by these phosphorylated bands using mass spectrome-

try.

Western blot analysis revealed another interesting aspect that can be seen in Figures 15H and 15I.
The effect refers to the bait protein Noc2 in the TOR1 wild-type and in the tor1-1 mutant strain. The
comparison of the migration of Noc2 in particles isolated from these two strains showed that Noc2 is
migrating significantly slower in the rapamycin resistant strain. This was observed in detections of
phosphoserine and Noc2 via directed antibodies, which strongly suggests that the corresponding
phosphoserine signal indeed belongs to Noc2. It further indicates a possible modification difference

of Noc2 in the tor1-1 mutant strain.
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3.7 Subcellular localisation of late nucleolar pre-60S assembly factors in the ab-

sence and presence of rapamycin

As mentioned above, the late nucleolar factors Nsal and Nogl showed changes in protein composi-
tion after rapamycin treatment. In order to find out whether other nucleolar assembly factors than
Noc2 or Nop58 changed localization in the presence of rapamycin, a number of GFP- and YFP-tagged
strains were treated and analysed for their fluorescence. Sections of the respective DIC and GFP or

YFP images are shown in Figure 17.

DMSO +Rapamycin

DIC

GFP

Nog1-GFP (@

Nop4-GFP

Nsa1-GFP

RIp7-YFP |

Figure 17: Effect of rapamycin on the subcellular localisation of several 60S assembly factors. Strains expressing GFP- or
YFP-tagged NOG1, NOP4, NSA1 or RLP7 (#6008, #6589D, #6590C and #6591C) were treated with rapamycin (3 pg/ml) or its
drug vehicle DMSO. Analysis was performed by fluorescence microscopy. The images of DIC and GFP or YFP are shown.

Since it is already known that Nog1 delocalizes in the presence of rapamycin (Honma et al., 2006), a

Nogl-TAP strain served as control. Its fluorescence signal was found in almost equal amounts in both
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the nucleolus and the nucleoplasm, but upon TORC1 inactivation it was clearly enriched in the nucle-
us. This was consistent with the data of Honma et al., 2006. However, the other 60S assembly factors
studied (Nop4, Nsal and Rlp7) showed no pronounced changes in their subcellular localisation. All

three of them were located in the nucleolus in both the absence and presence of rapamycin.
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4 Discussion

4.1 Particle-specific compositional changes after long-term treatment with ra-

pamycin

The changes in the composition of total RNA after rapamycin treatment detected in this work are
comparable to the data of Kos-Braun et al. (Kos-Braun et al., 2017). Although a substantially higher
final concentration of rapamycin was used in this study, the effects were also best seen after longer
drug treatment (Figure 9A and 14A). The appearance of the 23S and the disappearance of the 275A,
rRNA intermediates implies that the 35S primary transcript is cleaved at the A; instead of the A; site.
In addition, the accumulation of the 35S primary transcript indicates defects in its processing. As a
result of the alternative processing pathway, the rRNA and protein composition of the pre-ribosomal
particles must also change. As the data of this study demonstrated, these changes are unique for

each pre-ribosomal particle purified with Nop58, Noc2, Nsal or Nog1 as bait proteins.

Nop58 was trapped at the 23S rRNA after rapamycin treatment (Figure 9B and 9C). Since Nop58 is a
component of the U3 snoRNP, which associates with the SSU processome near the 5’ETS (Barandun
et al., 2017), Nop58 does not seem to be able to dissociate from its binding site when cleavage oc-
curs in Az instead at site A,. Because Nop1 also remained in Nop58-particles upon TORC1 inactivation
(Figure 8), it is likely that the entire U3 snoRNP complex persists. The dissociation of U3 snoRNA re-
quires the helicase Dhrl, which is recruited and activated by Utp14 and Bud23 (Sardana et al., 2015;
Zhu et al., 2016). In fact, Utp14 levels in Nop58-particles dropped dramatically in the presence of
rapamycin. In addition, a phosphoserine signal possibly corresponding to Utpl4 was detected in
Noc2-particles (Figure 15H and 15I; see violet stars). Unfortunately, western blot analysis showed no
signal for Utp14 in Noc2-particles; therefore, the phosphorylation state could not be determined.
Nevertheless, these data provide interesting insights. If U3 is indeed not released from pre-ribosomal
particles, this defect may be responsible for the failure or the delay in A, cleavage. For instance, it
has already been shown that the deletion of UTP14, BUD23 or a catalytically inactive dhrl mutant
leads to defects in A, cleavage (Sardana et al., 2013, 2015; White et al., 2008; Zhu et al., 2016). Thus,

further investigations concerning the U3 snoRNP, Dhrl, Bud23, and Utp14 are of interest.

