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Summary

Summary

The biogenesis of eukaryotic ribosomes is a highly complex and dynamic process,
which requires a multitude of cofactors. In Saccharomyces cerevisiae, approximately
200 proteins have been identified to function in this pathway, coordinating ribosomal
protein assembly and processing of ribosomal RNA (rRNA) precursors. Furthermore,
small nucleolar ribonucleoprotein complexes (snoRNPs) introduce numerous
nucleotide modifications within the rRNAs, which are guided by basepairing of their
RNA component (snoRNA) with the designated target pre-rRNA. SnoRNA binding
and pre-rRNA processing involve structural reorganisations of the pre-ribosomal
complexes during their maturation. RNA helicases are thought to be key regulators of
these events. In yeast, 19 RNA helicases are known to be involved in ribosome
biogenesis. However, a detailed characterisation of their molecular functions has

been impeded by a lack of information about their target sites.

In this study, the recently developed crosslinking technique (CRAC) was used to
identify the substrates and binding sites of two RNA helicases, Prp43 and Rok1. All
pre-rRNA crosslinking sites of the DEAD box helicase Rok1 were found to cluster on
one face of the small ribosomal subunit (SSU). The main binding site, which was
confirmed by chemical probing, was found in the eukaryotic expansion segment 6
(ES6), where Rok1 is required for release of the snoRNA snR30. Besides snR30,
Rok1 was found to interact also with other snoRNAs involved in pre-rRNA
processing. In addition, a search for chimeric sequence reads in the crosslinking data
set (CLASH) allowed the identification of several novel basepairing sites of these
snoRNAs in the 18S rRNA sequence, close to the Rok1 target sites. New snoRNA
interaction sites were discovered mainly in eukaryotic expansion segments of the
rRNA sequence, suggesting that these snoRNAs might play important roles in
bridging long-range interactions and are part of an extensive interaction network that
is important for effective pre-rRNA folding and the coordination of the early

processing events during the SSU synthesis.

CRAC analysis for the DEAH box helicase Prp43 revealed several crosslinking sites
in the pre-rRNA and on box C/D snoRNAs. Interestingly, several box C/D snoRNAs,
which guide a cluster of nucleotide modifications in 25S rRNA, were found to

accumulate on pre-ribosomal particles after Prp43 depletion. Mapping of the Prp43

VI
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crosslinking sites on the LSU structure revealed that they are in close proximity to the
modification sites of the affected snoRNAs. CLASH analysis uncovered hybrids
containing sequences of the affected snoRNAs and their target sites on 25S rRNA,
strongly supporting a direct function of Prp43 in unwinding the basepairing
interactions of these snoRNAs. Additionally, Prp43 crosslinks 25S rRNA sequences
close to the basepairing sites of two snoRNAs, whose association with pre-
ribosomes was decreased after depletion of the helicase. This finding suggests that
Prp43 may function in remodelling of pre-ribosomal complexes, enabling these
snoRNAs to gain access to their target sites. Similarly, Prp43 was found to crosslink
near the 3-end of the 18S rRNA, where it has been proposed to function in
restructuring events that facilitate the final maturation of the 18S rRNA by the

endonuclease Nob1.

Homologues of yeast Nob1 were identified in higher eukaryotes and archaea. In vitro
cleavage assays using Nob1 from Pyrococcus horikoshii or Arabidopsis thaliana
demonstrated that the homologs are also able to perform a manganese dependent
endonucleolytic cleavage reaction at the cleavage site D of 16S and 18S rRNA,
respectively. The availability of the P. horikoshii Nob1 structure allowed the
identification and functional analysis of residues important for substrate binding and
cleavage within the PIN domain, while the zinc ribbon domain likely functions in
anchoring and positioning of the enzyme on the pre-ribosomal complexes near the

processing site.



Introduction

1 Introduction

Ribosomes (from ribonucleic acid and Greek soma, meaning body) are
macromolecular machines, which consist of ribonucleic acid (RNA) and proteins.
Ribosomes are found in all kingdoms of life and are responsible for the translation of

all cellular proteins.

1.1  The structure and function of eukaryotic ribosomes

The structure and function of eukaryotic ribosomes is best studied in Saccharomyces
cerevisiae. The yeast ribosome (80S) consists of two subunits (40S and 60S) that
are named according to their sedimentation properties during sucrose density
centrifugation counted in Svedberg units (S; Deley, 1964). Ribosomes are composed
of 79 ribosomal proteins (RPs) and four ribosomal RNAs (rRNAs; Wilson and
Doudna Cate, 2012). The small 40S subunit (SSU) incorporates the 18S rRNA
whereas the large 60S subunit (LSU) contains the 25S, 5.8S and 5S rRNAs.
Recently, cryo-electron microscopy (cryo-EM) and atomic resolution crystallography
of yeast and Tetrahymena ribosomes revealed the structure of the ribosomal
subunits, where the rRNA forms a scaffold onto which the RPs are assembled
(Armache et al., 2010; Ben-Shem et al., 2011; Klinge et al., 2011; Klinge et al., 2012;
Rabl et al., 2011). The rRNA forms phylogenetically conserved secondary structures,
which form the basic subdomains of the ribosomal subunits (Petrov et al., 2013;
Petrov et al., 2014a). The 18S rRNA folds into the &’, the central, the 3’ major and the
3’ minor domain (Figure 1 A). Together with the RPs these domains form the
characteristic tertiary structures (body, shoulder, platform, head and beak) of the
SSU (Figure 1 B). The LSU is subdivided into six secondary structure domains (I-VI;
Figure 1 C). Characteristic tertiary features of the 60S ribosomes are the central
protuberance, which contains the basepairing interaction of 25S and 5S rRNA, the L1
stalk, and the acidic stalk (Figure 1 D). The comparison of eukaryotic, prokaryotic
and archaeal ribosome structures revealed that the functional core is largely
conserved (Petrov et al., 2014b). However, eukaryotic ribosomes are considerably
larger than prokaryotic ribosomes due to additional RP content (Wilson and Doudna

Cate, 2012) and extra rRNA sequences that are termed eukaryotic
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acidc stalk

Figure 1: The secondary and tertiary structures of the S. cerevisiae rRNAs and ribosomal
subunits. (A) Folding of the 18S rRNA is shown as a secondary structure map (Petrov et al., 2013).
Individual structural domains are differentially coloured (5’: 5’-domain — cyan, central: central domain —
yellow, 3'M: 3’-major domain — blue, 3'm: 3’-minor domain — red). (B) The crystal structure of the 40S
subunit is shown (Ben-Shem et al., 2011). The secondary structure domains are indicated with the
same colours as in A. The characteristic and conserved 3D structures are labelled (beak, head,
platform, body). (C) Folding of the 25S, 5.8S and 5S rRNAs shown as a secondary structure map
(Petrov et al., 2013). The six secondary structure domains are indicated by differential colouring and
labelled from | to VI. (I: domain | — cyan, Il: domain Il — blue, Ill: domain Il — magenta, IV: domain IV —
yellow, V: domain V — red, VI: domain VI — green, 5.8S: 5.8S rRNA — grey, 5S: 5S rRNA — black). (D)
The crystal structure of the 60S ribosome is shown (Ben-Shem et al., 2011). The secondary structure
domains are coloured as specified in C. The characteristic 3D structures of the LSU (L1 stalk, CP:
central protuberance, acidic stalk) are indicated.
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expansion segments (ES; Gerbi, 1986). During translation the ribosome migrates
along the messenger RNA (mRNA) and the SSU mediates the decoding by codon-
anticodon basepairing between transfer RNAs (tRNA) and the mRNA molecules
(reviewed by Dever and Green, 2012; Rodnina et al., 2002; Rodnina et al., 2007). In
contrast the LSU harbours the catalytic centre of the ribosome; its peptidyltransferase
activity generates the peptide bonds between the amino acids of the emerging
protein chains. Translational fidelity and efficiency of ribosomes is essential for the
viability and the growth of cells and is therefore tightly regulated (Pichon et al., 2012;
Van Der Kelen et al., 2009) Furthermore, ribosome biogenesis and activity is linked

to cell cycle progression and various key signalling pathways (Proud, 2007).

1.2 Ribosome biogenesis in Saccharomyces cerevisiae

The synthesis of ribosomes is especially important in fast proliferating tissues or
exponentially growing microorganism cultures. To maintain the steady state level of
ribosomes during mitosis single yeast cells produce approximately 2000 ribosomes
per minute (Warner, 1999). Moreover, rRNA accounts for 80% of the total cellular
RNA and 50% of the RNA polymerase Il (Pol IlI) transcribed mRNA encodes
ribosomal proteins (Li et al., 1999; Warner, 1999). Therefore, ribosome biogenesis is

one of the most energy consuming processes in actively dividing cells.

The biogenesis of ribosomes requires the coordinated action of all three RNA
polymerases as well as approximately 200 non-ribosomal cofactors, including
nucleases, RNA helicases and 75 small nuclear ribonucleoprotein complexes
(snoRNPs; reviewed by Fromont-Racine et al., 2003; Henras et al., 2008; Thomson
et al., 2013; Venema and Tollervey, 1999; Woolford and Baserga, 2013).

1.3  Transcription of rRNA

The synthesis of ribosomes is initiated by the transcription of the rRNA from the RDN
locus, which consists of 100-150 copies of rRNA genes arranged in a tandem array
on chromosome XIlI (Figure 2; reviewed in Long and Dawid, 1980). Each repeat
contains the ribosomal DNA (rDNA) of 5S rRNA, which is transcribed by RNA
polymerase lll (Pol Ill) and the primary 35S transcript that is synthesised by RNA
polymerase | (Pol I). This polycistronic rRNA sequence includes the mature 18S, 25S

and 5.8S rRNAs and spacer elements, which are excised during maturation. The
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internal transcribed spacers (ITS1 and ITS2) separate the mature rRNAs whereas
the external transcribed spacers (5-ETS and 3’-ETS) flank the ends of the 35S
transcript. Non-transcribed spacer sequences (NTS1 and NTS2) separate the 5S
(RDNS) from the 35S (RDN37) rRNA genes. Chromatin spreads (Miller Spreads)
revealed that multiple transcripts can be produced simultaneously from a single
active rDNA gene (Miller and Beatty, 1969). rRNA transcription occurs within the
nucleolus, a non-membrane delimited sub-compartment of the nucleus, which forms
around these highly compacted transcription loci of rDNA (Thiry and Lafontaine,
2005).

1.4 Processing of precursor rRNA

Processing of the 35S pre-ribosomal RNA (pre-rRNA) involves multiple sequential
endoncleolytic cleavage and exonucleolytic processing events, which are crucial for
the excision of the mature rRNA sequences (Figure 2; reviewed in Henras et al.,
2014; Mullineux and Lafontaine, 2012). In S. cerevisiae the processing of the 35S
pre-rRNA is initiated by cleavage events at sites Ay and A in the 5-ETS, which
generate the 33S and 32S pre-rRNA intermediates and give raise to the mature 5’-
end of the future 18S rRNA (Beltrame et al., 1994; Hughes and Ares, 1991).
Processing at site A, in ITS1 separates the precursors of the SSU (20S pre-rRNA)
from the LSU (27SA; pre-rRNA) and results in the independent maturation of the pre-
ribosomal subunits (Udem and Warner, 1972). It has been shown that the steady
state levels of primary 35S transcript represents only one third of the total amount of
the newly synthesised pre-rRNA transcripts since 70% of the Pol | transcripts are
already cleaved cotranscriptionally at sites Ay, A; and A; (Kos and Tollervey, 2010).
After Ag-A; cleavages, the pre-SSU complexes are rapidly exported to the cytoplasm
where the 20S pre-rRNA is processed at site D by the endonuclease Nob1 to
produce the mature 3’-end of 18S rRNA (Fatica et al., 2003; Pertschy et al., 2009). In
contrast to the 20S pre-rRNA, the 27SA; pre-rRNA, which is a component of early
pre-LSU particles, is further processed in the nucleus by two alternative cleavage
pathways. Approximately 85% of the 27SA, pre-rRNA undergoes endonucleolytic
cleavage catalysed by RNase MRP at site Az within ITS1 (Chu et al., 1994; Lindahl et
al., 2009; Lygerou et al., 1996; Schmitt and Clayton, 1993; Shuai and Warner, 1991).
Subsequently, the cleavage product (27SAj3) is rapidly trimmed to the B1s site by the
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Figure 2: Genome organisation of the rDNA locus and schematic overview of pre-rRNA
processing in S. cereviseae. The organisation of an rDNA locus is illustrated at the top. Black bars
represent transcribed regions; thick black bars indicate the mature rRNA sequences. The direction of
the rDNA transcription is indicated by red horizontal arrows. Transcribed spacer regions are labelled in
blue. The location of the known processing sites are indicated in red and referenced along the
processing path. The names of individual processing intermediates are specified on the right. The
nuclear envelope is represented by horizontal rectangles and the nuclear (Nu) and cytoplasmic (Cy)
compartments are indicated.
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5-3’ exonucleases Rat1 and Rrp17 to produce the 5-end of 5.8S rRNA (5.8Ss;
Henry et al., 1994; Oeffinger et al., 2009). Alternatively, about 15% of 27SA; is
directly cleaved at processing site B1_ producing an alternative 5’-end of 5.8S rRNA
(5.8S\). Both variants of the 5.8S rRNA are later found in functional ribosomes and
were suggested to provide specificity for certain mRNA subsets during translation
(Schmitt and Clayton, 1993). The 27SBy s pre-rRNAs are subsequently processed in
a uniform manner, their 5’-ends are generated after cleavage in ITS2 at site C, by an
yet unidentified endonuclease and subsequent 5’-3’ trimming of the 26S pre-rRNA to
processing sites C’y and C4 by the exoribonucleases Rat1 and Xrn1 (Geerlings et al.,
2000).

The 7Ss pre-rRNAs are separated from the pre-26S rRNA after the cleavage at site
C, and is further processed to sites E' and E by the exosome associated 3-5’
exonuclease Rrp6 producing a 5.8S precursor with a 30-nucleotide 3’-terminal
extension (5.8S+30) and the 6S rRNA (Allmang et al., 1999; Briggs et al., 1998;
Henry et al., 1994; Mitchell et al., 1996; Mitchell et al., 1997), which is finally trimmed
to the mature 5.8S rRNA in the cytoplasm (Faber et al., 2002; van Hoof et al., 2000).

Besides the conventional pre-rRNA processing intermediates, aberrant cleavage
products often accumulate upon depletion or deletion of specific maturation
cofactors. Deprivation of factors required for cleavages at sites Ag-A, cause
accumulation of 23S pre-rRNA, which arises after cleavage of the 35S rRNA at site
A3, and mainly affects the synthesis of the SSU, whereas maturation of the LSU
remains unaffected (Torchet and Hermann-Le Denmat, 2000). In contrast, defects of
LSU maturation cofactors largely cause a significant delay in the Ag to A, cleavage

events and affect also the synthesis of 40S ribosomes (Fromont-Racine et al., 2003).

1.5 Assembly of pre-ribosomal particles

In vitro reconstitution of functional ribosomal subunits from E. coli revealed that
ribosomes are assembled in a hierarchical manner (Held et al., 1973; Nierhaus and
Dohme, 1974). The maturation process of eukaryotic ribosomes is much more
complex but the feature of sequential recruitment of RPs and biogenesis cofactors is
conserved (Kruiswijk et al., 1978; Perez-Fernandez et al., 2007). Extensive pulldown
analyses have revealed an inventory of biogenesis cofactors and provided insights

into the timing of their association with pre-ribosomal complexes (Kressler et al.,
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2010; Krogan et al., 2004; Nissan et al., 2002; Schafer et al., 2003). Ribosome
biogenesis requires approximately 200 protein cofactors, which comprise nucleases,
ATPases or GTPases, RNA helicases and non-catalytic proteins with structural
functions (Fromont-Racine et al., 2003; Venema and Tollervey, 1999; Woolford and
Baserga, 2013).

Initial protein cofactors are recruited co-transcriptionally to the nascent transcript
leading to the formation of ball-like structures (terminal-knobs) that can be visualised
by chromatin spreads (Figure 3; Miller and Beatty, 1969). These particles correspond
to emerging 90S pre-ribosomal complexes, which are the first stable intermediates of
the ribosome maturation process (Dragon et al., 2002; Grandi et al., 2002; Perez-
Fernandez et al., 2007; Perez-Fernandez et al., 2011). They were found to contain
mainly RPs and cofactors required for the early processing events at sites Ap-Ay,
which are essential for the production of 40S ribosomes and accordingly these
biogenesis factors are collectively termed SSU processome (Dragon et al., 2002;
Grandi et al., 2002). Many of the SSU processome components were found to
assemble stepwise as preformed subcomplexes (Krogan et al., 2004; Perez-
Fernandez et al., 2007; Perez-Fernandez et al., 2011). Initially the UTP-A or t-UTP
(transcription U3 protein) complex, which has a dual role in rRNA processing and
transcription, is recruited to the nascent transcript of the 35S pre-rRNA (Gallagher et
al., 2004; Granneman and Baserga, 2005; Perez-Fernandez et al., 2007).
Subsequently, the UTP-B complex assembles on the pre-rRNA together with the U3
snoRNP and the Mpp10 subcomplex (Lee and Baserga, 1999). The UTP-C
subcomplex is recruited to the pre-ribosome together with the biogenesis cofactor
Rrp5 on an independent assembly pathway (Perez-Fernandez et al., 2007; Perez-

Fernandez et al., 2011).

Extensive remodelling of the pre-40S complexes after A, cleavage results in the
dissociation of most early-acting maturation factors and the association of several
late-acting cofactors. The precursors of the SSU are rapidly exported to the
cytoplasm where the final remodelling and maturation steps occur (Lamanna and
Karbstein, 2011; Loc'h et al., 2014; Pertschy et al., 2009; Schafer et al., 2003). A

surveillance step, which includes a pre-mature subunit joining mechanism, verifies
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Figure 3: Model of ribosomal subunit assembly in S. cerevisiae. The schematic model shows the
major pre-ribosomal particles that form during the biogenesis of the 40S (blue) and the 60S (green)
ribosomal subunits. The cotranscriptional association and formation of the terminal knobs and the 90S
pre-ribosomal particles are illustrated at the top. The separate maturation paths of the individual
subunits, following the cleavage at site A,, is depicted below. The left panel lists the RNA helicases
involved in maturation of the SSU (top) and the RNA helicases implicated in the biogenesis of both
subunits (bottom). The right panel lists the RNA helicases participating in the synthesis of the LSU.

the integrity of the newly synthesised 40S subunits (Lebaron et al., 2012; Strunk et
al., 2011) and triggers cleavage of the 20S pre-rRNA at cleavage site D by the
endonuclease Nob1 to produce the mature 3’-end of the 18S rRNA (Fatica et al.,
2003). In contrast to the pre-40S particles, the maturation of the pre-60S pre-
ribosomal particles continues as they are transported from the nucleolus across the
nucleoplasm to the cytoplasm (Nissan et al., 2002). Three main nuclear pre-
ribosomal intermediates have been described so far: early pre-60S particles, which
include the 27S pre-rRNA and the 5S rRNA, intermediate pre-60S particles, in which

the 25S and 7S pre-rRNA are present, and late pre-60S complexes, which contain
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the fully processed 25S and the 6S pre-rRNA. The 5S rRNA assembles into early
pre-60S particles as a preformed subcomplex together with the ribosomal proteins
Rpl5 and Rpl11 (Ciganda and Williams, 2011; Kressler et al., 2012).

So far more than 80 cofactors have been implicated in the maturation of the LSU
complexes (recently reviewed by Thomson et al.,, 2013; Woolford and Baserga,
2013). However, the functions of most maturation factors are still unknown. This
applies also for the cofactors involved in maturation of the SSU, which promote the
early cleavage events Ag-A, and coordinate structural rearrangements within the SSU
processome. It is assumed that most biogenesis factors might organise structural
transformations, contribute to the stabilisation of maturation intermediates or mutually

control their association and dissociation to the pre-ribosomal complexes.

1.6 The structure and function of snoRNPs

SnoRNPs are small nucleolar ribonucleoprotein complexes, which function in
modification of pre-rRNA (Watkins and Bohnsack, 2012). Ribosome biogenesis in S.
cerevisiae involves 75 snoRNPs, which guide more than 100 rRNA modifications,
primarily in regions that are important for the catalytic activity of the ribosome
(Brimacombe et al., 1993; Decatur and Fournier, 2002; Piekna-Przybylska et al.,
2007). Many individual nucleotide modifications do not seem to be essential for
ribosome production and fidelity. However, several clusters of modifications have
been shown to be important for the stability and functional integrity of ribosomes
(Baudin-Baillieu et al., 2009; Gigova et al., 2014).

In general, snoRNPs consist of a small nucleolar RNA (snoRNA) and associated
proteins. Most snoRNAs guide modification of a specific nucleotide by basepairing
with a designated target sequence on pre-rRNA. The associated protein cofactors
perform structural functions and are, in particular, essential for the catalytic activity of
the snoRNP complexes (Reichow et al., 2007; Watkins and Bohnsack, 2012).
SnoRNAs can be classified into box C/D and box H/ACA snoRNAs according to the
modifications they guide and conserved motifs within their RNA sequence (Balakin et
al., 1996; Kiss-Laszlo et al., 1998; Ni et al., 1997). The two classes also differ in their
RNA structure and in their protein composition (Reichow et al., 2007; Watkins and
Bohnsack, 2012).
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1.6.1 Box C/D snoRNPs

Box C/D snoRNAs guide the covalent attachment of a methyl group at the 2’-OH
position of the sugar moiety of ribonucleosides. These 2’-O-methylations (Nm) occur
at about 55 different positions of rRNA (Kiss-Laszlo et al., 1996). They influence the
folding characteristics of rRNA sequences and additionally increase stability against

hydrolysis by bases and nucleases (Helm, 2006).

Typical box C/D snoRNAs of S. cerevisiae contain a box C/D motif at the 3’- and 5’-
ends of the RNA as well as a degenerate, internal box C’/D’ motif that separates two
potential modification guide sequences (Figure 4 A; Kiss-Laszlo et al., 1998).
Basepairing of both the C/D and C/D’ motifs results in the formation of two
characteristic secondary structures, which are known as the kink-stem (K-stem) and
kink-loop (K-loop; Klein et al., 2001). Each of these secondary structure motifs
constitutes a binding platform for the four snoRNP core proteins Nop1, Nop56,
Nop58 and Snu13 (Reichow et al., 2007; Watkins and Bohnsack, 2012). The core of
the snoRNP is formed by hetero-dimerization of Nop58 and Nop56, which directly
bind the box C/D and box C’/D’ motifs, respectively (Cabhill et al., 2002). Additionally,
both proteins were suggested to contribute to substrate binding and recognition since
both contact the guide-substrate RNA duplex. Snu13 was initially thought to
exclusively bind to the box C/D motif (Cahill et al., 2002; Szewczak et al., 2002).
However, recent findings also suggest an interaction with the box C’/D’ motif (Qu et
al., 2011). The catalytic activity of these snoRNPs is provided by the
metyltransferase Nop1, which binds to the box C/D and the box C’/D’ motifs and also
directly interacts with the guide-substrate duplex (Cahill et al., 2002). The basepairing
interaction between the guide sequence and pre-rRNA comprises at least 10-12
nucleotides (Kiss-Laszlo et al., 1996). A recent study revealed that the primary guide-
substrate interaction is often stabilised by additional short basepairing contacts,

which form in close proximity of the main target site (van Nues et al., 2011).

1.6.2 Box H/ACA snoRNPs

Box H/ACA snoRNPs guide the isomerisation of uridine to pseudouridine (¥) at
about 45 locations in pre-rRNA (Ganot et al., 1997a; Ni et al., 1997; Piekna-
Przybylska et al., 2007). ¥ stabilises base stacking (Davis, 1995) and affects the
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folding properties of the surrounding secondary structure by conferring enhanced
rigidity of the rRNA (Arnez and Steitz, 1994; Charette and Gray, 2000; Helm, 2006).

Eukaryotic box H/ACA snoRNAs contain two stem-loop structures that are connected
by a single stranded hinge region, which includes the box H sequence (Figure 4 B).
The second hairpin is followed by a single stranded sequence, which contains the
box ACA, exactly three nucleotides upstream of the 3’-end of the snoRNA (Ganot et
al., 1997b). The pseudouridylation pocket is formed by short sequence elements
located within the loop regions of the two hairpin structures. The cooperative binding
of both sequences forces the substrate RNA into a U-like conformation (Wu and
Feigon, 2007). The modified uridine residue is unpaired and therefore accessible for
the snoRNP pseudouridine synthetase Cbf5 (Lafontaine et al., 1998).

A current model suggests that each hairpin is bound by one copy of the snoRNP core
proteins, respectively (Watkins et al., 1998). Besides its catalytic activity, Cbf5 has
structural functions in organising each stem of the hairpin (P1 and P2) into a nearly
linear conformation (Li and Ye, 2006). The snoRNP core proteins Nop10 and Nhp2
bind the upper stems (P2) of the hairpin structures. Whether Gar1 interacts with the
snoRNA in eukaryotes is still unclear (Bagni and Lapeyre, 1998), but a crystal
structure of an archaeal box H/ACA snoRNA suggests that Gar1 is attached to the
complex via an interaction with Cbf5 (Li and Ye, 2006).

1.6.3 SnoRNPs involved in pre-rRNA processing

Besides their function in guiding nucleotide modifications, snoRNA-pre-rRNA
interactions also contribute to pre-rRNA folding and processesing (Bachellerie et al.,
2002; Watkins and Bohnsack, 2012). The snoRNPs snR10, snR30, U3 and U14 are
required for the early pre-rRNA processing events Ag-A; (Hughes and Ares, 1991;
Liang and Fournier, 1995; Morrissey and Tollervey, 1993; Tollervey, 1987).

The box C/D snoRNP U3 is a fundamental component of the SSU processome
(Dragon et al., 2002) and is essential for early pre-rRNA cleavage events Ap-A; but
does not guide nucleotide modifications (Hughes and Ares, 1991). The 3’-part of U3
is complementary to sequences in the central pseudoknot structure of the 18S rRNA
(Hughes, 1996) and in the 5’-ETS of 35S pre-rRNA near the cleavage sites Ag and A+
(Beltrame and Tollervey, 1992; Beltrame and Tollervey, 1995; Dutca et al., 2011).
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box H box ACA

Figure 4: The composition and structure of eukaryotic box C/D and box H/ACA snoRNPs. (A)
The secondary structure of box C/D snoRNAs is shown as a black line. The consensus sequence and
the position of the conserved motifs (boxes C/D and C'/D’) are indicated. The basepairing to pre-rRNA
(red) target sequences is illustrated and the methylated residue is indicated (M). The relative positions
of the snoRNP core proteins are demonstrated as coloured spheres (Nop1: blue, Nop56: orange,
Nop58: green, Snu13: magenta). (B) The secondary structure of a box H/ACA snoRNA, containing
two characteristic hairpins is shown as a black line. The consensus sequence and the position of the
conserved motifs (boxes H and ACA) are indicated. The cooperative basepairing of the substrate pre-
rRNA is illustrated in red. The unpaired pseudouridylated nucleotide is labelled (V). Coloured spheres
illustrate the relative binding position of the snoRNP core proteins (Cbf5: blue; Nop10: green; Nhp2:
orange; Gar1 magenta). The snoRNP models shown were adapted from Watkins and Bohnsack
(2012).

Recently two additional interactions of the U3 3’-domain with 18S rRNA were
discovered suggesting that the basepairing interactions of U3 and pre-rRNA are even
more complex than initially assumed (Kudla et al., 2011). The multiple basepairing
interactions of U3 at locations critical for pre-rRNA processing play a crucial role in
folding and structural organisation of the 18S pre-rRNA (Dutca et al., 2011).
However, U3 could also contribute to the processing of pre-rRNA by delivering
associated protein cofactors to the early pre-ribosomal complexes (Dragon et al.,
2002), such as Rrp9, which is a U3 specific snoRNP core protein (Granneman et al.,
2009). Moreover, the cleavage of the pre-rRNA occurs within the SSU processome,
whose assembly depends on U3 snoRNP association and subsequent recruitment of

additional cofactors (Dragon et al., 2002; Perez-Fernandez et al., 2007).

Similar to U3, the box H/ACA snoRNP snR30 is essential for the early processing
events within the 90S particles (Bally et al., 1988; Lemay et al., 2011; Morrissey and

Tollervey, 1993). The processing function of snR30 requires basepairing of two short
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conserved sequences in its 3’-hairpin (m1 and m2) with 18S pre-rRNA in expansion
segment 6 (ES6; Atzorn et al., 2004; Fayet-Lebaron et al., 2009). Although snR30
does not perform nucleotide modifications, the interaction with ES6 requires the
cooperative basepairing of both short sequences within the loop structure of the 3'-
hairpin, which is similar to the interaction mode of a classical pseudouridylation
pocket. The remarkably long nucleotide sequence of snR30 is a potential binding
platform for additional protein cofactors that might contribute to the processing of pre-
rRNA. Association to snR30 was proposed for Utp23, Kri1 and Nop6 (Hoareau-
Aveilla et al., 2012; Lemay et al., 2011; Lu et al., 2013). However, if these proteins
are part of the snoRNP core complex or only transiently associated in the context of

pre-ribosomal complexes remains unclear.

The box C/D snoRNA U14 and the box H/ACA snoRNA snR10 possess dual
functionality in both pre-rRNA processing and nucleotide modification. U14 guides
methylation of residue Cm414 in 18S rRNA (Dunbar and Baserga, 1998) and has an
essential role during the early processing events Aq-A; (Jarmolowski et al., 1990;
Liang and Fournier, 1995), which depends on a base pairing interaction with the 5'-
domain of the 18S rRNA sequence (Liang and Fournier, 1995; Morrissey and
Tollervey, 1997). SnR10 is responsible for the pseudouridine formation at position
U2923 in the 25S rRNA sequence (Ni et al., 1997) and its deletion causes
temperature-dependent cleavage defects (Tollervey and Guthrie, 1985; Tollervey,
1987), which are mediated by a short 7-nucleotide long sequence element in its 5'-
hairpin (Liang et al., 2010).

It is commonly accepted that snoRNAs contribute to the structural organisation of
pre-rRNA. However, how the diverse baspairing interactions of the snoRNAs with the

pre-rRNA regulate the maturation of ribosomes is not yet fully understood.

1.7 RNA helicases

RNA helicases were initially defined as enzymes that utilise the energy of nucleotide
triphosphate (NTP) binding and hydrolysis to unwind RNA duplexes. However,
extensive research during the last decade has expanded their range of functions and
showed that RNA helicases are a large group of ubiquitous enzymes, which are

involved in various aspects of RNA remodelling.
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Sequence comparison enabeled the classification of helicases into six superfamilies
(SF1-6; Gorbalenya and Koonin, 1993; Singleton et al., 2007). The largest
superfamily (SF2) contains the two major families of RNA specific helicases: DEAD
and DEAH/RHA RNA helicases, which are named according to a consensus amino
acid sequence motif (Fairman-Williams et al., 2010; Gorbalenya and Koonin, 1993).
RNA helicases possess up to 12 conserved sequence motifs within the two RecA
domains of the helicase core (Story et al., 1992; Ye et al., 2004). The individual
functions of the conserved motifs, comprising NTP binding, NTP hydrolysis, RNA
binding and regulatory tasks, were assigned during structural and biochemical
characterisations of various RNA helicases (Bleichert and Baserga, 2007; Fairman-
Williams et al., 2010).

In addition to the structural differences DEAH and DEAD box helicases vary
significantly in their operation mode. DEAH helicases are thought to act in a
processive manner similar to many DNA helicases (Lohman and Bjornson, 1996).
Effective access to the substrate commonly requires a single stranded 3’-overhang
on the substrate duplex. Unwinding then occurs by consecutive NTP consumption,
which provides the energy for a directional translocation of the helicase along the
backbone of the loading strand and simultaneous removal of the complementary top
strand (for a detailed review see: Pyle, 2008). In contrast, DEAD box helicases
directly target the substrate duplexes and perform the strand separation by a local
unwinding mechanism, which enables the enzyme to dissolve interactions up to 10 —
12 basepairs (Jankowsky, 2011; Linder and Jankowsky, 2011; Yang et al., 2007). In
most cases, strand separation only requires NTP binding (Chen et al., 2008; Henn et
al., 2010). The hydrolysis of NTP is essential for the release of the unwound RNA
strands and for the recycling of the enzyme (Liu et al., 2008). Although the unwinding
occurs in a non-processive manner, interaction of additional helicase domains with
single stranded or structured extensions on the RNA substrate were found to
significantly stimulate the activity of DEAD box helicases (Garcia et al., 2012; Hilbert
et al., 2009). These additional domains are also thought to confer substrate
specificity and enable the interaction with protein cofactors (Jankowsky, 2011;

Jarmoskaite and Russell, 2014).

Besides the classical unwinding of RNA duplexes, RNA helicases have been shown

to anneal RNA strands, function as clamps or displace proteins from RNA containing
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complexes (Jarmoskaite and Russell, 2014; Linder and Jankowsky, 2011). This
broad range of functions explains why RNA helicases are ubiquitous and often
essential for viability. RNA helicases play key roles in many pathways of RNA
metabolism but the majority is implicated in pre-mRNA splicing and in ribosome
biogenesis (Bleichert and Baserga, 2007; Jarmoskaite and Russell, 2014).

1.7.1 RNA helicases in ribosome biogenesis

The genome of S. cerevisiae encodes 39 putative RNA helicases, of which 19 are
suggested to participate in the maturation of ribosomes (Martin et al., 2013). 16 of
these RNA helicases are essential for normal cell proliferation indicating the
importance of their functions. Protein depletion followed by analysis of pre-RNA
processing intermediates and co-immunoprecipitation studies have revealed that
seven RNA helicases are required for the early maturation events of the 40S subunit,
while ten RNA helicases were found to act in maturation of the 60S particles and two
RNA helicases (Prp43 and Has1) are required for the maturation of both subunits
(Figure 3). Despite this preliminary classification, a precise functional characterisation
is still missing for most RNA helicases. However, it is thought that they are involved
in various remodelling processes of pre-rRNA and the removal of protein cofactors or
snoRNPs from pre-ribosomal complexes. Initial evidence for a role of RNA helicases
in snoRNA release was provided by several studies, which showed accumulation of
snoRNAs on pre-ribosomal particles after depletion of the RNA helicases Has1,
Dbp4 and Rok1 (Bohnsack et al., 2008; Kos and Tollervey, 2005; Liang and Fournier,
2006). However, direct release of a snoRNA by an RNA helicase has not been
demonstrated so far, mainly because precise target sites of RNA helicases on pre-

rRNA are still elusive.

1.7.2 The Rok1 DEAD box RNA helicase is required for biogenesis of the SSU

The DEAD box helicase Rok1 is an essential nuclear protein, which is involved in
pheromone induced gene expression (Kim et al., 2004) and required for the early
processing events of the primary rRNA transcript. The depletion of Rok1 leads to
accumulation of 35S and the aberrant 23S pre-rRNA (Song et al., 1995; Venema et
al., 1997). Physical and genetic interactions with early 40S ribosome biogenesis
maturation factors, such as Rrp5 and the snR10 snoRNP, showed that Rok1 acts in

context of the SSU processome (Lebaron et al., 2013; Venema et al., 1997; Vos et
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al., 2004). Consistent with this, the enzymatic activity of Rok1 is required for the
release of snR30 from pre-ribosomal complexes (Bohnsack et al., 2008; Oh and Kim,
1999). However, the details of Rok1 mediated snoRNA release and possible extra
functions of the RNA helicase are still elusive. The low unwinding rates of Rok1
measured in vitro (Garcia et al., 2012), suggest that the helicase might be regulated
by additional SSU components or is stimulated by specific RNA substrates.
Moreover, a recent in vitro study, which proposed an Rrp5 dependent pre-rRNA
annealing activity for Rok1 (Young et al., 2013), indicated that the tasks
administrated by the RNA helicase could even be more diverse than initially

assumed.

1.7.3 The DEAH box helicase Prp43 is implicated in the maturation of both

ribosomal subunits

The DEAH box helicase Prp43 is a multifunctional RNA helicase that was first
described as a component of late spliceosomal particles (Arenas and Abelson,
1997). Prp43 is responsible for the release of the intron lariat and contributes to the
disassembly of the spliceosome (Fourmann et al., 2013; Koodathingal et al., 2010;
Martin et al., 2002; Mayas et al., 2010). In addition, Prp43 was found to contribute in
the maturation of both ribosomal subunits since depletion of the helicase causes
defects in the production of the 20S, 27S and 7S pre-rRNAs and co-
immunoprecipitation analyses revealed physical interactions with pre-rRNAs and with
box C/D snoRNAs (Combs et al., 2006; Lebaron et al., 2005; Leeds et al., 2006).

In both, splicing and ribosome biogenesis, Prp43 function is regulated by different
protein cofactors, which contain a domain with several conserved glycine residues
(G-patch; Aravind and Koonin, 1999). During assembly of the 40S ribosome Prp43
was shown to cooperate with the G-patch protein Pfa1l (Lebaron et al., 2005;
Pertschy et al., 2009), whereas the G-patch protein Gno1 is a potential cofactor of
Prp43 within 90S particles or early intermediates of the LSU (Chen et al., 2014;
Guglielmi and Werner, 2002). Although the functional implications of Prp43 during
splicing are well defined, the roles of the helicase in ribosome biogenesis are largely

elusive.
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1.8 Aims and objectives

Ribosome biogenesis is a highly complex and dynamic process that requires
extensive structural reorganisations of pre-rRNAs as well as the release of protein
cofactors or snoRNPs from precursor particles. ATP-dependent RNA helicases are
thought to be the main mediators of such remodelling processes. However, the
details of RNA helicase functions in maturation of ribosomal subunits could not be
explored so far, because their target sites in pre-ribosomal particles have remained

elusive.

The objectives of this work were to identify interacting RNAs and RNA binding sites
for the RNA helicases Prp43 and Rok1 in the yeast S. cerevisiae using the UV
crosslinking and analysis of cDNA (CRAC) approach. The functions of the two RNA

helicases were then analysed.
This study therefore aimed to:
e |dentify crosslinking sites for the RNA helicase Rok1 on pre-rRNAs.
e Confirm Rok1 binding to 18S rRNA precursors by structure probing.

¢ Analyse the snoRNA-pre-rRNA interactions in pre-ribosomal particles based on
the CRAC data obtained for Rok1.

e |dentify crosslinking sites for the RNA helicase Prp43 on pre-rRNAs.
¢ Analyse the function of Prp43 in the biogenesis of the large ribosomal subunit.

e Study the function and conservation of the pre-ribosomal endonuclease Nob1,

which has been shown to genetically interact with Prp43.
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2 Material and methods

Chemicals used in this study were purchased from Agilent Technologies (Santa
Clara, US), Life Technologies (Darmstadt, GER), Merck (Darmstadt, GER), Neolab
(Heidelberg, GER), Perkin Elmer (Rodgau, GER), Roche (Mannheim, GER), Roth
(Karlsruhe, GER), Sigma Aldrich (Mannheim, GER), and VWR (Darmstadt, GER).
Antibodies were ordered either from Abcam (Cambridge, UK) or Sigma Aldrich. Kits
and enzymes used for molecular cloning, and standard RNA or DNA techniques,
were derived from Affymetrix (Santa Clara, US), New England Biolabs (Frankfurt am
Main, GER), Macherey-Nagel (Dueren, GER), Qiagen (Hilden, GER), Sigma Aldrich
and Thermo Scientific (St. Leon-Roth, GER). Standard oligonucleotides were
purchased from Sigma Aldrich, adapters used for CRAC analysis were synthesised
by Integrated DNA Technologies (Coralville, US), Radiochemicals were ordered from

Perkin Elmer.

21 Standard molecular biological and biochemical methods

Current methods of molecular cell biology were in general performed according to
Sambrook and Russell (2001) and frequently used techniques in this study are

described in more detail as follows.

2.1.1 Molecular cloning

The construction of the plasmids used in this study (Table 1) was performed
according to standard techniques described in Sambrook and Russell (2001). In
short, for expression of tagged Rok1 protein in S. cerevisiae the coding sequence of
Rok1 was amplified by polymerase chain reaction (PCR) from genomic yeast DNA
and cloned (using BamHI and Bglll restriction sites) into pRS415-C-HTP and
pRS415-N-HTP, derivatives of the pRS415 plasmid (Sikorski and Hieter, 1989).
Constructs for recombinant expression of PhNob1 were generated, by cloning (using
restriction sites Ndel and BamHI) the synthetic PhNob1 gene (Entelechon), which
was codon optimized for expression in E. coli, into the pET11a plasmid (Novagen).
The coding sequence of AtNob1 was cloned into plasmids A21 (using BamHI and
Xmal restriction sites) and A46 (Ncol and Xmal), two derivatives of pET11a. Mutants

were generated by site-directed mutagenesis (Zheng et al., 2004).
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RNA used for the in vitro cleavage experiments was transcribed from constructs,
which were generated by annealing of two oligonucleotides containing the desired
rRNA sequences and cloning of the fragments into the pGEM4Z (Promega; using
restriction sites Hindlll and EcoRI) or pBluescript SK (Stratagene; using Sacl and
EcoRlI restriction sites) plasmids. The constructs for transcription of the stable RNA
hairpins used for in vitro analysis were designed according to Schneider et al. (2009)
and Pertschy et al. (2009). The in vitro transcripts of PhNob1 pre-rRNA contained the
pre-rRNA sequence 5-GGGAGACAAGCUUAAGUCGUAACAAGGUAGCCGUAGG
GGAACCUACGGCUCGAUCACCUCCUAUCGCCGGAAACCCCGUCCGGGGGAAU
U-3’. The hairpin constructs included the pre-rRNA sequences 5-AUCACCUCCUAU
CGCC-3’ and 5-CGAUCACCUCCUAUCGCC-3'.