Noc2-particles of strains exposed to rapamycin for 30 minutes predominantly contained 27S, but

lacked 27SA; rRNA (Figure 10C). Since no primer extension experiments were performed to distin-
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guish the 27SB from the 27SA; rRNA, it remained unclear whether these Noc2-particles contain both
rRNA intermediates or not. Post-transcriptional cleavage at As; generates 27SAs rRNA, which is imme-
diately processed to 27SB rRNA (Kos-Braun et al., 2017). Thus, it is likely that Noc2-particles contain
27SA; as well as 27SB rRNA, but 275A; is present in a smaller amount.

In this study western blot analyses of two different rapamycin-treated TOR1 wild-type strains ex-
pressing a TAP-tagged NOC2 were performed. The effects of rapamycin on particle composition were
more pronounced in the first Noc2-TAP strain shown in Figure 10. This strain showed the decrease of
almost all assembly factors after 30 minutes of rapamycin treatment. In contrast, the snoRNP pro-
teins Nhp2 and Nopl were the only assembly factors that dropped in the second Noc2-TAP strain
(Figure 11) under the same conditions. As the first of the TOR1 wild-type strains (#6616C) contains
more auxotrophies than the second (#6678B, see Table 1), this could correlate with data showing the
first TOR1 wild-type strain to be more sensitive to rapamycin (compare Figure 10B to 11A).
Moreover, Noc2-particles from strains treated for 30 minutes with rapamycin still contained un-
changed amounts of Nocl and Noc3. Levels of all other 90S and 60S factors decreased in the particles
from the TOR1 wild-type strain, which showed greater rapamycin sensitivity. Since Noc2 can be
found in a complex either with Nocl or Noc3 (Milkereit et al., 2001), it is possible that a part of the
Noc2 molecules might be dissolved and present as a component of a Noc-complex in the nucleolus

(Figure 12) upon long TORC1 inactivation.

Figure 18 provides a model proposing the whereabouts of the early nucleolar assembly factors
Nop58 and Noc2 in the rRNA processing pathway after 30 minutes of treatment with rapamycin.
Under optimal conditions, Nop58 and Noc2 are recruited co-transcriptionally to the 35S primary
transcript, and the separation of 40S and 60S rRNA precursors occurs mainly via the A cleavage step.
The assembly factors can then be found at 27SB rRNA, wherefrom they are recycled. Under stress
conditions, like in the presence of rapamycin, the 35S primary transcript is mainly processed post-
transcriptionally at the A; site. Nop58 is then trapped at 23S rRNA, which is an rRNA intermediate
produced by the alternative processing pathway. The recycling of Nop58 is consequently no longer
possible. Noc2 is partly present at 27SA; and/or at 27SB rRNA and partly soluble in a complex with

other Noc-proteins.
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Figure 18: A model depicting Nop58 and Noc2 in A; (left) and A; (right) processing pathways. Pre-rRNA products of the A,
processing pathway are shown in green; while those of the A; processing pathway are shown in blue. The size of the as-
sembly factors Nop58 (green circles) and Noc2 (yellow circles) reflects the amount of associated rRNA intermediates found
in the respective particles.

As described above, post-transcriptional processing at the As site results in a drop in 27SA; pre-RNA.
It can therefore be assumed that factors normally associating with 27SA, rRNA lose their binding site
when the pre-rRNA is cleaved at A; instead at A,, and become soluble. This could explain why the
majority of proteins and pre-rRNA components of Nogl-particles decreased dramatically when ex-
posed to rapamycin for 30 minutes (Figure 14D and 14E), indicating a significant portion of free Nogl
bait protein.