Table 1: Plasmids

ID Name Reference

S05-045 pMK140 D. Tollervey (unpublished)
S05-137 pRS415-Rok1-C-HTP Martin et al. (2014)
S05-139 pRS415-N-HTP-Rok1 Martin et al. (2014)
S05-188 pET11a-PhNob1 Veith et al. (2012a)
S05-270 pGEM4Z-PhRRNA-site-D Veith et al. (2012a)
S05-376 pET11a-PhNob1-D12N Veith et al. (2012a)
S05-377 pET11a-PhNob1-S79A Veith et al. (2012a)
S05-378 pET11a-PhNob1-R115A Veith et al. (2012a)
S05-379 pET11a-PhNob1-D100N Veith et al. (2012a)
S05-381 pGEM4Z-PhRRNA-hairpin-S Veith et al. (2012a)
S05-382 pGEM4Z-PhRRNA-hairpin-L Veith et al. (2012a)
S05-405 A21-AtNob1-D50N Missbach et al. (2013)
S05-439 pBS1539-His3-HTP Martin et al. (2014)
S05-467 A46-AtNob1 Missbach et al. (2013)
S05-481 pBluescript SKII(+) Stratagene

S05-490 pBluescript SKII(+)-AtRRNA-site-D Missbach et al. (2013)
S05-1014 pAV162 K. D. Entian (unpublished)
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2.1.2 Purification of nucleic acids

Small-scale plasmid DNA purification from E. coli was performed by alkaline
extraction (Birnboim and Doly, 1979). Large amounts of plasmid DNA were prepared
using the NucleoBond plasmid DNA purification kit (Macherey-Nagel), according to

manufacturers instructions.

For purification of genomic yeast DNA, exponentially growing cells (ODggo 0.5) were
harvested and resuspended in 250 ul Lysis Buffer (2% (v/v) TritonX 100, 1% (w/v)
SDS, 100 mM NaCl, 10 mM Tris/HCI pH 8.0 and 1 mM EDTA). The cells were lysed
by vortexing the suspension together with glass beads and 250 ul phenol-chloroform-
isoamylalcohol (25:24:1) at 4 °C. The nucleic acids were precipitated by addition of
25 pl of 3 M sodium acetate (pH 5.2) and 750 pl 100% ethanol followed by
centrifugation (20,000 g, 5 min, RT).

Purification of RNA from yeast cells was performed by hot phenol chloroform
extraction described in Rio et al. (2011). In short, 25 ml of an exponentially growing
yeast culture (ODgoo 0.5-0.6) were harvested by centrifugation (6,000 g, 5 min, 4 °C)
and resuspended in 2 ml of Lysis Buffer (50 mM sodium acetate, 10 mM EDTA).
Cells were lysed by addition of 250 ul of 10% (w/v) sodium dodecyl sulphate (SDS)
solution and 2.5 ml of Phenol A Solution containing 50% (v/v) Lysis Buffer and 50%
(v/v) phenol by vortexing for 1 min at 65 °C. Subsequently the samples were cooled
on ice for 5 min and centrifuged (20,000 g, 5 min, 4 °C). The aqueous phase was
recovered and a second RNA extraction step was performed by addition of 2.5 ml of
Phenol B Solution containing 25% (v/v) phenol, 25% (v/v) chloroform and 50% (v/v)
Extraction Buffer (10 mM sodium acetate, 100 mM NaCl, 1 mM EDTA). The aqueous
phase was recovered after centrifugation (20,000 g, 5 min, 4 °C) and residual phenol
was removed by addition of 2 ml of chloroform-isoamyl mixture (24:1). The aqueous
supernatant was recovered by centrifugation (20,000 g, 5 min, 4 °C) and precipitated
with 350 pl sodium acetate (pH 5.2) and 10 ml 100% ethanol. The RNA pellet was
washed with 70% ethanol and resuspended in 50 ul water.

Purification of RNA from cell lysates or sucrose gradient fractions was performed
according to a short phenol chloroform extraction procedure described in
Chomczynski and Sacchi (1987) and Chomczynski and Sacchi (2006). In short, 530
Ml of cell extract was mixed with 400 uyl of GTC mix (2 M guanidinium thiocyanate,
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25mM Tris/HCI pH 8.0, 5 mM EDTA, 1% (v/v) N-Lauroylsarcosine 0.07 M
B-mercaptoethanol) by vortexing. Extraction of RNA was performed with 800 pl
phenol followed by vortexing. After addition of 210 pl chloroform and 40 pl of 3 M
sodium acetate (pH 5.2) samples were centrifuged (20,000 g, 5 min, 4 °C). The
aqueous phase was collected and precipitated with 100% ethanol. The RNA pellet

was washed with 70% ethanol and resolved in 30 ul water.

The concentrations and quality of all RNA or DNA preparations were determined

using the NanoDrop 2000 spectrophotometer (Thermo Scientific).

2.1.3 Gel electrophoresis

Proteins and nucleic acids were separated according to their size and charge in an
electric field using gel electrophoresis. For denatured proteins SDS polyacrylamide

gel electrophoresis (PAGE) according to Laemmli (1970) was used.

DNA and large RNA molecules were analysed by agarose gel electrophoresis. DNA
was resolved in 1.5-2% (w/v) agarose gels in TAE buffer (40 mM Tris, 20 mM acetic
acid and 1 mM EDTA). Large RNA molecules were denatured at 55 °C for 1 h in
Glyoxal Loading Buffer (60% (v/v) DMSO, 20% (v/v) deionized glyoxal, BPTE Buffer,
5% (v/v) glycerol, 2 mg ethidium bromide) and separated in 1.2% (w/v) agarose gels
in BPTE buffer (10 mM Pipes, 30 mM Bis-Tris, 1 mM EDTA).

Small RNA and cDNA fragments were prepared for electrophoresis in Formamide
Loding Buffer consisting of 95% (v/v) formamide, 0.025% (w/v) bromphenoleblue,
0.025% (w/v) xylene cyanole, 0.025% (w/v) SDS and 5 mM EDTA for 5 min at 85 °C.
The denatured RNA samples were resolved by polyacrylamide gel electrophoresis
(PAA) in TBE buffer (89 mM Tris, 89 mM boric acid, 1 mM EDTA). For single
nucleotide resolution PAA gels were run in the S2 sequencing gel apparatus

(Biometra).

2.1.4 Northern and Western blotting

Proteins separated by SDS PAGE were transferred on polyvinylidene difluoride
(PVDF) membranes using a semi-dry electrophoretic blotting method (Towbin et al.,
1979). The proteins were visualised by immunodetection and the Western Lightning

enhanced chemiluminescece reagents (Perkin Elmer) or with Alexa Fluor fluorescent
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secondary antibodies (Life Technologies) and the Odyssey Sa infrared imaging

system (Ly-Cor).

Small RNA molecules separated on PAA gels were transferred on positively charged
Hybond N+ nylon membranes (GE Healthcare) by wet electrophoretic blotting in TBE
buffer (2.1.3).

Large RNA molecules resolved by agarose gel electrophoresis were fragmented by a
20 min treatment of the gel in 0.1 M sodium hydroxide solution. The fragmentation
was quenched with Neutralisation Buffer (0.5 M Tris/HCI pH 7.5, 1.5 M NaCl). The
transfer of the RNA on Hybond N+ membranes (GE Healthcare) was performed in 6x
SSC buffer (150 mM NaCl, 15 mM sodium citrate) using the VacuGene XL vacuum
blotting system (GE Healthcare).

RNA was visualised using methylene blue staining (0.02% (w/v) methylene blue,
300 mM sodium acetate pH 5.5) or by hybridisation with radioactively labelled
oligonucleotides (Table 2) and a phosphorimager. Transfer of the radioactive y-
phosphate from 25 pCi [y->?P] adenosine triphosphate (ATP) to the 5-end of the
oligonucleotides was performed using T4 polynucleotide kinase (PNK, Thermo
Scientific), according to manufacturers instructions. The hybridisation was performed
at 37 °C for 6 hours in Hybridisation Buffer (6x SSC buffer, 1% (w/v) SDS, 5x
Denhard’'s reagent (Sambrook and Russell, 2001), 100 pg/ml salmon sperm DNA

and 1-5 pg/ml radioactively labelled oligonucleotide).

Table 2: Hybridisation probes

Target Sequence (5-3’)

u14 TCACTCAGACATCCTAGG

snR59 GGTGATTAAACGACAGCATTGTCAAAGACTAGTCGA
snR50 GCTGCAAATTGCTACCTCTTTCA
U3A UUAUGGGACUUGUU

snR39 GGTGATAAGTTACGACAGC

snR41 GGGTTGTCGACATGTAGTTA

snR39b TGCTAGTCACTTTTTGGAATGCC
snR60 CAATCAGTTGAACTATGCATCTTTGG
snR72 GATCAGACTGACGTGCAAATCATT
ITS1 CGGTTTTAATTGTCCTA

snR30 CTAAGTTAAACTCGTCAACG
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2.2 Cultivation and generation of yeast strains

The yeast strains used in this work (Table 3) are all derivatives of S. cerevisiae
BY4741 (Brachmann et al., 1998). Cultures were grown in sterile YPD medium (1%
(w/v) yeast extract, 2% (w/v) peptone, 2% (w/v) D-glucose) or synthetic dropout

medium (Formedium) and kept in mid log-phase until harvesting of cells.

2.2.1 Transformation of Saccharomyces cerevisiae

Transformation of yeast strains and genomic integration of the tetracycline
repressible promoter and protein tags were performed according to Gietz et al.
(1992) and Longtine et al. (1998). In short, a 15 ml culture of exponentially growing
yeast cells with an optical density (ODsgoo) of 0.5-0.7 (~1x10% cells) were harvested,
washed with sterile water and resuspended in Transformation Mixture (10 mM
Tris/HCI pH 7.5, 1 mM EDTA, 100 mM lithium acetate, 50 ug salmon sperm carrier
DNA, 40% (v/v) polyethyleneglycole (PEG) 4000, 5 ug DNA). The transformation was
performed using either plasmid DNA or precipitated PCR product amplified from
plasmids pMK140 (Table 1) for integration of the TetO; promoter or pBS1539-His3-
HTP (Table 1) for genomic Hisg-Tev-Protein A (HTP) tagging. Homologous
recombination of the PCR products was achieved by target specific sequences
incorporated in the forward and reverse primers. The transformation was performed
by 30 min incubation at 30 °C, followed by a “heat shock” at 42 °C for 15 min.
Selection of positive transformants was performed by plating on synthetic dropout
medium. Alternatively, selection using antibiotic marker genes was performed after
16 h pre-incubation on YPD plates followed by replicate plating on selective medium.
To verify successful genomic integration of HTP or HA tags, 2 ml of cells from
saturated culture were pelleted, resuspended in 100 ml water and lysed by vortexing
together with glass beads. The extracted proteins were precipitated with 20% (v/v)
trichloroacetic acid (TCA), the pellets were washed with ice-cold 100% acetone and
subsequently analysed by SDS PAGE (2.1.3) and Western blotting (2.1.4) using anti-
HA (Sigma-Aldrich) and anti- PAP (Sigma-Aldrich) antibodies.
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Table 3: Yeast strains

ID Strain Name Genotype Reference
YMBO006 BY4741 MATa, his3A1, leu2A0, met15A0, Brachmann et al.
ura3A0 (1998)
YMB146 TetO,-Rok1 YMB279, P-3HA-rok1-NatMX6 Bohnsack et al. (2008)
YMB147 TetO,-Rok1 YMB279, Py -3HA-rok1-NatMX6 Bohnsack et al. (2008)
YMB279 BY4741 MATa, his3A1, leu2A0, met15A0, Alexander et al. (2010)
(TetO; parent) ura3A0, lys2::iTA, leu2::P, tetR'SSN6
URAS3-K.I
YMB348 TetO7-Rok1 YMB146 pRS415-Leu2 Bohnsack et al. (2008)
(empty plasmid)
YMB350 Rok1 (WT) YMB146, pRS415-rok1(wt)-Leu2 Bohnsack et al. (2008)
YMB455 Prp43-C-HTP YMBO0O06, prp43-C-HTP-URA3 Bohnsack et al. (2009)
YMB458 TetOs-Prp43 YMB279, P-3HA-prp43-NatMX6 Bohnsack et al. (2009)
YMB536 Rok1-C-HTP YMB147, pRS415-rok1-C-HTP-Leu2 Martin et al. (2014)
YMB720 Rok1-N-HTP YMB146, pRS415-NHTP-rok1-Leu2 Martin et al. (2014)
YMB870 TetO;-Rok1, YMB146, enp1-C-HTP-HIS3 Martin et al. (2014)
Enp1-C-HTP

2.2.2 Depletion and growth analysis of yeast cultures

Growth analysis was performed with pre-grown cultures that were kept in mid-log
phase for at least 24 hours. Depletion of proteins with a tetracycline repressible
promoter was induced by addition of 5 ug/ml doxycycline (Sigma Aldrich) in YPD
medium or 20 pg/ml in synthetic dropout medium (Alexander et al., 2010). The cell
proliferation rates were monitored by optical density measurement until growth

defects were observed.

2.3 Crosslinking and analysis of cDNA (CRAC)

The CRAC (Crosslinking and analysis of cDNA) analysis was performed in
collaboration with Maike Ruprecht (working group of Prof. Dr. Enrico Schleiff,
Goethe-University, Frankfurt am Main) and as previously described by Bohnsack et
al. (2012) and Granneman et al. (2009). A schematic of the CRAC procedure is

shown in Figure 5.
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2.3.1 Yeast strains used for crosslinking experiments

CRAC of Prp43 was performed with yeast strain YMB455 (Table 3), which carries a
C-terminal Hisg-Tev-Protein A (HTP) tag at the genomic Prp43 locus. Rok1
crosslinking was performed with strains YMB536 and YMB720 (Table 3), which were
constructed by transfection of plasmids S05-137 and S05-139 (Table 1) into the
Rok1 depletion strains YMB146 and YMB147, enabling expression of C- or N-
terminal HTP tagged Rok1, respectively (Table 3). Untagged genomic Rok1 was
depleted by addition of 20 pg/ml doxycycline for 9 hours before UV irradiation.

2.3.2 Crosslinking methods

Crosslinking was induced by application of UV light (254 nm) to living cells in culture
medium (in culturo) or after pelleting and resuspension in a small volume (in vivo) or

after isolation of Prp43 containing complexes on IgG sepharose (in vitro).

In culturo crosslinking was performed in a custom-build iTRIC (in culturo temperature
regulated interaction crosslinker) device, allowing the UV irradiation of the culture,
while active water-cooling maintains a constant temperature (Bohnsack et al., 2012).
The crosslinking was performed in minimal medium lacking the aromatic amino acids
tryptophan and phenylalanine. In total 1.6 Jicm? of UV light was applied,

corresponding to 5-30 min of irradiation.

In vivo crosslinking was performed with intact cells, resuspended in ice-cold
phosphate buffered saline (PBS) buffer (137 mM NaCl, 2.7 mM KCI, 10 mM
NaHPO4, 1.8 mM KH,PO,4) and spread in Petri dishes. A Stratalinker 1800 (Agilent
Technologies) was used to apply 1.6 J/cm? of UV light.

In vitro crosslinking was performed after elution of the RNA-protein complexes from
the IgG sepaharose beads with a Stratalinker 1800 (Agilent Technologies). The
samples were spread on a Petri dish and kept on ice during irradiation with 0.4 Jicm?
UV light.

2.3.3 Extract preparation and affinity purification

CRAC analysis was performed with 0.5-1 | of exponentially growing yeast culture with
an optical density (ODggp) of 0.5-0.8. Extraction of the cells was performed in 1.5 ml
Lysis Buffer (50 mM Tris/HCI pH 7.6, 150 mM NaCl, 1.5 mM MgCl,, 0.1% (v/v)
Nonidet P-40, 5 mM B-mercaptoethanol) by vortexing 5 min at 4 °C with 3 ml Zirkonia
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beads (0.5 mm; Thistle Scientific). The lysate was filled-up with 3 ml Lysis Buffer per
gram of yeast cells and cleared by two centrifugation steps (4,500 g, 20 min, 4 °C,
and 20,000 g, 20 min, 4 °C). Complexes containing tagged proteins were purified by
incubation on IgG sepharose beads for at least 30 min at 4 °C. Beads were washed
three times with 10 ml Lysis Buffer and bound complexes were eluted in 500 pl Lysis
Buffer with GST-tagged tobacco etch virus (TEV) protease for 2 h at 18 °C. RNase
trimming of crosslinked RNA was performed with 1 U RNace-IT RNase A and
RNase T1 mixture (Agilent Technologies) for 5 min at 37 °C. RNase digestion was
terminated by addition of 0.4 g guanidine hydrochloride (final concentration of 6 M),
300 mM sodium chloride and 10 mM imidazole. For a second purification step under
denaturing conditions, samples were incubated over night at 4 °C with 50 pl of pre-
equilibrated nickel-NTA beads (Qiagen). Beads were washed twice with 500 yl Wash
Buffer (50 mM Tris/HCI pH 7.6, 300 mM NaCl, 10 mM imidazole, 6 M guanidinium-
HCI, 0.1% (v/v) NP-40, 5 mM B-mercaptoethanol) and three times with PNK Buffer
(50 mM Tris/HCI pH 7.6, 10 mM MgCl;, 0.5% (v/v) Nonidet P-40, 10 mM
B-mercaptoethanol). To remove the terminal 3’-phospate, a product of the RNase
trimming step, the beads were resuspended in 80 pl of PNK Buffer and incubated for
30 min at 37 °C with 8 U of thermo sensitive alkaline phosphatase (TSAP, Promega)
and 80 units of RNasin (Promega). The reaction was stopped by washing with 500 pl
wash buffer and three times with 500 pl PNK Buffer. For 3’-adapter (Table 4) ligation,
beads were resuspended in 80 pl of PNK Buffer containing (80 pmol) of %
adenylated (App) and 3’ blocked (ddC) DNA oligonucleotides, 20% (v/v) polyethylene
glycol (PEG) 4000, 80 U RNasin, 40 U T4 RNA ligase 2 (K227Q, New England
Biolabs) and incubated for at least 5 h at 25 °C. The reaction was terminated by
washing twice with 500 pl Wash Buffer followed by three washing steps with 500 pl
PNK Buffer. The crosslinked RNA was 5’ radiolabelled using 40 pCi [y->?P] ATP 80 U
of RNasin and 20 U T4 polynucleotide kinase (PNK, Sigma Aldrich) in 80ml PNK
Buffer for 40 min at 37 °C. The reaction was allowed to proceed for 20 min after
addition of cold ATP (final concentration: 1 mM). The reaction was stopped by
washing with 500 yl Wash Buffer and three times with 500 yl PNK Buffer. Ligation of
the 5-adapter (Table 4) was performed in 80 pl PNK Buffer containing 80 U of
RNasin, 40 U T4 RNA ligase, 100 pmol 5-adapter and 1 mM ATP at 16 °C over
night. The reaction was terminated by washing with 500 ul Wash Buffer followed by
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Figure 5: The CRAC method. The scheme shows the main steps of the CRAC technique. The
protein of interest carries a Hisg-Tev-Protein A (HTP) tag and is depicted in blue. The bound RNA,
shown in black, is crosslinked either by UV irradiation of cultures (in culturo), on pelleted and
resuspended cells (in vivo) or after elution from IgG sepharose by TEV protease (in vitro). The
crosslink, indicated in red, prevents dissociation of the RNA from the bait protein during the second,
denaturing purification step on Nickel-NTA beads. The 5 adenylated (App) and 3’ blocked (ddC) 3’-
adapter, illustrated in green is ligated after alkaline phosphate treatment. The 5’ protected (InvddT) 5’-
adapter is coloured orange and is ligated before digestion with proteinase K. A primer depicted in light
green, is used for synthesis of cDNA (red) by reverse transcription.

deep sequencing
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three washing steps with 500 pl PNK Buffer. Radiolabelled protein-RNA complexes
were eluted from the Nickel-NTA matrix with Elution Buffer (50 mM Tris/HCI pH 7.6,
50 mM NaCl, 200 mM imidazole, 0.1% (v/v) Nonidet P-40, 5 mM [3-mercaptoethanol),
subsequently precipitated with 20% (w/v) TCA, washed with 100% acetone and
dried. The samples were resolved on Bis-Tris NUPAGE gels (Invitrogen), transferred
to a Hybond C nitrocellulose membrane (GE Healthcare) by electrophoretic western
blotting and visualised by autoradiography. Blot areas containing signals, which
corresponded to the size of the protein of interest were excised and associated RNA
was eluted from the membrane slices with proteinase K solution (100 ug
proteinase K, 50 mM Tris/HCI pH 7.6, 50 mM NaCl, 10 mM imidazole, 0.1% (v/v)
Nonidet P-40, 5 mM B-mercaptoethanol 1% (w/v) SDS and 5 mM EDTA). The RNA
was further purified with phenol-chloroform and precipitated with ethanol. Reverse
transcription (RT) of the RNA fragments was performed using an oligonucleotide
primer complementary to the 3’-adapter sequence (Table 4) and the Super Script IlI
reverse transcriptase system (Invitrogen), which was used according to
manufacturers instructions. For amplification of the cDNA a PCR reaction containing
1ul of cDNA 2.5 U LA Taq Polymerase (TaKaRa), 1x LA TagPCR buffer, 0.2 uM of
each PCR primer (Table 4), and 0.25 mM deoxyribonucleotides (dNTPs). The PCR
products were separated on a 3% (w/v) Methaphor agarose gels (Lonza), fragments
of 10-50 base pairs length were excised from the gel and slices were extracted using
the MiniElute reaction cleanup kit (Qiagen). Elutes were directly send for single-end

deep sequencing (lllumina).

Table 4: Oligonucleotides used for CRAC analysis

Target Sequence (5’-3’)

CRAC 3'-Linker rAppTCGTATGCCGTCTTCTGCTTGT/ddC/

CRAC 5’-Linker InvddT/GTTCAGAGUUCUACAGUCCGACGAUC

CRACRT CAAGCAGAAGACGGCATAC

CRAC Forw AATGATACTGCGACCACCGACAGGTTCAGAGTTCTACAGTCCGA
CRAC Rev CAAGCAGAAGACGGCATACGA
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2.3.4 Bioinformatics and data analysis

Genome wide mapping of sequence reads was performed in collaboration with the
group of Prof. Dr. Enrico Schleiff (Goethe-University Frankfurt am Main). The CRAC-
Pipe software used is described in detail by Simm (2013).

Graphical presentation of mapped sequencing reads on pre-rRNA and snoRNAs was
performed with custom-built scripts written in python. Crosslinking profiles were
generated using the python (version 2.7) and the python 2D plotting library matplotlib
(Hunter, 2007). Mapping of the crosslinking reads on the 2D structures of mature
rRNA (Petrov et al., 2013) was performed using python (version 2.7) and vector
graphics downloaded from: http://apollo.chemistry.gatech.edu/RibosomeGallery.
Mapping on the mature 3D rRNA structure (Ben-Shem et al., 2010; Ben-Shem et al.,
2011) was performed using PDB entries 3027, 3058, 3U5B, 3U5C, 3U5D and
3US5E, python (version 2.7) scripts and pymol (version 1.6).

2.4 Identification of chimeric reads by CLASH and prediction of snoRNA

basepairing sites

Identification of chimeric sequencing reads was performed by CLASH (Crosslinking,
Ligation And Sequencing of Hybrids) as described by Kudla et al. (2011). In short,
the deep sequencing reads obtained by CRAC were analysed with the Hyb-pipeline
(Travis et al., 2014) using Flexbar (version 2.4) for adapter removal (arguments:
trim=0, filter=0, minimum=4, length=17) and Blastall (version 2.2.26) for mapping of

the sequences (arguments: word=11 eval=0.01).

Computational prediction of snoRNA-rRNA interactions was performed with a
custom-built python (version 2.7) script, which enabled the screening for basepairing
interactions, by splitting the RNA sequences into 20 nucleotides long consecutive
fragments with 15 nucleotides overlap. The individual fragments were mutually tested
for their basepairing properties using the RNA duplex algorithm (Vienna RNA
package; Lorenz et al. 2011). The computed Gibbs energy (AG) was used to detect
highly stable basepairs, with a minimum free energy of —20 kcal/mol. The clustering
of chimeric sequence reads obtained by CLASH and computational predictions was
performed with python (version 2.7) and the python 2D plotting library matplotlib
(Hunter, 2007).
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2.5 Purification of pre-ribosomal complexes

For purification of pre-ribosomal complexes in presence and absence of Rok1 a
yeast strain, with a tetracycline repressible promoter in front of the Rok1 gene locus
and C-terminal HTP tagged Enp1 was used (YMB870; Table 3). 1 | of cells
expressing C-terminally HTP tagged Enp1 were harvested in mid-log phase
(ODeoo 0.6) washed with ice cold water and resuspended in 1 ml Lysis Buffer (20 mM
Hepes pH 8.0, 75 mM KCI, 1.5 mM MgCl,, 5 mM vanadyl ribonucleoside complexes
(New England Biolabs), and 1 tablet Complete Mini protease inhibitor mix (Roche)
per 10 ml buffer volume) per gram of yeast cells. Lysing of cells was accomplished
by grinding in liquid nitrogen. 1 ml Lysis Buffer per gram of yeast cells was added to
the lysates before pre-clearance of the suspension by centrifugation (12 min, 20,000
g)- Enp1 containing pre-ribosomal complexes were purified for 2 h with 150 pl of IgG
sepharose in a single step pulldown. Beads were washed 6 times in 5 ml of Washing
Buffer (20 mM Hepes pH 8.0, 75 mM KCI, 1.5 mM MgCl,, 5 mM, 0.2 mM EDTA
pH 8.0). Copurified pre-rRNA was eluted from the IgG sepharose beads with hot
phenol chloroform extraction (2.1.2) according to Rio et al. (2011) and subsequently
analysed by Northern blotting (2.1.4) using methylene blue staining (Sambrook and
Russell, 2001) for visualisation of mature rRNA. Various low abundant pre-rRNA
intermediates were detected by Northern blotting (2.1.4) using a radioactively 5’-
terminal labelled hybridisation probe complementary to the 5’-end of ITS1 (Table 2).
The protein composition of the purified pre-ribosomal complexes was analysed by
SDS gel electrophoresis (2.1.3) followed by Western blotting (2.1.4) using anti-HA
(Rok1; Sigma-Aldrich), anti- PAP (Enp1; Sigma-Aldrich), and anti-GAPDH (Abcam)
antibodies.

2.6 In vivo structure probing of pre-rRNA

The dimethyl sulphate (DMS) in vivo structure probing was performed as previously
described by Swiatkowska et al. (2012). In short, 1-2 | YMB870 (Table 3) yeast
culture expressing C-terminal HTP tagged Enp1 but depleted of Rok1 was pelleted
and resuspended in 25 ml of YPD medium. Chemical modification of RNA was
performed at 30 °C for 4 min by addition of 1% (v/v). DMS the reaction was
quenched by addition of 11 ml of 2 M B-mercaptoethanol and 12.5 ml 100%

isoamylalcohol. A second quenching step was performed with 20 ml of 0.7 M
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B-mercaptoethanol followed by washing with 20 ml of ice cold water. The purification
of pre-ribosomal complexes and extraction of pre-RNA intermediates was performed
as described above (2.5). DMS induced modifications in the RNA were detected by
primer extension using a radioactively 5-terminal labelled  primer
(5-CGTCCTTGGCAAATGC-3’), complementary to nucleotides 942-957 of the 18S
rRNA and Superscript lll reverse transcriptase (Invitrogen). The labelling reaction of
the oligonucleotide primer (5 uM) was performed using, 50 uCi of [y->?P] ATP and
T4 polynucleotide kinase (Thermo Scientific) in a total reaction volume of 40 ul. The
labelled primer was separated from free [y->2P] ATP by gel filtration in a micro
centrifuge (1,000 g, 4 min, room temperature), using mini Quick Spin DNA Columns
(Roche). 0.125 uM of the radiolabelled oligonucleotide primer was annealed to 1 ug
of template pre-RNA in a total volume of 10 ul by a stepwise reduction of the
incubation temperature (5 min 65 °C, 10 min 37 °C and 10 min 4 °C). The reverse
transcription reaction mix contained 10 pl Annealing Mix, 1 pl RNasin (Promega),
100 U Superscript Il (Invitrogen), 1x Superscript Ill reaction buffer, 0.5 mM
deoxynucleoside triphophates (dNTPs), 5 mM dithiothreitol (DTT). The cDNA
obtained by the primer extension reaction was precipitated by phenol-chloroform
extraction (2.1.2) and resolved on a 10% (v/v) denaturing polyacrylamide,
sequencing gel (2.1.3). DMS induced stops were visualised using a phosphorimager.
A sequencing ladder was produced with the Sequenase Version 2.0 DNA
sequencing kit (Affymetrix) using a plasmid-encoded copy of the RDN37 locus
(pPAV162; Table 1) as template and the radiolabelled oligonucleotide primer used for

the primer extension reaction.

2.7 gPCR based analysis of shoRNA levels in pre-ribosomal complexes

The analysis of snoRNA levels bound to pre-ribosomal particles was performed with
Prp43 depletion strain YMB458, carrying a tetracycline repressible promoter in front
of the Prp43 gene locus. The YMB279 strain, which only contains the tetracycline
repressor gene of the TetO; system, served as control (Table 3). The experimental
procedure was previously described in Bohnsack et al. (2008). Briefly, cells were
depleted of Prp43 protein for 6 hours, harvested by centrifugation. The pellet was
resuspendet in 1 ml Lysis Buffer (50 mM Tris/HCI pH 7.5, 100 mM NaCl, 5 mM
MgCl;, 1 mM DTT, 5 mM vanadyl ribonucleoside complexes (VRC; New England
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Biolabs), and 1 tablet Complete Mini protease inhibitor mix (Roche) per 10 ml buffer
volume) per gram yeast cells and lysed by grinding in liquid nitrogen (Kos and
Tollervey, 2005). The cell powder was thawed, 1 ml Lysis Buffer per gram of cell
pellet was added and the lysate was pre-cleared by centrifugation (20,000 g 12 min,
4 °C). The supernatant was loaded on top of a 12 ml sucrose gradient (10-45% (w/v)
sucrose, 50 mM Tris/HCI pH 7.5, 100 mM NaCl, 5 mM MgCl,, 1 mM DTT) and
centrifuged (23,500 rpm, 16 h, 4 °C) in a TST41.14 rotor (Sorvall). The gradients
were produced using a Gradient Master apparatus (Biocomp). Gradients were
fractionated into 530 ul aliquots and RNA was extracted as described in chapter
2.1.2. Fractions containing free and ribosome bound RNA were pooled, and
polyadenylated for 2 h at 37 °C (Figure 6). The reaction mixture contained 5-10 ug
total RNA, 8 U poly(A) polymerase (Life Technologies), 2.5 mM MnCl, and 5 mM
(free pool) or 2.5 mM (ribosome-bound pool) ATP (Roche). Small polyadenylated
RNAs were purified using the MirVana miRNA isolation kit (Life Technologies)

according to manufacturers instructions. The purified RNA was eluted in 40 pl water

snoRNA

l polyadenylation

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

l reverse transcription

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
NVTTTTTTTTTTTTTTTTTTTTTTTTT

adapter for PCR

RNase H / A digest

\4

NVTTTTTTTTTTTTTTTTTTTTTTTTT

gqPCR

snoRNA specific forward primer \

e A AAAAAAAAAAAAAAAAAAAAAAAA
NVTTTTTTTTTTTTTTTTTTTTTTTTT —

general reverse primer

Figure 6: Preparation of RNA for determination of shoRNA levels by qPCR. The scheme was
adapted from (Bohnsack et al., 2008). SnoRNAs shown as black bars were polyadenylated and
reverse transcribed using an oligo(dT) adapter (Table 5) coloured in green. The RNA was digested
with RNase H and RNase A and levels of snoRNAs were determined by qPCR using a snoRNA
specific forward primer (orange) and a general reverse primer (dark green), complementary to the
oligo(dT) adapter sequence.
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and subsequently reverse transcribed, using a standard anchored oligo(dT) linker
(Table 5). The Annealing Mix contained 12.5 ug (free pool) or 7.5 ug (ribosome
bound-pool) of the linker and the 40 ul of the polyadenylated and purified RNA
samples. The annealing was performed by incubation for 10 min at 65 °C followed by
5 min on ice. The reverse transcription reaction was performed for 1 h at 50 °C and
contained the Annealing Mix, 2.5 yl RNasin (Promega), 1000 U Superscript Il
reverse transcriptase (Invitrogen), 1x Superscript Ill reaction buffer, 1 mM
deoxynucleoside triphophates (ANTPs) 5 mM dithiothreitol (DTT) in a total volume of
100 pl. The reaction was terminated by incubation at 70 °C for 15 min. The RNA was
digested at 37 °C for 2 h with 25 U RNase H (New England Biolabs) and 10 U
RNase A. The reaction was stopped by incubation at 65 °C for 20 min. The cDNA
was purified using the QIAquick PCR purification kit (Qiagen), according to
manufacturers instructions and total cDNA concentration of the samples processed in
parallel was adapted. Relative levels of all 75 snoRNAs from S. cerevisiae were
determined using quantitative polymerase chain reaction (QPCR) performed with the
Mx3000P gPCR system (Agilent Technologies; Waldbronn, GER), a universal
reverse primer and snoRNA specific forward primers (Table 5). Data were analysed
using the ddCt-method as described by Bohnsack et al. (2008), and python (version
2.7) scripts. In short, individual snoRNA cycle threshold (Ct) values of both pools
were normalised to the median of all 75 measured snoRNA Ct values and to the Ct
value of undepleted wild type sample (YMB279) processed in parallel. For data
presentation the ratio of ribosome bound to free snoRNA was calculated and plotted.
Effects of Prp43 depletion on the total cellular levels of selected snoRNAs were
tested by PAA gel electrophoresis followed by Northern blotting (2.1.4), using probes

complementary to specific snoRNAs (Table 2).
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Table 5: qPCR primer

Target

Sequence (5-3’)

RTQ primer

General reverse primer
u18
u24
snR3
snR4
snR5
snR8
snR9
snR102
snR112
snR13
snR161
snR17ab
snR30
snR31
snR32
snR33
snR34
snR35
snR36
snR37
snR382
snR39b
snR39
snR401
snR412
snR42
snR43
snR44
snR45
snR46
snR471
snR482
snR492
snR50

CGAATTCTAGAGCTCGAGGCAGGCGACATGGCTGGCTAGTTAA
GCTTGGTACCGAGCTCGGATCCACTAGTCCTTTTTTTTTTTTTTTT
TTTTTTTTTVN

CGAATTCTAGAGCTCGAGGCAGG
TGACAAAAGAGATGTGGTTGAC
GAGACATACCAATTATCACCAAG
GTTTTGATTAGCTGAATGAGAC
CCTTTATAGCGGTGCTTTAAC
ATTGGTTCGCTCTAGGTGTAC
ATCGGTACTGCGCGAGTGAG
ACCTATCATTAGTCCTTCAGAC
TCTGTCGTCTGTTTTTTAGCAG
AAGAAAGTGAGTGGATCTTCCC
GTGTGGAAAAACTCAAGCTAC
TCAGGCTGTATTTCATAACACTAC
GGTACAAATGGCAGTCTGAC
CATTTGGGTAAAACCATACTG
TAAACACCTGATACAGTTGGTC
GAAATGAGATATTGGGAATCAG
AATTGATATAGAAGTGTGTGGAC
TGTCTCAAACGAGGCGATAG
CAAGGGCTGGTAGGACAGAC
GCTATTTTTATCTCACGGTATC
CCTAAGCGACTCTTCTTCATG
CTGAATGGGTAATAATAGGTAACC
ATGTTGTCAACTTAAATTACACC
GCTGTCGTAACTTATCACCATC
AAGTTTCAGCCTTGTATGAG
CCTTTTTCGTTAAGTTTCAG
GTTAAGCGACCCATGAAATG
AATCTCTGGGTTGTTTAGATG
TCCATTACCGTTTACTTTTCC
GCAACCCATTGATCTTGTTAC
ATAAAGTTGTGCTATTTCCATG
ACAATAGCTTTTTAACACTG
ATGTTAGGATGTGAAGTTTAAGTAC
AAGATTTATCTCTTTTGTCCATC
CTTTACAGAACCGCTACACTG

34



Material and methods

snR512
snR52
snR53
snR54
snR55
snR562
snR57
snR58
snR593
snR60
snR61
snR62
snR632
snR64
snR65
snR66
snR67
snR682
snR69
snR70
snR71
snR72
snR73
snR74
snR75
snR76
snR77
snR78
snR791
snR80
snR81
snR82
snR83
snR84
snR85
snR86
snR87
snR1891
snR1902
snR191

TAGATTGGTCTCTTTAACGAAGG
GACATTAGCGTGAACAATCTC
TGATTAAAATTGTTGTTTACGC
CGATCTTGTAGAGAACTTTTACTC
CACAATCGTCTTTTTTTTATCC
ACACAGACCTGTACTGAACTTTTC
ATTTTTCTGAGGAAGTATATGC
CTCCTATGGAAGAGAAACTC
AATCACCATCTTTCGGCTGAC
CAACTGATTGAACATACTATCG
AAGATAACCAATTTTACCAAAG
ATGGAAGATATACGACTATCAAC
GAGTCTTTTAATGTGATGAGTGG
TAAAGCCCAGTTTTTAGTAGAG
AACTTTATGATTACAGTGTTTTC
GAGATTGCTTTTTTATTACTGAC
GATTTTACAAACAACAAACACTG
CGAGGAAATTGACTCTTAACAG
AAAGGGAGAAGATTTTTTTGTC
TGATTGGTCACAAGACATCTG
ATTTCCTATCCAACATTCATC
GAGAACATCAATGAAGAAAACG
TGTGACAGGGCGTGGTACTG
GAAACAAATTACTCAAATAGACAAG
AACTATTAAAATTACCATTCATGC
TCCTTTCAAATGAGTGACAATG
GAGTATATGTTGATACGTTTTTGC
AGTTTCTGAATCTTTTGTGATTAG
CAAGACTACAACGGTATCTG
GGTTATATTAGTCCATTTCATAGC
ACGCTTTTTCACATCTTCTTG
TATAGTTTGATAGTAGATGGGCG
CCCGATTTGTATTTTATTTTTC
AGGAACATGACTCAAAGAGACAC
TACCATATAGAGGTGTCAAGTACAC
AGAATGTAGTTTCATACCCG
TGTTCTATATGGGTGATTAGCG
ACTTTCAAGTACTTCACACG
GAAAAGATGTTGCTTCTGTGAC
TATGTTCGTAGTAAAGATCCTCAC
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2.8 Nob1 in vitro cleavage assay

In vitro endonuclease assays were performed as previously described by Pertschy et
al. (2009). RNA substrates were transcribed in vitro using T7 RNA polymerase
(Thermo Scientific) and linearised plasmid DNA as a template (Table 1). The reaction
mixture contained 100 U T7 RNA polymerase (Thermo Scientific), 1x T7 RNA
polymerase reaction buffer, 5 pg of linearised plasmid DNA (EcoRlI), 0.5 mM of each
ribonucleoside triphosphate (Roche), 40 U RNase inhibitor (Thermo Scientific), 5 mM
dithioereithol (DTT) and 2 mg/ml bovine serum albumin (BSA) in a total volume of
50 yl. The reaction was performed for 2 h at 37 °C and terminated by phenol-
chloroform extraction (2.1.2). The transcripts were radiolabelled either internally by
addition of 25 uCi [a-*P] GTP nucleotides during transcription or at the 5’-end using
25 uCi of [y->P] ATP and T4 polynucleotide kinase (Thermo Scientific) according to

manufacturers instructions.

The cleavage reaction was performed with PhNob1 and AtNob1 protein. Both were
purified as described in Veith et al. (2012a) and Missbach et al. (2013) in the group of
Enrico Schleiff (Goethe University, Frankfurt am Main). The cleavage reaction was
performed for 1 h at 30 °C in a total volume of 10 ul containing 0.5 pl of substrate
RNA and Reaction Buffer (25 mM Tris/HCI pH 7.6, 75 mM NaCl, 5 mM MnCl,, 8 U
RNAsin (Thermo Scientific), 2 mM DTT, 4.5% (v/v) glycerol, 100 pg/ml BSA (Thermo
Scientific), 0.05% (v/v) Nonidet P-40, 3.5 uM E. coli tRNA) The Nob1 proteins were
used in concentrations as specified (Figure 27; Figure 28; Figure 29; Figure 30). The
reaction was terminated for 30 min at 37 °C with proteinase K solution (100 pg
proteinase K, 50 mM Tris/HCI pH 7.5, 0.1% (w/v) SDS). The RNA was extracted
using phenol-chloroform extraction (2.1.2). The RNA pellets were dissolved in 4 ul
water and 6 pyl Formamide Loading Buffer (2.1.3) and resolved on a 8% (v/v)
denaturing polyacrylamide, sequencing gel and visualised using a phosphorimager.
The ends of cleavage products were determined by comparison to a sequencing
ladder, which was produced with the T7 sequencing kit (Affymetrix) according to
manufacturers instructions. The sequencing reaction was performed with the
plasmid-encoded template DNA (Table 1) that was used for in vitro transcription, and
an oligonucleotide complementary to the T7 promoter (5-CTATAGGGAGA
CAAGCTTAAGTC-3). E. coli cell lysates applied for degradation controls were
prepared as, described in Veith et al. (2012a).
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3 Results

3.1 Functional analysis of ribosome biogenesis cofactors by in vivo UV

crosslinking

In S. cerevisiae 19 RNA helicases are involved in the maturation of the ribosomal
subunits. Preliminary studies have allowed a basic functional classification of most of
these helicases by analysis of pre-rRNA processing defects induced upon their
deletion or depletion (reviewed in Martin et al., 2013; Rodriguez-Galan et al., 2013).
This has led to the identification of several RNA helicases that function during the
maturation of the LSU, others that participate in biogenesis of the SSU and two that
are implicated in both pathways. However, the target sites on the rRNA are still
elusive for most RNA helicases involved in ribosome biogenesis and a detailed
functional characterisation of these proteins was therefore hardly feasible. To
address this and gain a more detailed understanding of RNA helicase functions in the
maturation of ribosomal particles, the DEAD box RNA helicase Rok1, which is
involved in the early steps of SSU maturation and the DEAH box RNA helicase
Prp43, which participates in maturation of both subunits, were subjected to the
recently developed CRAC (Crosslinking and analysis of cDNA) analysis (Bohnsack et
al., 2012). This method is based on UV induced crosslinking, subsequent purification
of the protein-RNA-complexes under denaturing conditions, followed by reverse
transcription of the associated RNA fragments and analysis of the cDNA-library by

lllumina deep sequencing (2.3).