In contrast, Nsal associates with pre-ribosomal particles containing 27SB pre-RNA (Kressler et al.,
2008). Thus, Nsal was found trapped at 27SA; and/or 27SB pre-RNAs in Nsal-particles (Figure 13).
However, the effects in Nogl- and Nsal-particles caused by rapamycin treatment should be repro-

duced.

In summary, there are clear indications that the TORC1 pathway interferes with the assembly of
snoRNPs with pre-ribosomal particles. Noc2-particles showed a significant decrease of the snoRNP
compartments Nopl and Nhp2 (Figure 10 and 11). On the one hand, this is due to the entrapment of
Nop1l at the 23S rRNA which was shown for Nop58-particles (Figure 8 and 9). Nhp2, on the other
hand, was found enriched in Nogl-particles, most likely in the small particle fraction containing 35S,

32S pre-rRNA or residual 27S pre-rRNA (Figure 14).

4.2 Role of selected factors in ribosomal biogenesis, which were shown to be

affected after short-term treatment with rapamycin

Low molecular weight inhibitors acts within a very short span of time. A treatment duration of
30 minutes is a long period in which a large number of processes can be influenced (Zisser et al.,

2018; H. Bergler, unpublished data). After this interval of rapamycin treatment, the majority of the
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assembly factors were released from the pre-ribosomal particles investigated in this study. As de-
scribed in chapter 1.3, TORC1 influences a variety of cellular processes. One of these processes is the
downregulation of transcription. In particular, the downregulation of RiBi regulons could have a great
impact on the content of assembly factors in pre-ribosomal complexes.

For this reason, primary effects — the effects that already occurred after 2 minutes of rapamycin

treatment — are of great interest.

One of the early effects after rapamycin treatment was the decrease of Nsa2 in Nsal-particles (Fig-
ure 13A). Nsa2 is one of fourteen “B factors”, which are required for the processing of 27SB into 7S
and 25.5S pre-rRNA (the 5.8S and 25S precursors) (Woolford and Baserga, 2013). The assembly of B-
factors takes place in a hierarchical manner. A subset of B-factors are responsible for the loading of
Nsa2 (Talkish et al., 2012), and Nsa2 itself must be present for Nog2 to associate (Biedka et al., 2018;
Lebreton et al., 2006; Talkish et al., 2012). Furthermore, data from Biedka et al. suggested an im-
paired maturation of the peptidyl transferase centre (Biedka et al., 2018), and Lebreton et al. showed
an increase of 27SB and a decrease of mature 60S rRNA when Nsa2 is depleted (Lebreton et al.,
2006).

As data from this study show, TORC1 influences ribosomal biogenesis at a very early stage. One ef-
fect was the decrease of 27SB pre-rRNA (Figure 9). At the remaining 27SB rRNA fraction, Nsal was
found to be trapped (Figure 13C). Since Nsa2 levels had already decreased after a short treatment
period with rapamycin, it is possible that TORC1 inactivation also affects the C, cleavage of the re-
maining 27SB rRNA fraction. In addition, Nsal-particles exposed to rapamycin for 2 minutes showed
decreased levels of Noc3. Noc3 was also found to be absent in most factor B mutants that could not
carry out C; cleavage (Biedka et al., 2018). Furthermore, an increasing phosphoserine signal, which
was migrating in SDS-PAGES similar to Nsa2, was found in the Nog1-TAP strain exposed 30 minutes to
rapamycin (Figure 16G; see orange star). However, since TORC1 is a kinase and its inactivation should
lead to a decrease of the phosphoserine signal of direct targets, it is likely that TORC1 regulates ribo-
somal biogenesis factors either via inactivation of additional kinases or via activation of phosphatas-
es. If Nsa2 is indeed a target that is phosphorylated by the TORC1 pathway, the kinase may act via

this B factor.