3.2 Crosslinking experiments of Rok1 reveal high affinity for rRNA

An essential prerequisite for the identification of protein crosslinking sites on RNAs
by CRAC is the fusion of a His6-TEV-Protein A-tag (HTP-tag) to the coding sequence
of the protein of interest (2.3.1). The gene sequence of the Rok1 RNA helicase was
cloned into a derivative of the pRS415 vector also encoding a C-terminal HTP-tag.
The plasmid was transformed into yeast strains, in which expression of the
endogenous Rok1 protein is controllable by a tetracycline repressible promoter.
Depletion of endogenous Rok1 and the constitutive expression of plasmid derived
Rok1 results in the presence of predominantly HTP-tagged Rok1 protein within the

cells. It is important to note that the HTP-tag did not interfere with the essential Rok1
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function since the plasmid encoded Rok1 copy was able to rescue the phenotype of
the endogenous Rok1 depletion in a growth assay (Figure 7). In contrast, empty
plasmid was not able to complement the loss of Rok1 and resulted in a significantly

decreased growth rate of the culture after approximately 10 h.
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empty plasmid (pRS415) after
depletion of Rok1 by a
tetracycline repressible
promoter and compared to the
growth rate of wild type cultures.
The growth rate was monitored
by optical density measurement
20 25 30 of liquid cultures.
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Crosslinking by UV irradiation was performed after depletion of endogenous Rok1
initially on pelleted living cells in vivo for 5 min (2.3.2). To isolate Rok1 containing
complexes a pulldown on IgG sepharose was performed (2.3.3). Proteolytic cleavage
at the TEV site within the tag enabled the elution of the complexes from the IgG
sepharose and allowed a subsequent purification step on a Nickel-NTA matrix. This
procedure was performed under denaturing conditions, which ensured that only RNA
covalently linked to the bait protein was copurified. RNase trimming of the copurified
RNA and ligation of 5’- and 3’-adapters allowed the construction of a cDNA library
that was sent for lllumina deep sequencing. Prior to alignment of the obtained
sequence reads on the yeast genome the linker sequences were removed in silico.
The bioinformatic data processing (2.3.4) was performed in collaboration with the
group of Prof. Dr. Enrico Schleiff (Simm, 2013). Mapping of aligned sequence reads
on the annotated yeast genome allowed the classification of the crosslinked RNAs
into functional groups. The percentage of Rok1 crosslinks to individual transcripts,
normalised on the number of total mapped reads, is presented in Figure 8 and
Table 6. The crosslinking profile observed for Rok1 to total cellular RNA differed
significantly in the portion of copurified RNA sequences when compared to the in vivo

control sample. In particular, and consistent with the known role of Rok1 in
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intergenic Table 6: Genome wide mapping of Rok1
15.5% sequencing reads. Upper panel: Mapping
statistics for Rok1-C-HTP and control sample.
Lower Panel: Counts of crosslinking hits
shown for individual transcript classes of both

35S rRNA
75.3%

gerles samples were normalised to the total number

6.8% of mapped reads (per million).

other Protei Rok1 vi (o] i

24% rotein (o] Vvivo ont vivo
mapped reads 27,477,553 4,106,088
discarded reads 6,635,141 2,761,161
unique mapped reads 19,634,843 1,082,670
Features Hits per million
35S rRNA 754,162 448,956
Intergenic 155,484 296,175

Figure 8: Rok1 crosslinks predominantly to Genes 67,692 218,662

ribosomal RNA. Cells expressin lasmid tRNA 14,578 26,232
P g b 5S rRNA 3.962 1,882

encoded C-HTP-tagged Rok1 were depleted of SARNA

; A 1,648 3,109

endogenous Ro_k1 and .UV crosslinked in vivo. snoRNA (H/ACA) 1,633 3.109
RNA  copurifying with  Rok1  containing snoRNA (C/D) 756 742
complexes, was trimmed and ligation of linkers Rep origin 460 492
enabled the construction of a cDNA library, which ERP RtNA , 350 1,132
was analysed by lllumina deep sequencing. LTegea reglon 23? 922
Obtair_me_d reads were mapped_ on the .S. RNase P RNA 71 339
cerevisiae genome and grouped into transcript Misc feature 42 112
classes. Relative distribution of Rok1 crosslinking RNase MRP RNA 35 54
hits for the three most abundant genome feature Telomerase RNA 20 143
ncRNA 20 354

categories (> 5%) are shown.

ribosome biogenesis (Venema et al., 1997), the number of sequences mapping to

the 35S transcript was significantly increased.

3.3 Rok1 interacts with the 18S rRNA sequence

To identify the precise Rok1 crosslinking locations within pre-rRNA, the number of
crosslinked sequence reads was determined for each individual nucleotide and
normalised to the overall amount of mapped reads in the experiment. The resulting
hit number was plotted on the linear sequence of the rDNA locus RDN37
(Figure 9 A). Peaks represent clusters of reads and indicate potential Rok1 binding
sites. Peaks also present in control samples (Figure S) were disregarded. The most
prominent crosslinking sites of Rok1 were found between positions 800 and 1600 of
the 35S transcript (Figure 9 A, inset) in the 18S rRNA sequence. To validate the
Rok1 specific peaks on 35S rRNA, two additional experiments using a strain carrying
an N-terminal HTP-tagged Rok1 copy were performed. In addition to the described in
vivo crosslinking approach, this strain was also subjected to in culturo CRAC analysis

(2.3.2). This technique has the advantage of allowing the application of UV light to
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Figure 9: Rok1 crosslinks mainly to the 18S rRNA sequence. Sequence reads obtained by
crosslinking of (A) in vivo Rok1-C-HTP, (B) in vivo Rok1-N-HTP and (C) in culturo Rok1-N-HTP were
mapped on the linear RDN37 sequence encoding the 35S pre-rRNA. The number of hits was
normalised to total mapped reads per million for each nucleotide. Relative positions of the mature 18S,
5.8S and 25S rRNA sequences are indicated below the graphs. Magnifications of the major Rok1
crosslinking sites are provided and their relative positions on the 18S rRNA sequence are indicated
(H: helix; ES: expansion segment). The lower panels of the zoom show the position of mutations
resulting from errors during reverse transcription and indicate direct crosslinks between nucleotides
and amino acids. Peaks also present in the corresponding control experiments (Figure S) are labelled

with asterisks.
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actively growing yeast cultures rather than pelleted yeast cells. Mapping of the
obtained sequence reads on the 35S rRNA locus revealed a nearly identical
crosslinking pattern for all three independent experiments (Figure 9 A-C). This
suggests that neither the position of the HTP-tag nor the method of UV irradiation
significantly influences the crosslinking pattern of Rok1 on pre-rRNA. The analysis of
reads obtained by CRAC also enables the detection of single nucleotide substitutions
or deletions within the aligned sequences. These mutations arise during reverse
transcription and are caused by UV induced covalent attachment of amino acids to
the crosslinked RNA (Bohnsack et al., 2012). They indicate positions of direct protein
RNA interactions. The accumulation of such mutations at specific sites within the
main crosslinking peaks provide additional support to these as specific Rok1

interaction sites (Figure 9, lower panel of zoom).

The analysis of crosslinking sites on the linear 35S rRNA transcript showed that the
major crosslinking peaks of Rok1 are located within the 18S rRNA sequence. In
order to find potential functional relevance of the crosslinking sites and to visualise
the potential interaction sites in a structural context, hit numbers were assigned to the
mature secondary structure of 18S rRNA. The main crosslinking sites of Rok1 were
located in the central domain of the 18S rRNA sequence within the eukaryotic
expansion segment 6 (ES6) on helix 1 (ES6H1) and helix 3 (ES6H3; Figure 10).
Further putative Rok1 binding sites reside within in the 5’-domain of 18S, where Rok1
crosslinks to sequences of helix 11 (H11), the eukaryotic expansion segment 3 (ES3)
and to helix 9 (H9), which is in the immediate vicinity of ES3. Additionally, weak Rok1

crosslinking in the eukaryotic expansion segment 7 (ES7) was observed.

Although some crosslinking sites of Rok1 are in close proximity, in general, the
potential target sites of the helicase are distributed over the 5’- and central domain of
the secondary rRNA structure. However, the ability of RNA to form unusual basepairs
provides the basis for complex tertiary structures of long RNA molecules (Westhof
and Fritsch, 2000) that may allow the clustering of distant sequences in 3D. Since
structures of pre-40S complexes are not available, the positions of the Rok1
crosslinking sites were mapped on the mature 3D structure of the 40S ribosome
(Ben-Shem et al., 2011). Remarkably, the interaction sites of Rok1 in ES3, ES6, H9
and H11 cluster on one face of the SSU foot region (Figure 11 A). The Rok1

crosslinking site in ES7 is located on the same face but above this main interaction
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Figure 10: The major Rok1 crosslinking site on 18S rRNA is located within ES6. Rok1-C-HTP
crosslinking hits above the threshold of 5% of the highest peak within 35S pre-rRNA were mapped on
a secondary structure model of mature 18S rRNA (Petrov et al., 2013). Rok1 crosslinking sites are
indicated as coloured circles. The fill colour of the circles indicates the relative hit values as colour
gradient from red (100%) to yellow (5%). Blue circles mark positions of mutations that arise from
crosslinking induced reverse transcription errors. Helices of the 18S structure are indicated in blue and
domains (3’M: 3’-major, 3’'m: 3’-minor) are shown in green.
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cluster. Interestingly, ES7 is positioned between the ribosomal proteins Rpl13 and
Rpl14, which have been reported to be required for Rok1 association with pre-40S
complexes (Jakob et al., 2012). In addition, it is noteworthy that folding of the mature
40S structure allows a basepairing interaction of the Rok1 crosslinking sites in
ES6H3 and ES3 (Figure 11 B; Alkemar and Nygard, 2003). Taken together, the
CRAC analysis of Rok1 revealed potential interactions with rRNA in the 18S
sequence. These results are consistent with a role of Rok1 in the process of SSU
maturation. Clustering of the crosslinking sites in 3D suggests that the individual

crosslinking sites might be the result of a single Rok1 binding site in pre-40S

complexes.

ES3/ES6

Figure 11: The Rok1 crosslinking sites cluster on the 3D structure of the mature 40S subunit.
Rok1-C-HTP crosslinking sites were mapped on the 3D structure of the mature 40S ribosomal subunit
(Ben-Shem et al., 2011). (A) Rok1 crosslinking sites are visualised as a colour gradient from red
(100%) to yellow (5%) on the RNA backbone. Locations of Rok1 crosslinking sites are indicated (H:
helix, ES: expansion segment). The surfaces of ribosomal proteins included in the crystal structure are
shown in light grey. Ribosomal proteins Rpl13 and Rpl14 are shown in purple. (B) Magnified view of
the Rok1 crosslinking site in ES6 and ES3. The nucleotide bases of the expansion segments are
indicated as coloured spheres ES3 (blue) and ES6 (green). The zoom is presented in side
perspective. Rok1 crosslinking sites are presented as in A.
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3.4  Structure probing confirms interaction of Rok1 with ES6H3

In order to validate the most prominent crosslinking site of Rok1 on pre-rRNA, an in
vivo dimethyl sulfate (DMS) structure probing analysis (2.6; Wells et al., 2000) was
performed. Application of DMS on actively growing cells induces the transfer of a
methyl group from the highly reactive DMS predominantly to the N1 of adenine
residues depending on their chemical and steric accessibility within RNA. The
resulting DMS modifications are detectable as stops in primer extension reactions.
The presence or absence of RNA binding proteins can therefore induce changes in

the DMS modification pattern of the RNA sequence.

Since Rok1 crosslinks to sequences that are part of the mature 18S rRNA the
purification of Rok1-containing pre-ribosomal complexes after DMS treatment was
necessary (2.5). Therefore, the SSU maturation factor Enp1, which is present in early
and late pre-ribosomal complexes, was selected for the purification of Rok1
complexes. An initial pulldown experiment with genomically HTP-tagged Enp1 and
subsequent analysis of the sample fractions by Western and Northern blotting was
performed to confirm the presence of Rok1 and pre-rRNAs, such as 35S, 23S and
20S, in the isolated complexes (Figure 12 A and B). Moreover, it was demonstrated
that the elution fractions were substantially depleted of mature rRNA. To detect Rok1
induced alterations in DMS accessibility, chemical probing was performed for
cultures expressing Rok1 or depleted of the protein. Rok1 depletion was achieved by
addition of tetracycline and resulted in the presence of multiple DMS induced primer
extension stops in ES6H3 of Enp1 associated pre-18S rRNA (Figure 12 C). In
contrast, presence of Rok1 resulted in a significant decrease in the signal for
residues A818, G823, A829 and U832. These four nucleotides are located directly
within the centre of the Rok1 crosslinking site. However, residues A803, A809, A811
and A850, which are outside of the main crosslinking site in ES6H3 remained
unaffected. Therefore, the structure probing approach confirmed the interaction of
Rok1 and ES6H3 identified by CRAC analysis as a bona fide Rok1 binding site.
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Figure 12: DMS structure probing confirms the Rok1 interaction with ES6H3. Extracts of cells
that express HA-tagged Rok1 under the control of a tetracycline repressible promoter and genomically
HTP-tagged Enp1 for complex purification, were subjected to co-immunoprecipitation on IgG
sepharose. (A) Proteins in the eluates were analysed by Western blotting. Antibodies for detection of
the HA-tag (Rok1), HTP-tag (Enp1) and endogenous GAPDH were used. (B) RNA in the eluate was
extracted and analysed by Northern blotting. Pre-rRNAs (35S, 32S, 23S and 20S) were detected with
a probe complementary to the 5-end of ITS1 and visualised with a phosphorimager. The mature
rRNAs (18S and 25S) were detected by methylene blue staining. (C) Cells expressing or depleted of
Rok1 were treated with DMS in vivo. RNA that copurifies with HTP-tagged Enp1 was extracted and
subjected to primer extension analysis using an oligonucleotide annealed downstream of ES6H3. The
reaction products were separated using denaturing polyacrylamide gel electrophoresis and the
transcription stops caused by DMS modifications were monitored with a phosphorimager. The
indicated nucleotide positions of DMS modifications were determined by comparison to a sequencing
ladder shown on the right. Bold numbers depict residues with changed DMS reactivity upon Rok1
depletion. The position of the Rok1 crosslinking site is indicated on the left.

3.5 Rok1 interacts with snR30 and its basepairing sites on pre-rRNA

The RNA helicase Rok1 was previously shown to be required for the release of the
H/ACA snoRNA snR30 from pre-ribosomal complexes (Bohnsack et al., 2008).
SnR30 is essential for early processing events of pre-rRNA (Bally et al., 1988) and
harbours two conserved motifs (m1 and m2), which were shown to establish
basepairing contacts with nucleotides in ES6 of the 18S rRNA sequence (Fayet-
Lebaron et al., 2009). The corresponding sequences of the rRNA were accordingly
named rm1 and rm2. Interestingly, rm2 is located within ES6H3 and lies within the
Rok1 binding site identified by the CRAC analysis. The function of Rok1 in snR30

release from pre-ribosomal complexes (Bohnsack et al., 2008) provides additional,
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independent evidence for the binding of the helicase to ES6H3. This could suggest a
direct role of Rok1 in regulating snR30 basepairing to sequences of ES6 in pre-18S
rRNA.

The release of snR30 by Rok1 would require a direct interaction of the helicase with
the snoRNA-rRNA duplex. To analyse this further, crosslinking of Rok1 to the
snoRNAs involved in maturation of the 40S subunit was analysed (Figure 13 A). As
expected, snR30 was highly enriched in all three CRAC experiments. The sequence
read distribution on the linear snR30 transcript showed that Rok1 crosslinking signals
are distributed over the total length of the snoRNA but accumulate in the 3’-region of
the snoRNA (Figure 13 B). The peaks were validated by the occurrence of mutations
that arise from nucleotide-amino acid crosslinking events that cause errors during
reverse transcription (Figure 13 B, lower panel). Mapping of the crosslinking sites
onto the secondary structure of an snR30-ES6 basepairing model (Fayet-Lebaron et
al., 2009) revealed that Rok1 crosslinks predominantly to a structurally important
internal hairpin and also to the 3’-hairpin of snR30 (Figure 13 C). Interestingly, the 3’-
hairpin has been shown to be essential for snR30 function in rRNA processing and
harbours the conserved motifs m1 and m2 (Atzorn et al., 2004). Rok1 crosslinks
significantly to the m2 motif, which basepairs with the rm2 motif in ES6H3, another
Rok1 binding site. These crosslinking data suggest a direct interaction of Rok1 with
both the snoRNA and pre-rRNA sequences involved in this basepairing interaction
and therefore strongly support a model of direct duplex unwinding by the helicase
(Bohnsack et al., 2008). Dissociation of snR30 from ES6H3 frees rm2 and might
thereby allow the basepairing of this sequence with ES3, an interaction found in the
mature ribosome (Figure 11 B; Alkemar and Nygard, 2003). Possibly, Rok1 is
involved in the establishment of this interaction since the helicase crosslinks also to

the critical residues for basepair formation in ES3 (Figure 10; Figure 11).

Taken together, the identified crosslinking sites of Rok1 on pre-rRNA and snR30
suggest a simultaneous interaction of the helicase with both substrate RNAs and
support a model of Rok1 dependent snR30 release from pre-ribosomal complexes by
local strand unwinding. In addition, crosslinking of Rok1 to ES3, which basepairs with
ES6H3 in mature ribosomes, could suggest that Rok1 might regulate structural

remodelling events during ribosome biogenesis.
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Figure 13: Rok1 crosslinks to snR30 within pre-ribosomal complexes. (A) Total Rok1 reads that
map to the individual snoRNAs involved in maturation and modification of the 40S subunit were
normalised to the overall amount of snoRNA hits and are presented as colour map. Reference colours
for the percentage values are provided as colour bar at the bottom. SnoRNAs were sorted according
to their classification (box C/D and box H/ACA) as indicated on the right. (B) Number of Rok1
crosslinking hits on the linear genomic snR30 sequence, normalised to total mapped reads per million,
is shown. Asterisks mark peaks that were also present in control samples. The position of mutations
are presented in the lower panel. The relative positions of the mature snR30 sequence and the
location of conserved motifs (Box H, Box ACA, m1 and m2) are indicated by the bar at the bottom. (C)
Secondary structure model illustrating the potential snR30-ES6 interaction (Fayet-Lebaron et al.,
2009). The Rok1 crosslinking sites on both RNAs are shown in grey. Nucleotides of the 18S rRNA
sequences are highlighted as bold letters and the residues, which form basepairing interactions, are
boxed. Nucleotide positions and conserved motifs of snR30 are indicated.
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3.6 Identification of additional snR30 basepairing sites on 18S rRNA

Recent studies using newly developed experimental and computational methods
have revealed that the number of basepairing interactions between snoRNA and pre-
rRNA is much higher than previously expected (Kudla et al., 2011). Apart from the 3'-
hairpin of snR30 a prominent crosslinking peak for Rok1 was found within the internal
hairpin of the snoRNA (Figure 13 B). The internal hairpin seems to be structurally
important but a specific function for this part of snR30 has not been described so far
(Atzorn et al., 2004). However, the strong crosslinking signal of Rok1 at this position
raised the possibility that the 5’-hairpin might include additional sequences that can

basepair with pre-rRNA.

To test this idea, two independent approaches were used. First, a computational
prediction of potential sSnoORNA-rRNA interactions between snR30 and 18S rRNA was
performed. The sequences of the 18S rRNA and snR30 were split into short
overlapping fragments and screened for duplex formation using the RNAduplex
algorithm from the Vienna RNA Package (Lorenz et al., 2011). The computed Gibbs
energy (AG), which is a measure for the basepairing stability, was used to identify
sequences that form highly stable basepairs (2.4). This sensitive and unbiased
approach was complemented by a search for chimeric sequence reads within the
experimentally curated Rok1 crosslinking data. For this, the recently published
CLASH (Crosslinking, Ligation And Sequencing of Hybrids) analysis was used (Kudla
et al.,, 2011). Such chimeric reads are thought to arise from ligation of two short
sequence fragments that copurify with the bait protein and thus form hetero-
concatemers or by strand switching of the reverse transcriptase during cDNA
synthesis of crosslinked RNA duplexes (Houseley and Tollervey, 2010). The RNA
hybrids identified in the CLASH analysis provide strong experimental evidence for
snoRNA-rRNA interactions within the binding sites of Rok1 but do not necessarily
include the sequences that mediate basepairing. To locate novel basepairing sites of
snR30 on 18S-rRNA, the experimentally obtained CLASH data were compared to the
predicted interactions, which provide likely basepairing locations of the two RNA
molecules. Colocalisation analysis was performed considering the sequence position
of interacting sequences within both RNA molecules. Relative positions of predicted
basepairing sites and hybrid fragments found in the CLASH analysis were correlated,

graphically overlaid and are shown as scatterplot (Figure 14 A). This revealed three
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interaction clusters (C1-3) that represent overlaps of hybrids and predictions. The
identification of two CLASH hybrids (C1), which are located in close proximity to the
known snR30-18S basepairing site in ES6H3, confirmed the effective detection of
basepairing sites by the CLASH analysis (Figure 14 B). It should be noted that
computational prediction of this known basepairing site was not possible since it is
mediated cooperatively by the short m1-rm1 and m2-rm2 duplexes (Fayet-Lebaron et

al., 2009), whose stability is below the threshold set in the analysis.

Besides, validation of the known snR30 basepairing site in ES6H3 (C1), two
additional putative interaction sites were identified (C2 and C3), both composed of
overlapping hybrids and predictions. The potential interactions found in C2 suggest
basepairing of ES6H1 to nucleotides at the base of the snR30 5’-hairpin structure
and near the conserved box H of the snoRNA (Figure 13 B and C; Figure 14 B).
Additionally, both duplex prediction and CLASH analysis identified a highly stable
interaction of the main Rok1 crosslinking site on snR30 within the internal hairpin, to
ES7 of the 18S rRNA sequence (C3). A basepairing interaction of snR30 and
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Figure 14: Rok1 crosslinking sites include new pre-rRNA basepairing sites of the snR30
snoRNA. (A) Predicted basepairing sites (light blue) and chimeric reads obtained by CLASH analysis
(dark blue) between snR30 (vertical) and 18S (horizontal) were correlated according to their positions
on the linear RNA sequences. Overlapping positions of the two datasets on both molecules are
highlighted in red. Boxes mark clustering of interactions (C1-C3). The distribution of Rok1 crosslinking
reads on both sequences is indicated (grey) according to Figure 9 and Figure 13 B. (B) Potential
interaction sites from predictions and identified hybrids were mapped on the secondary structure
model of mature 18S rRNA. Colouring and interaction clusters (C1-3) are indicated as in A.
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ES7 mediated by sequences of the internal hairpin, might explain the strong

crosslinking signal of Rok1 in this region of the snoRNA.

In summary, the application of advanced computational tools such as duplex
prediction and search for sequence hybrids within experimentally curated data
verified the known snR30 binding site in ES6H3 on the 18S rRNA sequence and
identified potential new interactions between the snoRNA and ES6H1 as well as ES7
of the 18S rRNA sequence.

3.7 Identification of basepairing sites for snoRNAs involved in pre-rRNA

processing

In addition to snR30, the box H/ACA snoRNA snR10 and the box C/D snoRNAs U3
and U14 participate in early pre-rRNA processing events (Tollervey and Guthrie,

1985) and were significantly crosslinked by Rok1 (Figure 13 A).

In contrast to single modification events, the function of these snoRNAs in pre-rRNA
processing requires the formation of various long-range interactions with pre-rRNA
(Beltrame and Tollervey, 1992; Beltrame and Tollervey, 1995; Dutca et al., 2011;
Kudla et al.,, 2011; Liang et al., 2010; Morrissey and Tollervey, 1993). These
snoRNA-rRNA contacts are mostly quite short, impeding their identification by
computational prediction analysis. Rok1 crosslinks to these snoRNAs but its
crosslinking sites on pre-rRNA do not significantly overlap with known basepairing
sites of these snoRNAs. This suggests that the processing snoRNAs may form
additional interactions with pre-rRNA that are located in close proximity to the Rok1
crosslinking sites. To test this hypothesis, a search for chimeric reads within the

Rok1 crosslinking data was performed by CLASH analysis.

The H/ACA snoRNA snR10 was shown to guide pseudouridine formation within the
25S rRNA sequence (Ganot et al., 1997a) and loss of the snoRNA causes
processing defects (Tollervey and Guthrie, 1985). Additionally, snR10 was found to
interact with sequences of the 5-ETS in pre-rRNA. This basepairing is mediated by a
short sequence element (7-nucleotide processing element) in the 5-part of the
snoRNA (Liang et al., 2010). In line with previously known genetic interactions
(Venema et al., 1997), a recent report proposed an additional interaction site of
snR10 within the 5- and central domains of the 18S rRNA (Lebaron et al., 2013),

which harbour several Rok1 crosslinking sites. Analysis of hit distribution along the
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linear snR10 sequence revealed extensive Rok1 crosslinking to the 3’-part of the
snoRNA, which includes the conserved box ACA motif (Figure 15 A). This finding is
supported by the accumulation of mutations within the sequences mapping to the 3'-
part of the snoRNA (Figure 15 A, lower panel). Moreover, a crosslinking site, which is
located in the 5-part of snR10 and overlaps with the 7-nucleotide processing
element, was detected. CLASH analysis of snR10 revealed local accumulations of
chimeric reads after correlation of the sequence positions on both interacting RNA
molecules (Figure 15 A). Mapping the sequence position of the chimeric reads on the
secondary structure model of the mature 18S rRNA (Figure 15 B) revealed potential
interactions of the snR10 3’-part and ES6. Additional hybrids consisting of
sequences, which map to the 5-part of snR10 and form potential interactions with

ES6 and accordingly H9, were found.
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Figure 15: SnR10 interacts with 18S rRNA sequences at Rok1 crosslinking sites. (A) Distribution
of mapped reads (upper panel) and mutations arising from reverse transcription stops at Rok1
crosslinking sites (lower panel) over the snR10 locus (horizontal) is shown. Relative position of the
mature snR10 sequence within the genomic locus of the snoRNA and conserved motifs are indicated
as bars at the bottom. The hash indicates the position of the 7-nucleotide processing element. Rok1
crosslinking peaks on the 18S rRNA sequence (vertical) are shown in grey. Chimeric reads containing
sequences of snR10 and 18S rRNA are illustrated as red rectangles and their position on the plot
corresponds to the relative location of the sequence fragments within the respective RNA molecule.
(B) The sequence fragments of the identified hybrid reads were mapped on the 2D structure model of
mature 18S rRNA (red circles; Petrov et al., 2013). Numbers of helices containing sequences
identified by CLASH are specified.
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The box C/D snoRNA U3 performs its essential function in coordinating pre-rRNA
cleavage events through its multiple basepairing sites within the 5’-ETS and the 18S
rRNA sequence (Beltrame and Tollervey, 1992; Beltrame and Tollervey, 1995; Dutca
et al., 2011; Hughes and Ares, 1991). Interestingly, an additional basepairing site of
the snoRNA in ES7 was recently proposed (Kudla et al., 2011). Analysis of hit
distribution and mutations on the linear sequence of U3 showed strong crosslinking
of Rok1 to the 3’-terminal part of the snoRNA, which contains the two conserved
elements box C and box D (Figure 16 A). It is unlikely that the rectangular shaped
peak at the intron-exon border constitutes a Rok1 interaction site since all reads
mapping to this location are short and identical and probably represent a PCR or
mapping artefact (van Dijk et al., 2014). The CLASH analysis of Rok1 crosslinking
data and correlation of the obtained hybrids revealed several chimeric reads
(Figure 16). Hybrids flanking the conserved U3 box D’ motif indicate an interaction
with ES6H3 of the 18S rRNA sequence (Figure 16 A). Chimeric reads, which map to
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Figure 16: U3 interacts with 18S rRNA sequences at Rok1 crosslinking sites. (A) Distribution of
mapped reads (upper panel) and mutations arising from reverse transcription stops at Rok1
crosslinking sites (lower panel) over the U3 locus (horizontal) is shown. The asterisk marks a
crosslinking peak that should be disregarded. Bars at the bottom indicate the position of the mature
U3 sequence within the genomic locus of the snoRNA, the position of the intron and conserved motifs.
Rok1 crosslinking peaks on the 18S sequence (vertical) are shown in grey. Chimeric reads containing
sequences of U3 and 18S rRNA are illustrated as red rectangles and their position on the plot
corresponds to the relative location of the sequence fragments within the respective RNA molecule.
(B) The sequence fragments of the identified hybrid reads were mapped on the 2D structure model of
mature 18S rRNA (red circles; Petrov et al., 2013). Numbers of helices containing sequences
identified by CLASH are specified.
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sequences preceding the conserved box C motif, suggest possible interactions with
ES3 and H9 in the 3’-part of the 18S rRNA sequence. Until recently, basepairing to
pre-rRNA was only shown for the 5-domain of the U3 snoRNA and the 3’-domain
was thought to serve as binding platform for U3 specific proteins (Mereau et al.,
1997; Samarsky and Fournier, 1998). The chimeric reads found here together with
the lately identified potential interaction sites between the U3 3’-domain and ES7 as
well as H28 of pre-18S rRNA (Kudla et al., 2011) suggest that the 3’-domain of U3
also contributes to the anchoring of the snoRNA on pre-rRNA by formation of
additional basepairing interactions. The existence of multiple basepairing and
potential interaction sites in the 3’-domain of the snoRNA suggests that U3 serves as
a scaffold within the pre-ribosomal complexes interlinking the distinct eukaryotic
expansion segments ES3, ES6 and ES7. The formation of a specific structural
environment within the pre-ribosomal complexes might be the key function of U3 and

explains its importance for the processing of pre-rRNA (Dutca et al., 2011).

The box C/D snoRNA U14 is another snoRNA involved in early processing events of
the pre-rRNA. Its essential function in pre-rRNA processing is mediated by a
sequence (domain A) that basepairs with the 5’-region of the 18S rRNA sequence
(Jarmolowski et al., 1990; Liang and Fournier, 1995; Morrissey and Tollervey, 1997).
Additionally, U14 guides a 2’-O-methylation reaction at residue Cm414 in 18S rRNA.
This requires the basepairing of U14 domain B with pre-18S rRNA at the modification
site (Dunbar and Baserga, 1998; Kiss-Laszlo et al., 1996; Trinh-Rohlik and Maxwell,
1988). A detailed analysis of the Rok1 crosslinking pattern on the linear sequence of
U14 revealed an accumulation of sequence reads and mutations at the 3’-end of the
snoRNA, which contains the conserved box D and domain B (Figure 17 A; Liang and
Fournier, 1995; Morrissey and Tollervey, 1997). SnoRNA-rRNA interactions identified
by CLASH analysis were found between the 3’-part of U14 and the 5’-domain of the
18S rRNA sequence (Figure 17 B). In addition to confirming the previously reported
basepairing site of U14 (Dunbar and Baserga, 1998; Kiss-Laszlo et al., 1996)
chimeric reads, which include sequences of the Rok1 crosslinking sites in H11 and
H9, were identified suggesting extra interactions of U14 with these structures in pre-

ribosomes.

In summary, CRAC and structure probing analyses revealed a Rok1 binding site in

ES6H3 on precursors of the 18S rRNA and support a direct release of snR30 by the
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Figure 17: U14 interacts with 18S rRNA sequences at Rok1 crosslinking sites. (A) The
distribution of mapped reads (upper panel) and mutations arising from reverse transcription stops at
Rok1 crosslinking sites (lower panel) over the U14 locus (horizontal) is shown. Bars at the bottom
indicate the position of the mature U14 sequence within the genomic locus of the snoRNA and
positions of conserved motifs and the basepairing sequences domain A and domain B (yellow). Rok1
crosslinking peaks on the 18S rRNA sequence (vertical) are shown in grey. Chimeric reads containing
sequences of U14 and 18S rRNA are illustrated as red rectangles, their position on the plot
corresponds to the relative location of the sequence fragments within the respective RNA molecule.
(B) The sequence fragments of the identified hybrid reads were mapped on the 2D structure model of
mature 18S rRNA (red circles; Petrov et al., 2013). Numbers of helices containing sequences
identified by CLASH are specified. The 2’-O-methylation at site Cm414 guided by U14, is indicated.

RNA helicase from this region. In addition, crosslinking patterns of Rok1 to snoRNAs
involved in pre-rRNA processing events combined with CLASH analysis validated the
previously reported methylation site of U14 snoRNA at position Cm414 and identified
new potential interactions between these snoRNAs and pre-rRNAs. Together, these
findings indicate the existence of an extensive interaction network between snoRNAs
involved in the early processing events and the Rok1 interaction sites in ES3, ES6

and ES7 within early pre-ribosomal complexes.

3.8 Genome wide mapping shows high affinity of Prp43 to rRNA and box C/D
snoRNAs

The DEAH box RNA helicase Prp43 was initially identified as cofactor of the
spliceosome (Arenas and Abelson, 1997) but it is also an important maturation factor
for ribosomes (Combs et al., 2006; Lebaron et al., 2005; Leeds et al., 2006). Prp43

has been shown to act in the maturation of both ribosomal subunits (Lebaron et al.,
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2005). However, the precise molecular functions of Prp43 and its interaction sites on
pre-rRNA have remained unknown. As demonstrated above for the RNA helicase
Rok1, use of the CRAC approach allows the identification of potential binding sites
and provides the basis for understanding the functions of RNA helicases in the
biogenesis of ribosomes. Therefore, this method was also used to identify RNAs that

interact with Prp43.

In order to perform CRAC analysis for Prp43, this helicase was genomically HTP-
tagged in the BY4741 strain background (2.3.1). Similar to Rok1, the Prp43-C-HTP
strain was subjected to in vivo and in culturo crosslinking. Additionally, in vitro
crosslinking was performed (2.3.2). In this approach, following native purification of
Prp43 containing complexes on IgG sepharose, UV light is applied to crosslink the
isolated RNA to the bait protein. Further processing of samples and assignment of
lllumina deep sequencing reads to genomic locations was performed as previously
described for Rok1.

Classification of the obtained RNA sequences into functional groups revealed that for
all crosslinking approaches the majority of sequence reads mapped to rRNA.
Additionally, strong crosslinking of Prp43 to box C/D snoRNAs was found, especially
for the in vivo and in culturo samples (Table 7). Prp43 in vivo crosslinking yielded an
approximately 20-fold enrichment of box C/D snoRNAs compared to the
corresponding control strain (Figure S). In culturo crosslinking resulted in more than
35-fold enrichment of box C/D snoRNA hits. Remarkably, neither box H/ACA
snoRNAs nor small nuclear RNAs (snRNAs) were generally crosslinked above
control levels. The strongest enrichment of rRNA sequences was observed for the in
vitro sample. In vitro, however, the box C/D snoRNAs were not significantly
crosslinked. This finding suggests that transiently interacting ribosome maturation
cofactors, such as snoRNAs, are not effectively crosslinked after cell lysis and native

complex purification.

In summary, Prp43 CRAC analysis and genome wide mapping of deep sequencing
reads revealed strong enrichment of rRNA sequences and box C/D snoRNAs. These
findings are consistent with the known Prp43 function in ribosome biogenesis
(Lebaron et al., 2005). However, the significant crosslinking of box C/D snoRNAs by
Prp43 further suggests functional interplay of the helicase and these non-coding

RNAs during the process of ribosome maturation.
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Table 7: Prp43 crosslinks to snoRNAs and pre-rRNA. Mapping statistics for Prp43 and control
samples (upper panel). Counts of crosslinking hits shown for the complete subset of genome features
of all samples normalised to the amount of mapped reads per million (lower panel).

Prp43 Prp43 Prp43 Control Control Control

vitro vivo culturo vitro vivo culturo
mapped reads 3,400,667 4,154,261 10,985,667 6,473,346 4,106,088 10,902,523
discarded reads 879,799 1,610,473 1,655,399 2,587,652 2,761,161 6,459,656
unique mapped reads 2,145,885 2,006,070 8,028,667 3,405,888 1,082,670 3,808,416
Features Hits per million
35S rRNA 826,794 550,703 562,672 332,617 448,956 449,874
Intergenic 105,515 211,595 141,371 387,385 296,175 294,331
Genes 64,522 193,499 212,764 261,195 218,662 227,094
snoRNA (C/D) 1,120 15,988 54,409 1,822 742 1,464
58 rRNA 559 1,752 1,689 1,402 1,882 2,732
SRP RNA 415 1,003 1,972 13 1,132 1,147
Rep origin 187 1,028 975 1,686 492 693
Repeat region 185 1,233 850 808 993 892
tRNA 181 17,233 14,532 8,670 26,232 17,699
snRNA 112 2,135 3,211 1,930 3,109 2,487
snoRNA (H/ACA) 112 1,313 2,908 1,498 3,109 2,424
LTR 103 432 490 305 65 191
Telomerase RNA 12 67 76 1 143 27
RNase P RNA 7 231 86 4 339 213
RNase MRP RNA 7 20 376 3 54 194
Misc feature 2 47 49 51 112 244

(SRP: signal recognition particle; Rep origin: replication origin; LTR: long terminal repeats; Misc:
miscellaneous)

3.9 Prp43 is required for pre-ribosomal release of box C/D shoRNAs

involved in LSU maturation

Most snoRNAs guide post-transcriptional modifications in pre-rRNA by basepairing to
their designated target positions (Kiss-Laszlo et al., 1996). Recent publications
showed that RNA helicases are able to regulate snoRNA accumulation on pre-
ribosomal particles (3.5; Bohnsack et al., 2008; Kos and Tollervey, 2005; Liang and
Fournier, 2006). Since a striking enrichment of box C/D snoRNAs was observed in
the Prp43 crosslinking experiments, a gqPCR-based analysis was employed to

identify snoRNAs that accumulate on pre-ribosomes when Prp43 is depleted (2.7).

Depletion of the helicase was achieved in a strain carrying a tetracycline or
doxycycline repressible promoter in front of the Prp43 gene locus (Longtine et al.,
1998). In order to identify exclusively primary effects caused by the absence of Prp43
from pre-ribosomal particles, cells were harvested 6 hours after doxycycline addition
before any growth defects were detectable (Bohnsack et al., 2009). The cell lysate

was subjected to density gradient centrifugation to separate free snoRNAs from
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bound snoRNAs co-migrating with pre-ribosomal complexes (40-90S). The relative
levels of pre-ribosome-bound snoRNAs were quantified by gqPCR and normalised to
the values of the wild type sample, which was processed in parallel (Figure 18;
Bohnsack et al., 2009). A ratio of 1 corresponds to the snoRNA distribution found in
wild type. Values of 0.48 and 2.1, indicated by two horizontal lines, represent the
borders of the 95% confidence interval. Differences of snoRNA levels on pre-
ribosomal particles after Prp43 depletion were observed for several snoRNAs.
Interestingly, only the pre-ribosome levels of box C/D snoRNAs involved in
maturation of the LSU were affected by Prp43 depletion. The snoRNAs U18, snR39,
snR39b, snR59 and snR72 were significantly enriched. The accumulation of these
snoRNAs on pre-ribosomes after depletion of Prp43 suggests that the RNA helicase

is required for their release. In contrast, the relative levels of the snoRNAs snR64
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Figure 18: Prp43 depletion alters the accumulation of several box C/D snoRNAs on pre-
ribosomal particles. Exponentially growing wild type (WT) and TetO;-Prp43 strains were cultivated
for 48 h in YPD medium. Prp43 was depleted for 6 h by addition of doxycycline and cells were
subsequently harvested and lysed. Soluble components of the cell extracts were separated by
sucrose density centrifugation (10-45%). The fractions at the top of the gradient containing free RNA
were pooled and separated from the fraction pool that includes pre-ribosomal-bound RNA. The RNA
was extracted and reverse transcribed. Relative levels of all 75 snoRNAs involved in ribosome
biogenesis in each pool were determined by qPCR. The obtained data were normalised to snoRNA
levels in WT samples (set as 1) and the average ratios of pre-ribosome bound to free snoRNAs are
shown. Error bars indicate standard errors from three independent experiments. The horizontal lines
represent the borders of the 95% confidence interval. Values below or above the significance borders
are highlighted in black. The snoRNAs are grouped according to their classification and modification
targets (C/D or C: C/D box snoRNA; H/ACA or H: H/ACA snoRNA; SSU: small subunit; LSU: large
subunit; Nr: no target reported).

57



Results

and snR67 on pre-ribosomes were decreased after Prp43 depletion indicating that

Prp43 is required for the association of these snoRNAs with pre-ribosomal particles.

The observed effects on snoRNA accumulation on pre-ribosomal particles obtained
here by qPCR were also confirmed by Northern blotting analysis (Bohnsack et al.,
2009). To verify that the changes in the amount of snoRNAs associated with pre-
ribosomal complexes did not arise due to alterations in the overall levels of these
snoRNAs, total snoRNA levels were determined by Northern blotting. This showed
that depletion of Prp43 did not significantly alter the total levels of any of the affected
snoRNAs (Figure 19).

In summary, the qPCR-based approach identified a novel role for Prp43 in regulating
the association of a particular subset of snoRNAs from pre-LSU complexes. The
RNA helicase is required for the release of several snoRNAs from pre-ribosomes but

might also regulate the access of other snoRNAs to pre-ribosomal complexes.
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U3 Figure 19: Prp43 depletion
does not affect total cellular
U14 levels of box C/D snoRNAs.
RNA was extracted from
exponentially growing wild
SHRsq type (WT) and Prp43 (Pe-
snR39 prp43) depleted cells. Equal

quantites of RNA were
separated on a denaturing
SR3% | S polyacrylamide gel and

subsequently transferred to
EniA - ‘ nitrocellulose membrane by
Northern blotting. The levels

SIRS0 ’ of several box C/D snoRNAs
(indicated on the left) was
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snR72
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3.10 Prp43 crosslinks 25S rRNA sequences near shoRNA guided modification

sites

The CRAC data revealed the affinity of Prp43 for pre-rRNA and box C/D snoRNAs
and gPCR analysis showed that the helicase regulates the interaction of several
snoRNAs with pre-ribosomal particles. These findings suggest the presence of Prp43
in pre-ribosomal complexes and indicate that the helicase might also interact with
pre-rRNA. In order to allocate potential binding sites of Prp43, sequence reads
obtained from the CRAC analysis were mapped on the genomic locus of the 35S pre-
rRNA transcript, RDN37 (Figure 20 A-C).