Cicl is another factor that was noticeably decreased in Nsal-particles after short-term treatment
with rapamycin (Figure 13A). Cicl interacts directly with ITS2 (Wu et al., 2017) and seems to be in-
volved in the A, processing pathway, as inactivation of Cicl also results in the accumulation of 23S

rRNA (Fatica et al., 2003). Thus, it is conceivable that rRNA processing could be influenced via Cic1.
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Among the fast effects in Nogl-particles are the decrease in levels of Nocl and the increase in levels
of Noc3 (Figure 14C), although these results should be reproduced. Since several assembly factors
(including Nogl, Nog2, Nop7 and Rlp24) accumulate in the nucleolus under rapamycin treatment
(Honma et al., 2006; Reiter et al., 2011), and Nocl is necessary for intranuclear transport (Milkereit
et al., 2001), this may be related. The accumulation of Noc3 can be explained by the possibility that
the decrease of Nocl releases several binding sites at the binding partner Noc2 (whose level did not
change after 2 minutes of drug treatment), which could then be bound by Noc3. Alternatively, a sig-

nificant later particle accumulates after rapamycin treatment.

Rok1 is one of a number of Nop58- and Noc2-co-purified factors, which displayed notably decreased
levels after only 2 minutes of rapamycin treatment (Figure 8 and 11A). In contrast to other particle-
bound proteins, however, the protein levels of Rokl increased again after prolonged exposure to
rapamycin in early nucleolar particles. This was also true for the 90S factor Sofl in Noc2-particles
treated with rapamycin (11A), suggesting that the blockade caused by TORC1 occurs after association
of Rok1 and Sof1 in the SSU processome.

Rok1 is only incorporated into pre-ribosomes that are already associated with Rrp5 with the SSU
processome (Vos et al., 2004). Rrp5 is one of the few assembly factors necessary for the maturation
of the 40S as well as the 60S subunits (Venema and Tollervey, 1996). Rrp5 molecules still associated
with 43S-particles after A, cleavage must be released in order to depart with 66S-particles. This in
turn requires the ATP hydrolysis activity of Rok1 (Khoshnevis et al., 2016). The decrease in Rok1 lev-
els could therefore lead to an accumulation of Rrp5 in pre-40S ribosomes and to a deficiency of Rrp5
in pre-60S ribosomes. The Rrp5 entrapment in pre-40S particles also results in the accumulation of
the snoRNA snR30 (Khoshnevis et al., 2016). On the other hand, a lack of Rrp5 in the SSU processome
could also have been caused the decrease in Rok1 levels. In order to determine whether Rok1 defi-
ciency is involved in Rrp5 entrapment at the pre-40S subunit, it would be interesting to know how
Rrp5 levels of early 43S-particles changed after rapamycin treatment. If Rrp5 indeed decreases in 60S
pre-ribosomal particles, this could cause a destabilization in the Noc1-Noc2-Rrp5 module.

In view of our data showing Nop1 dropped in Noc2-particles and trapped at 23S pre-rRNA in Nop58-
particles upon rapamycin treatment, it is interesting to note that Sofl has already been found to
interact with this box C/D snoRNP protein during nuclear import (Leslie et al., 2004). Furthermore,
Sofl has been shown to be part of a complex, which associates with the U3 snoRNA within the SSU

processome (Barandun et al., 2017).

As exemplified above for Rrp5, both deficiency and accumulation of individual assembly factors can

affect ribosomal biogenesis. Similarly the accumulation of Erb1, which shows elevated levels in Nogl-
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particles after exposure to rapamycin for 2 minutes (Figure 14C), will have pronounced consequenc-
es. The release of Erb1 is required for the binding of Nop53 (Klinge and Woolford, 2019), which re-
cruits the adaptor protein Mtr4 to 66S-particles for exosome-mediated removal of the ITS2 exten-
sions (Thoms et al., 2015). Another example is Nog2 — the recruitment of which requires the pres-
ence of all B factors (Talkish et al., 2012). These are only a few of many assembly factors, which,
through their absence or entrapment, contribute to the instability of pre-ribosomal complexes. In
this respect, the changes brought about at several maturation stages by inhibition of TORC1 through
rapamycin treatment will have pronounced consequences on the ribosome biogenesis pathway, fi-

nally resulting in redirecting the pathway to 23S pre-rRNA accumulation.
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