Consistent with the known function of Prp43 in the maturation of both ribosomal
subunits (Lebaron et al., 2005), strong crosslinking of the helicase to several sites in
the sequences of 18S and 25S rRNA was observed. In the 18S rRNA sequence a
major peak in H44 and a second less prominent crosslinking site in ES6H2 were
consistently identified (3.12). Pre-rRNA of the LSU was found to contain four
prominent crosslinking sites located in helix 23 (H23), helix 29 (H29), helix 40 (H40)
and helix 61 (H61) of the 25S rRNA sequence. All peaks were found in at least two
independent experiments. Additionally, a peak located in helix 84 (H84) was present
in the samples crosslinked in culturo (Figure 20 C). Crosslinking sites also present in

control samples were disregarded (Figure S).

To assess the correlation of snoRNA modification sites and Prp43 crosslinking sites
in more detail, the specific crosslinking peaks of the helicase were mapped on the 2D
structures of the mature ribosomal LSU rRNAs (Figure 21 A; Petrov et al., 2013).
One major crosslinking peak in H29 of pre-25S rRNA is located in close proximity to
several nucleotides that are modified by snoRNPs, which were shown to accumulate
on pre-ribosomal complexes after the depletion of Prp43 (U18, snR39, snR39b,
snR50 and snR72; Figure 21 B). Close to the prominent peak in H29, an additional
minor crosslinking signal was located in helix 35a (H35a). This crosslinking site
covers one of the modifications guided by snR60, a snoRNA that accumulated on
pre-ribosomes with values just below the 95% confidence border. These findings
demonstrate that the modifications guided by the snoRNAs accumulating after Prp43
depletion cluster in one region of the 25S rRNA sequence and interestingly, this

location contains a prominent Prp43 crosslinking site. This observation provides
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Figure 20: Prp43 crosslinks to rRNA sequences of both ribosomal subunits. Distribution of
sequence reads obtained by (A) in vitro, (B) in vivo and (C) in culturo crosslinking of Prp43-C-HTP on
the linear RDN37 sequence, which encodes the 35S pre-rRNA, is shown. Number of hits were
normalised to total mapped reads per million for each nucleotide. Relative positions of the mature 18S,
5.88 and 25S rRNA sequences, external transcribed spacer regions (ETS) as well as internal
transcribed spacers (ITS) are indicated below the graphs. Peaks are labelled according to structural
elements to which they correspond (H: helix; ES: expansion segment). Peaks also present in the
corresponding control experiments are labelled with asterisks (Figure S).
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substantial evidence that the RNA helicase is directly involved in the release of these

snoRNAs from pre-ribosomal particles.

Further analysis of the secondary structure did not reveal a functional relevance for
the Prp43 crosslinking peak in H40 of 25S pre-rRNA since the two snoRNAs, which
guide modifications in close proximity to this potential interaction site, were not
affected by depletion of the RNA helicase (Figure 21 C). Interestingly, Prp43 was
also found to crosslink between H23 and H25 of the 25S rRNA sequence
(Figure 21 D). This region of the pre-rRNA is devoid of any modifications but is
involved in basepairing interactions with the 5.8S rRNA in the mature ribosome.
Prp43 crosslinking to H23 and H25 as well as a small peak near the 5-end of 5.8S
rRNA sequence (data not shown) suggest a possible role for the helicase in

mediating structural rearrangements in these regions of the pre-ribosome.
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Figure 21: Prp43 crosslinks to sequences of the 25S rRNA in close vicinity to snoRNA
modification sites. (A) Overview of the relative position of the individual crosslinking sites. (B-F)
Magnifications of structural elements surrounding the crosslinking site: (B) helix 29 (H29) and helix
35a (H35a), (C) helix 40 (H40), (D) helix 23 (H23), helix 24 (H24) and 5.8S rRNA (5.8S), (E) helix 61
(H61), (F) helix 80 (H80) and helix 84 (H84). The prominent crosslinking sites of all independent Prp43
CRAC experiments were merged and mapped on the secondary structure of the mature 25S rRNA.
Prp43 crosslinking sites are coloured red and positions with a substantial accumulation of mutations
arising from crosslinking induced reverse transcription errors are indicated as blue-circled nucleotides.
SnoRNA directed modification sites are indicated by boxes (M: 2-O-methylation; W:
pseudouridylation) and numbers indicate the snoRNA guiding the respective modification. Red
numbers indicate snoRNAs that significantly accumulate on pre-ribosomal particles upon depletion of
Prp43. Green numbers mark snoRNAs with significantly reduced levels in pre-ribosomal fractions after
Prp43 depletion.
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In contrast, the Prp43 crosslinking sites at H61 and H80/H84 are adjacent to multiple
snoRNA guided modification sites (Figure 21 E and F). Interestingly, snR64, whose
association with pre-ribosomal complexes was decreased after Prp43 depletion,
guides a modification on the complementary strand of the Prp43 crosslinking site in
H61 (Figure 21 E). Similarly, the 2’-O-methylation site of snR67, which also shows
decreased association with pre-ribosomal complexes upon Prp43 depletion, is
located directly within the Prp43 crosslinking site in H80 and additionally guides a
modification reaction about 40 nucleotides downstream of the Prp43 crosslinking site
in H84 (Figure 21 F). The close correlation between the Prp43 crosslinking site in
H61, H80 and H84 and modifications sites of the snoRNAs snR64 and snR67, whose
pre-ribosomal association is reduced upon helicase depletion, strongly suggests that
the helicase might be involved in remodelling processes that allow the recruitment of

these two snoRNAs to pre-ribosomal complexes.

To include the aspect of tertiary RNA folding in the data analysis, the crosslinking
sites of Prp43 were also mapped on the 3D structure of the mature large ribosomal
subunit (Ben-Shem et al., 2011). Although the pre-ribosomal particles targeted by
Prp43 may differ from the mature LSU structure used for the data mapping, a
remarkable clustering of Prp43 crosslinking sites in H23, H40, H61, H80 and
modification sites of snoRNAs affected by Prp43 depletion was found in the centre of
the LSU (Figure 22). This cluster also contains the Prp43 crosslinking sites in H23
and H40, which seemed to be distant from functional relevant snoRNA modification
sites in the secondary structure of 25S rRNA. Additionally, the Prp43 crosslinking
sites in H61 and H80 that are located close to snR64 and snR67 in the 2D structure
are close to the basepairing sites of snoRNAs that accumulate on pre-ribosomes

upon Prp43 depletion.

Together, these data show that Prp43 crosslinks to multiple sequences in precursors
of the 18S and 25S rRNAs, validating its role in the maturation of both ribosomal
subunits (Lebaron et al., 2005). The modification sites of snoRNAs affected by Prp43
depletion and several crosslinking sites of the RNA helicase are in immediate
proximity within the secondary and cluster in the 3D structure of the mature LSU.
These findings suggest that Prp43 targets the centre of pre-LSU particles and
regulates the association or dissociation of certain snoRNAs.
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Figure 22: Prp43 crosslinking sites cluster mainly in the centre of the 3D LSU structure.
Mapping of Prp43-C-HTP crosslinking sites on the 3D structure of the mature 60S ribosomal subunit
(Ben-Shem et al., 2011). The major Prp43 crosslinking sites are shown in red on the RNA backbone.
Prp43 crosslinking sites are labelled according to the structural elements that are crosslinked (H: helix,
ES: expansion segment). 2’-O-modification sites are mapped and shown in blue (accumulating
snoRNAs upon Prp43 depletion) and in green (snoRNAs with decreased association to pre-ribosomal
complexes after Prp43 depletion). SnoRNAs are specified by numbers and corresponding colours
(blue and green). The surfaces of ribosomal proteins included in the crystal structure are shown in
light grey. (A) View on the subunit interface. (B) Side view rotated 90° clockwise.

3.11 Prp43 crosslinks to the affected snoRNAs and copurifies with snoRNA-
rRNA hybrids

The clear correlation of Prp43 crosslinking and modification sites of snoRNAs
affected by the depletion of the helicase suggests a direct role of Prp43 in the release
of these snoRNAs from pre-ribosomal complexes. Since box C/D snoRNAs guide 2’-
O-methylations by direct basepairing to their specific target sites on pre-rRNA, Prp43
might facilitate their release by its local strand unwinding activity, which was
previously shown in vitro (Tanaka and Schwer, 2006). This model would suggest a
direct interaction of Prp43 with both substrate RNA molecules. Therefore, the
sequence reads obtained from the three independent crosslinking experiments were
mapped to the genomic loci of four box C/D snoRNAs (snR39, snR50, snR64 and
snR72), which displayed an altered accumulation on pre-ribosomal particles after

depletion of Prp43 (Figure 23 A-D). The number of reads that map to each nucleotide
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was determined and normalised on the total count of mapped reads in the particular
experiment. The resulting peaks indicate potential Prp43 interaction sites on the

snoRNA similar to the previously described mapping on the rDNA locus.

The snoRNAs snR39 and snR50 are crosslinked by Prp43 in their central region and
in their 3’-end, which contains the conserved box D’, box C' and box D motifs as well
as the sequences that guide the nucleotide modifications by basepairing to the 25S

pre-rRNA (Figure 23 A and B). In contrast to snR39 and snR50, sequence reads
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Figure 23: Prp43 crosslinks to box C/D snoRNAs whose pre-ribosome association is affected
by depletion of the RNA helicase. Number of Prp43 crosslinking hits is assigned on the linear
genomic sequence of (A) snR39, (B) snR50, (C) snR64 and (D) snR72. The hit values were
normalised to the total number of mapped reads per million. Colouring of the histograms indicates the
crosslinking method (green: in vitro; red: in vivo; blue: in culturo). Relative positions of the mature
snoRNA sequences and the location of the conserved motifs (box C, box D’, box C’ and box D) as well
as the sequences guiding the 2’-O-methylation by basepairing (yellow bars) are indicated at the
bottom of each graph. Asterisks mark peaks that were also present in control samples. The numbers
of point mutations, which arise during reverse transcription and indicate direct Prp43 crosslinks, are
plotted in the lower panels of the graphs.
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mapping to snR64 are predominantly located in the 5’-part of the snoRNA in all three
independent experiments (Figure 23 C). Interestingly, the potential Prp43 interaction
site again covers the 2’-O-methylation guide region but also the conserved box C,
box D’ and box C' motifs. An additional small peak at the 3’-end partially overlaps
with a short sequence element that basepairs to pre-rRNA immediately downstream
of the modification site and has been reported to stabilise the snoRNA-pre-rRNA
interaction (van Nues et al., 2011). The majority of Prp43 crosslinks to snoRNAs
were found to map to snR72 (Figure 23 D). Similar to snR39 and snR50, the main
Prp43 crosslinking site is located in the 3’-part of the snoRNA. This region of snR72
harbours the conserved box D motif and the 2’-O-methylation guide sequence, which
mediates the basepairing to 25S rRNA precursors. Two minor peaks in the 5-end of
snR72 were also found in the control samples and were therefore disregarded. For
all analysed snoRNAs the occurrence of several mutations within the mapped
sequence reads indicate direct contacts between Prp43 and these snoRNAs and

therefore validates these potential interaction sites (Figure 23, lower panels).

The data show that Prp43 crosslinks mainly to the sequences, which mediate
basepairing interactions between the snoRNA and the pre-rRNA, providing additional
support for the model of local strand unwinding by Prp43 to release snoRNAs from

pre-ribosomal complexes.

In contrast to the snoORNAs examined above, the main target sites of Prp43 on 25S
pre-rRNA are adjacent but do not directly overlap with the basepairing sites of the
affected snoRNAs (Figure 21). However, close examination of the Prp43 crosslinking
profile (Figure 20; Figure 24 A) revealed several small peaks encompassing the
crosslinking site in H29 and covering several 2’-O-methylation sites of the affected
snoRNAs indicating that pre-rRNA sequences involved in snoRNA basepairing are
directly contacted by Prp43. The fact that the peaks are small might indicate that
Prp43 only interacts transiently with the basepaired snoRNA at these locations of the
25S rRNA sequence and is consistent with the suggested processive activity of
helicase (Walbott et al., 2010). The major crosslinking sites may therefore rather
reflect pausing or recruitment sites of Prp43. To show that Prp43 simultaneously
crosslinks both substrate molecules, a search for sequence hybrids in the
crosslinking datasets obtained by CRAC was performed with the CLASH analysis
(2.4).
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Chimeric reads between pre-rRNA and snoRNAs that accumulate on pre-rRNA after
Prp43 depletion were identified in all crosslinking experiments and subsequently
merged. The potential basepairing locations of hybrids were mapped on the 25S
rRNA sequence and correlated to the 2’-O-methylation sites of the corresponding
snoRNAs. Remarkably, nearly all potential basepairing interactions found by CLASH
analysis colocalise with the known modification sites of the analysed snoRNAs
(Figure 24 A) except for snR39b, for which no chimeric read was discovered. In
contrast, hybrid search in the data sets of the control samples revealed only one
chimeric read composed of U18 and the 25S rRNA but it is currently not clear

whether there is any physiological relevance for this interaction (Figure 24 B).

Taken together, the crosslinking data revealed that Prp43 crosslinks to pre-rRNA and
box C/D snoRNAs. Additionally, the RNA helicase was shown to be required for the
release of a particular subset of the box C/D snoRNAs from pre-ribosomal particles.
The modification sites of the affected snoRNAs and the main crosslinking sites of

Prp43 cluster in the centre of the LSU. Crosslinking data and CLASH analysis

A Prp43
L 120000
snR59 Il 100000
snR50 | L 80000
snR39% L 60000
SnR39 | - ggggg
u18 i
T I 1 1 T T T 0
0 500 1000 1500 2000 2500 3000
258
B Control
SnR72 L 120000
SnR59 L 100000
snR50 - 80000
SNR39b - 60000
S L 40000
L 20000
u18 |
1 1 1 ] T 1 0
0 500 1000 1500 2000 2500 3000
258

Figure 24: Chimeric reads within the CRAC data validate simultaneous interaction of Prp43
with the affected snoRNAs and pre-ribosomal RNA. Locations of 2’-O-methylations (light blue) and
chimeric reads obtained by CLASH analysis (dark blue) between the snoRNAs accumulating upon
Prp43 depletion were correlated according to their positions on the linear 25S rRNA sequence. (A)
Hybrid reads identified in all independent Prp43 crosslinking experiments. (B) Chimeric reads
identified in all control crosslinking experiments. Overlapping positions are highlighted in red. The
distribution of Prp43 or control crosslinking reads on the 25S rRNA sequences are indicated (grey).
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revealed that Prp43 directly crosslinks the duplexes formed between snoRNAs and
sequences of the 25S rRNA. The data presented here provide strong evidence that
Prp43 dissolves the snoRNA-pre-rRNA duplexes and thereby mediates the release

of these snoRNAs from the pre-ribosomal complexes.

3.12 Prp43 crosslinks close to the 3’-end of the 18S rRNA sequence

Crosslinking and gPCR data revealed a role for Prp43 in the release of a set of
snoRNAs from pre-60S ribosomal particles (Figure 18 - Figure 24). However, Prp43
is also implicated in the maturation of the SSU, where it has been shown to be
required for the final processing step of the 20S pre-rRNA to the mature 18S rRNA
(Lebaron et al., 2005). Cleavage of the 20S pre-rRNA at site D, which generates the
3’-end of the mature 18S rRNA, is performed by the endonuclease Nob1 (Fatica et
al., 2003). Nob1 was shown to genetically interact with Prp43 (Pertschy et al., 2009)
and the helicase was therefore suggested to function in remodelling of the 20S pre-
rRNA to enable the cleavage reaction catalysed by the endonuclease. Consistent
with the proposed function of Prp43 in the biogenesis of both ribosomal subunits,
CRAC analysis and mapping of obtained crosslinking reads identified not only the
LSU targets (3.10) but also two potential target sites of the helicase in ES6H2 and
H44 within the 18S rRNA sequence (Figure 20; Figure 25). A crosslinking peak in
H27 was observed in both Prp43 and control samples and was therefore disregarded
(Figure S). ES6H2 is located in the central domain of the 18S secondary structure
whereas the most prominent crosslinking site of Prp43 was found near the 3’-end of
18S within helix 44 (H44) directly preceding the cleavage site D. This crosslinking
site was validated by its appearance in two independent CRAC experiments.
Interestingly, the target site of the endonuclease Nob1 is located immediately
downstream of this potential Prp43 interaction site. The close proximity of the Prp43
crosslinking site to the Nob1 active site is consistent with their reported genetic

interactions (Pertschy et al., 2009) and supports a model of functional interplay.

Taken together, besides its functions in LSU maturation, crosslinking data uncovered
a potential interaction site of Prp43 near the 3’-end of the 18S rRNA sequence in
H44. The spatial proximity of the Prp43 crosslinking and the Nob1 target site suggest
a role of the helicase in structural rearrangement in the vicinity of H44 to enable the

processing performed by the endonuclease.
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cleavage site D

Figure 25: Prp43 crosslinks mainly to helix 44 in the 18S rRNA sequence. (A) Crosslinking hits
from Prp43-C-HTP in culturo experiments above the threshold of 20% of the highest peak within 35S
pre-rRNA were mapped on the secondary structure model of mature 18S rRNA (Petrov et al., 2013).
Prp43 crosslinking sites are indicated as coloured circles. The fill colour of the circles indicates the
relative hit values as colour gradient from red (100%) to yellow (20%) also indicated in the colour bar.
Blue circles mark positions of mutations that arise from crosslinking induced reverse transcription
errors. Helices that contain Prp43 crosslinking sites are specified (H: helix, ES: expansion segment).
The 3’-end of mature 18S rRNA, which is generated after cleavage at processing site D, is indicated.
(B) Mapping of Prp43 crosslinking sites from C-HTP in culturo experiments on the 3D structure of the
mature 40S ribosomal subunit (Ben-Shem et al., 2011). Prp43 crosslinking sites are visualised as
colour gradient on the RNA backbone as described for A. Locations of Prp43 crosslinking sites are
indicated (H: helix, ES: expansion segment). The surfaces of ribosomal proteins included in the
crystal structure are shown in light grey.

3.13 The amino acid sequence of Nob1 is conserved from archaea to

eukaryotes

The endonuclease Nob1 was extensively studied by in vitro and in vivo analysis in S.
cerevisiae, which led to the discovery of pre-rRNA targets (Fatica et al., 2003),
enzymatic cofactors (Pertschy et al., 2009) and regulation mechanisms (Strunk et al.,
2011) of the enzyme. However, an atomic resolution structure of the Nob1 protein,
which might provide detailed information about the structural organisation and

functions of the endonuclese within pre-ribosomal particles, was not available.

The final maturation step of the 18S rRNA performed by Nob1 is assumed to be
conserved throughout eukaryotic organisms (Mullineux and Lafontaine, 2012). In
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addition to mammals, fungi, protists and archaea were also found to possess many
orthologous sequences of yeast Nob1 (Fatica et al., 2003). Thermophile archaea,
which possess a highly stable proteome, can effectively be used to determine atomic
structures, so a detailed analysis of the sequence conservation between archaeal

and eukaryotic Nob1 orthologues was performed.

A sequence alignment of Nob1 homologues from S. cerevisiae, Homo sapiens,
Arabidopsis thaliana and the archaeon Pyrococcus horikoshii demonstrated that all
sequences have a PIN (PilT N terminus) domain. The PIN domain contains four
aspartate residues, which have been shown to be critical for the endonucloelytic
cleavage activity of Nob1 (Figure 26; Makarova et al., 1999). Additionally, an N-
terminal zinc ribbon domain containing four conserved cysteine residues, which
coordinate a central zinc ion, was identified within the Nob1 sequence. This structural
motif was characterised as an RNA binding domain and is also found in sequences
of several ribosomal proteins (Makarova et al.,, 2001). Further comparison of
archaeal and eukaryotic Nob1 sequences revealed two eukaryotic specific features:
a large insertion at the end of the PIN domain and an elongated C-terminus
(Figure 26). However, the archaeal Nob1 from P. horikoshii (PhNob1) exhibits a
sequence similarity of 68 and 66% to Nob1 of S. cerevisiae and H. sapiens,

respectively, in the conserved regions (Veith et al., 2012a).

The high sequence conservation of PhNob1 and eukaryotic Nob1 homologues
prompted additional functional and structural studies of the archaeal protein. As a
consequence of its modest size and its efficient expression in E. coli (performed in
collaboration with the group of Prof. Dr. Enrico Schleiff), PhNob1 was perfectly suited
for structural analysis by nuclear magnetic resonance spectroscopy (NMR;
performed by the group of Prof. Dr. Jens Woéhnert; Veith et al., 2012b). The solved
structure of PhNob1 confirmed the presence of a typical PIN domain that is
connected by a flexible linker region with a zinc ribbon domain. The two domains
were found to be structurally independent. Additionally, the presence of the metal
ions manganese and zinc was confirmed for the PIN and the zinc ribbon domain,
respectively. Both domains of PhNob1 show affinity for RNA. Consistent with
previous crosslinking results obtained in yeast (Granneman et al., 2010), the zinc
ribbon domain was found to bind the H40 hairpin of the P. horikoshii 18S rRNA
sequence with high affinity (Veith et al., 2012a).
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Figure 26: The amino acid sequence of Nob1 is conserved from archaea to eukaryotes.
ClustalW alignment of Nob1 sequences of Saccharomyces cerevisiae (ScNob1, accession number:
NC _001147), Homo sapiens (HsNob1, accession number: NC_000016), Arabidopsis thaliana
(AtNob1, accession number: NC_003076) and Pyrococcus horikoshii (PhNob1, accession number:
NP_142655) is shown. Conserved residues are highlighted in black. The degree of conservation is
indicated by symbols above the alignment (* = high consevation, : = moderate conservation, . = low
conservation). Residues of the PIN domain are highlighted in blue, residues of the zinc ribbon domain
are marked in green. Light colours indicate residues present only in eukaryotic sequences. The highly
conserved aspartate residues (D) of the PIN domain and cysteine residues (C) of the zinc ribbon
domain suggested to be important for Nob1 function are highlighted in red.
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In summary, the PIN and the zinc ribbon domains of the endonuclease Nob1 are
highly conserved from archaea to eukaryotes. The expression of recombinant Nob1
from the thermophilic archaea P. horikoshii enabled the determination of the atomic
structure of the endonuclease by NMR (Veith et al., 2012b). Further structural and
biochemical analyses of our collaborators revealed coordination of metal ions and
affinity for RNA of both independent domains, which are separated by a flexible linker
(Veith et al., 2012a).

3.14 The function of Nob1 is conserved in archaea and eukaryotes

Based on the high sequence similarity of the eukaryotic and archaeal Nob1 proteins,
it has been assumed that the function of the endonuclease is conserved. However, in
vitro cleavage of model substrates was only demonstrated for ScNob1. In order to
substantiate the general conservation of the Nob1 function in endonucleolytic
cleavage at site D, the recombinantly expressed archaeal PhNob1 was used in in
vitro cleavage assays (2.8). An internally radiolabelled, in vitro transcribed 90
nucleotide pre-RNA fragment spanning the 3’-end of the 16S rRNA from P. horikoshii
was used as a substrate. In vitro cleavage assays using recombinant PhNob1
yielded two prominent cleavage products and a decrease of full-length transcript
suggesting that PhNob1 possesses a specific endonuclease activity (Figure 27 A,
labels: 1 and 2). Increasing the protein concentration demonstrated that the cleavage

of the RNA is specific and depends on the amount of PhNob1.

To determine the precise location of the cleavage site, the in vitro cleavage reaction
was also performed using a 5'-labelled pre-rRNA fragment, so only one 5’ cleavage
product was detectable (Figure 27 A, label: 3). The amount of cleaved RNA again
depended on the concentration of PhNob1 used in the assay. In order to map the 3’-
end of the cleavage product, a plasmid containing the sequence of the transcribed
pre-rRNA fragment was used as template for the generation of a sequencing ladder.
Comparison of the 5’-labelled cleavage product with the sequencing ladder revealed
that Nob1 cleaved specifically at site D and generated a fragment that corresponds to
the 3’-end of 16S rRNA (Figure 27 B, label: 3; Kawarabayasi et al., 1998).
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Figure 27: Recombinant Nob1 from Pyrococcus horikoshii specifically cleaves pre-rRNA at the
processing site D in vitro. PhNob1 was recombinantly expressed in E. coli cells, purified and
incubated with a synthesised precursor fragment of P. horikoshii 16S rRNA harbouring the cleavage
site D. Samples were separated according to their size on a denaturing polyacrylamide gel. Gels were
dried and radioactively labelled RNA was visualised with a phosphorimager. (A) Body labelled (left
panel) and 5-end labelled (right panel), in vitro transcribed RNA was incubated with different
concentrations of PhNob1 as indicated. Samples with untreated substrate RNA were loaded as control
and are indicated (Total). Cleavage products are labelled with numbers (1-3). The sequencing ladder
of the substrate RNA (A,C,G,T) allows mapping of the precise cleavage position to the 3’-end of 16S
rRNA. (B) 5'-labelled and in vitro transcribed substrate RNA was incubated with PhNob1 or various
dilutions of E. coli cell lysates without (untreated) or with prior heat treatment (10 min / 75 °C) of the
samples. The cleavage product is labelled (3).

To exclude the possibility that the cleavage products arise from copurification of E.
coli nucleases with PhNob1, 5-end labelled substrate RNAs were incubated with
various concentrations of E. coli cell lysate. The treatment did not produce any
specific cleavage product and indicates that the fragments generated in presence of
PhNob1 are indeed the result of a cleavage reaction performed by the endonuclease.
The background cleavage activity of the extract decreased noticeably after heat

treatment for 10 min at 75 °C. However, the thermo-stable PhNob1 protein was not
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affected by this treatment and retained its specific cleavage activity (Gonzalez et al.,
1998). These observations led to the conclusion that the Nob1 cleavage of the
synthesised RNA substrates at site D is performed in a highly specific manner
(Figure 27 B, label: 3).

The coordination of the divalent cation manganese was shown to be crucial for the
catalytic activity of ScNob1 (Pertschy et al.,, 2009). In order to analyse the
conservation of the manganese-dependent cleavage mechanism for PhNob1, in vitro
cleavage assays were performed in absence or in presence of manganese. The
substitution of manganese with another divalent cation (magnesium) completely
blocked PhNob1 cleavage (Figure 28 A). In contrast, the presence of 5 mM
manganese chloride in the reaction buffer resulted in the presence of the two specific
cleavage products (Figure 27; Figure 28, labels: 1 and 2). This finding suggests that
the manganese-dependent Nob1 cleavage mechanism is conserved from archaea to

eukaryotes.

In yeast, the processing of 20S pre-rRNA to mature 18S rRNA occurs in a single
endonucleolytic cleavage event catalysed by Nob1 (Pertschy et al., 2009). To
demonstrate that the fragments generated by PhNob1 are not the result of
exonucleolytic digestion but rather arise from its ability to perform endonucleolytic
cleavage reactions, further in vitro experiments were performed. For this, a
17-nucleotide long fragment of the PhNob1 target site covering the 3’-end of 16S
rRNA was fused to two artificial RNA stems (Figure 28 B and C). A highly stable
secondary structure at the hairpin base was introduced to protect the substrate ends
from exonucleolytic digestion (Pertschy et al., 2009). Application of PhNob1 to the
artificial substrate RNAs resulted in a site-specific and concentration-dependent
cleavage reaction producing two fragments of distinct length (Figure 28 D, labels: 1
and 2). This suggests that PhNob1 is indeed able to perform an endonucleolytic

cleavage reaction in vitro.

Chemical shifts in NMR spectra upon manganese or substrate RNA addition
identified the PIN domain as the catalytic centre of the endonuclease PhNob1 (Veith
et al., 2012a). Based on this structure, residues were suggested to be important for
mediating the interaction of PhNob1 with RNA (S79, D100 and R115) or proposed to
be involved in the coordination of manganese (D12, and D100; Figure 29 A).

Experimental validation of these interpretations was accomplished using
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Figure 28: The cleavage mechanism of PhNob1 is conserved from archaea to eukaryotes.
PhNob1 was recombinantly expressed in E. coli cells, purified and incubated with a synthesised
fragment of P. horikoshii 16S pre-rRNA harbouring the cleavage site D. Samples were separated
according to their size on a denaturing polyacrylamide gel. Gels were dried and radioactively labelled
RNA was visualised with a phosphorimager. (A) Body labelled substrate RNA was incubated with
recombinantly expressed PhNob1 in absence (0 mM Mn2+; left panel) or presence (5 mM Mn2+; right
panel) of manganese chloride. Specific cleavage products are indicated (1-2). (B and C) Secondary
structure predictions of hairpin constructs used to test the endonucleolytic cleavage activity of
PhNob1. Sequences from P. horikoshii 16S pre-rRNA including the cleavage site D are indicated as
bold letters. The precise position of the PhNob1 cleavage site is indicated. Cleavage products are
indicated by bold numbers (3-6). (D) Body labelled in vitro transcribed substrate hairpin constructs
(left: short hairpin, right: long hairpin) were incubated with different concentrations of PhNob1 as
specified. Samples with untreated substrate RNA were loaded as control and are indicated (Total).
Cleavage products are numbered as in B and C.

PhNob1 mutants carrying single amino acid substitutions at potentially critical sites.
Mutants were recombinantly expressed in E. coli and tested for their functional
activity in vitro (Figure 29 B). Replacement of aspartate at position 12 by an
asparagine (D12N) resulted in a complete loss of catalytic activity. This residue
belongs to a group of aspartate residues (D12, D46, D82 and D100), which are
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Figure 29: Structural analysis of PhNob1 by NMR identified critical residues for its
endonuclease function. (A) The 3D structure of PhNob1 (PDB entry: 2LCQ), which was determined
by nuclear magnetic resonance spectroscopy (NMR) in collaboration with the group of Prof. Dr. Jens
Woéhnert (Goethe-University, Frankfurt am Main) is shown (Veith et al., 2012a). Secondary structure
motifs are coloured (a-helices: blue; B-sheets: green). Critical residues for PhNob1 function, identified
by NMR shift analysis are highlighted in red. The domain organisation is illustrated in brackets. The
zinc ion (Zn), which is coordinated by residues of the zinc ribbon domain, is shown in purple. The
amino- and carboxyl- termini of the amino acid sequence are given (N; C). (B) Body labelled substrate
RNA was incubated with different concentrations of recombinantly expressed and purified PhNob1
point mutants as indicated. Samples were separated according to their size on a denaturing
polyacrylamide gel. Gels were dried and radioactively labelled RNA was visualised with a
phosphorimager. Applied concentrations and precise locations of amino acid substitutions are given
(D12N, S79A, D100N and R115A). Samples with untreated substrate RNA were loaded as control and
are indicated (Total). Cleavage products are numbered (1-2).

highly conserved from archaea to eukaryotes. Consistent with this, mutagenesis of
the corresponding residue (D15N) in Nob1 from S. cerevisiae was previously
reported to abolish the cleavage activity of the endonuclease (Pertschy et al., 2009).
A significant decrease in the amount of substrate cleaved by PhNob1 was also
observed after replacement of serine at position 79 by alanine (S79A). This finding is
consistent with the proposed role of this residue in RNA binding (Veith et al., 2012a).
Interestingly, the full-length substrate was cleaved by PhNob1 containing either a
substitution of aspartate for asparagine at position 100 (D100N) or replacement of
arginine by alanine at position 115 (R115A), but no longer in a site-specific manner.
This suggests a function for both amino acids not only in binding of the substrate but

also in recognition of the target sequence and the correct positioning of the RNA

75



Results

substrate with respect to the catalytic centre of the endonuclease (Veith et al.,
2012a).

3.15 Nob1 is structurally and functionally conserved from archaea to

eukaryotes.

In order to investigate the functional conservation of Nob1 in higher eukaryotes Nob1
from A. thaliana was recombinantly expressed and purified (Missbach et al., 2013).
AtNob1 was incubated with a radiolabelled fragment of A. thaliana 20S pre-rRNA
including the cleavage site D. The in vitro cleavage reaction produced two RNA
fragments, which accumulated in an AtNob1 concentration dependent manner
(Figure 30, labels: 1 and 2). However, recombinant AtNob1, in which the aspartate at
position 50 was substituted by an asparagine residue (D50N), did not generate any
products in the in vitro cleavage assay. This finding validates the effect of the
corresponding mutation in S. cerevisiae (D15N) and P. horikoshii (D12N), which also
caused a complete loss of the Nob1 cleavage activity. Since recombinant expression
and purification of the D50N mutant yielded low amounts of protein, the maximal
applied concentration was limited to only 5 pm AtNob1-D50N. In comparison to the
archaeal PhNob1, significantly higher concentrations of AtNob1 were required to
achieve detectable amounts of cleavage product. The reduced activity of the
recombinant eukaryotic Nob1 homologues might be the result of a less stable protein

after the purification procedure but could potentially be caused by additional

AtNob1 AtNob1

wr___DSN Figure 30: A. thaliana Nob1 is able to
Q)g@i&@ S perform a _specific cleavage reaction at
site D. Wild type (WT; left panel) and

mutant (D50N; right panel) AtNob1 were

.'" “ recombinantly expressed in E. coli cells

and purified (Missbach et al., 2013).
Recombinant AtNob1 proteins were
incubated with an in vitro transcribed and
radioactively body labelled fragment of A.
thaliana 18S pre-rRNA, harbouring the
cleavage site D. Samples were separated
according to their size on a denaturing
1 polyacrylamide gel. Gels were dried and
radioactively labelled RNA was visualised
with a phosphor-imager. The different
concentrations of AtNob1 are given.
Cleavage products are labelled by
numbers (1-2).
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regulating mechanisms, which are mediated by the eukaryotic insertions in the PIN
domain. Nevertheless, the results strongly suggest, that AtNob1 is able to perform
the specific cleavage reaction at site D and that the function of conserved residues in

the Nob1 PIN domain is maintained from archaea to higher eukaryotes.

Analysis of PhNob1 activity in vitro showed that the enzyme is able to perform a site-
specific endonucleolytic cleavage of a pre-rRNA transcript at site D. Conservation of
the site-specific cleavage reaction was demonstrated not only for P. horikoshii Nob1,
but also for Nob1 from A. thaliana. Yeast and PhNob1 enzyme activity depends on
the complexation of a manganese ion. The NMR structure of PhNob enabled the
identification of residues important for substrate binding and coordination of the
manganese cation. In vitro experiments using PhNob1 variants with single amino
acid substitutions of these critical residues confirmed their influence on the
endonuclease activity. In conclusion, these findings suggest a general conservation
of the Nob1 function and cleavage mechanism from archaea to eukaryotes in
processing pre-rRNA at site D and suggest that the solved structure of PhNob1 is

structurally and functionally highly comparable to its eukaryotic homologue.
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4 Discussion

The functions of RNA helicases in the maturation of ribosomes are poorly
characterised mostly since the target sites of these enzymes on pre-rRNA are still
unknown. The crosslinking and analysis of cDNA approach (CRAC) used in this
study revealed the first RNA helicase binding sites on eukaryotic pre-rRNAs
providing the basis for a detailed functional characterisation of Rok1 and Prp43 in

ribosome biogenesis.

4.1 Characterising RNA helicase function using CRAC analysis

Next generation sequencing approaches combined with new bioinformatic tools for
mapping of the acquired data (Granneman et al., 2009; Simm, 2013) have been
important technical innovations and are fundamental for the CRAC method
(Bohnsack et al., 2012) used in this study. Moreover, a recently developed
computational analysis (CLASH; Kudla et al., 2011; Travis et al., 2014) now enables
the identification of RNA-RNA interactions within CRAC data sets. Such additional
information about RNA contacts at the binding sites of RNA helicases are especially
useful for understanding the roles of these enzymes in the remodelling of RNA-

containing complexes.

In the cases of Prp43 and Rok1, genome wide mapping of the obtained CRAC data
showed that pre-rRNAs are the primary target of both RNA helicases. However, both
RNA helicases were also found to crosslink specifically to snoRNAs, which also
participate in the biogenesis of ribosomes by guiding nucleotide modifications or by
performing essential structural functions required for pre-rRNA processing.
Interestingly, Rok1 associated preferentially to snoRNAs involved in early pre-rRNA
processing events (snR10, snR30, U3 and U14; Table 6 and Figure 13), whereas
Prp43 crosslinking enriched box C/D snoRNAs, which guide 2’-O-methylations in the
LSU (Table 7).

4.2 A pre-ribosomal interaction network regulated by Rok1

CRAC analysis and mapping of crosslinking data on the mature ribosomal structures
revealed that the Rok1 targets several sequences that cluster on one face of the
SSU body (Figure 11). A major Rok1 target site was identified in ES6H3 (Figure 10)
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and verified as bona fide binding site by DMS structure probing analysis (Figure 12).
The binding of Rok1 to ES6H3 is also consistent with the known role of the helicase
in release of snR30, which basepairs with this part of the 18S rRNA precursors
(Bohnsack et al., 2008).

4.2.1 Rok1 cooperates with protein cofactors of ribosome biogenesis

Interestingly, a study performed in parallel showed that like Rok1, the ribosome
biogenesis cofactor Rrp7 also interacts with ES6H3 (Lin et al., 2013). Rrp7 is
required for the initial rRNA processing steps (A¢-A2; Baudin-Baillieu et al., 1997) and
assembles early to the pre-ribosomal particles as part of the UTP-C SSU
processome subcomplex (Grandi et al., 2002; Krogan et al., 2004). Additionally, Rrp7
was found to crosslink to snR30 and requires the snoRNA for its recruitment to 90S
particles, but depletion of Rrp7 does not influence the association of snR30 with pre-

ribosomes (Lin et al., 2013).

A second common crosslinking site of Rok1 and Rrp7 is ES7, which is positioned
between the two ribosomal proteins Rps13 and Rps14 in the mature SSU structure
(Figure 11; Ben-Shem et al.,, 2011). Both ribosomal proteins were found to be
important for the early processing events of 18S rRNA precursors (Ferreira-Cerca et
al., 2005) and their depletion results in a decreased association of Rok1 and Rrp7
with pre-ribosomal complexes (Jakob et al., 2012). Remarkably, ES7 contains a
novel snR30 basepairing site identified by CLASH analysis of the Rok1 crosslinking
data (Figure 14).

These data suggest a model in which Rrp7 and Rok1 act sequentially. Initially, snR30
basepairs with ES6H3 and ES7 to bring these two regions of the pre-ribosome
together and to enable the recruitment of Rrp7 (Figure 31). Following release of
Rrp7, Rok1 is able to interact with ES6H3 and ES7 and mediates the release of
snR30 (Bohnsack et al., 2008). The release of snR30 is a prerequisite for the
formation of interactions between ES6H3 and ES3 that are found in the mature SSU
(Figure 11; Alkemar and Nygard, 2004). Interestingly, Rok1 but not Rrp7 was
observed to crosslink to ES3 (Lin et al., 2013), which is consistent with the presence
of Rrp7 in earlier pre-ribosomal particles in which ES6H3 is likely associated with

ES7 rather than with ES3. Possibly, Rok1 even participates actively in establishing
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Figure 31: Interaction network of 40S pre-ribosomal maturation cofactors. (A) Binding sites of
maturation cofactors Rok1, Prp43, Rrp5 (Lebaron et al., 2013) and Rrp7 (Lin et al., 2013) were
mapped on the secondary structure of the 18S rRNA (Petrov et al., 2013). (B) Interactions between
pre-rRNA elements (left), protein maturation cofactors (middle) and snoRNAs in early pre-40S
particles are shown. The dotted blue line indicates a direct protein-protein interaction; solid green lines
represent RNA-protein interactions identified by CRAC and dashed red lines mark snoRNA-pre-rRNA
interactions detected by CLASH. The asterisk indicates that Rrp5 interacts with an 18S rRNA
sequence adjacent to but not within ES6H3.

the interaction between ES6H3 and ES3 since Rok1 was shown to possess ADP

dependent annealing activity in vitro (Young et al., 2013).

The in vitro annealing activity of Rok1 is stimulated by the ribosome maturation factor
Rrp5, which was previously reported to physically and genetically interact with the
RNA helicase (Lebaron et al., 2013; Torchet et al., 1998; Venema and Tollervey,
1996; Young et al., 2013). In the pre-ribosome, Rrp5 provides a structural framework
that is important for the coordination of pre-rRNA cleavage events, the compaction of
early pre-ribosomal particles and the formation of the characteristic terminal knobs
seen in chromatin spreads (Lebaron et al., 2013; Miller and Beatty, 1969; Venema
and Tollervey, 1996). Recently, Rrp5 was found to crosslink to several sequences
within the 35S primary transcript including sequences in the 18S rRNA, ITS1, 25S
rRNA and 5.8S rRNA (Lebaron et al., 2013). Interestingly, one Rrp5 crosslinking site
is located close to the Rok1 binding site in ES6H3 (Figure 31 A) and Rrp5 and Rok1
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crosslink significantly to the same subset of snoRNAs, which are all involved in
processing of pre-rRNA (snR10, snR30, U3 and U14; Figure 31 B) The collocation of
the Rok1 and Rrp5 crosslinking sites is consistent with the previously reported
interactions of Rok1 with Rrp5 (Torchet et al., 1998) and the regulation of the RNA
helicase by Rrp5 in vitro (Young et al., 2013)

4.2.2 Rok1 is associated with snoRNAs involved in pre-rRNA processing

As well as protein cofactors like Rrp5, snoRNAs have also been proposed to be
involved in coordination of pre-ribosome assembly and remodelling events. For
example the U3 snoRNA basepairs with sequences of the 5’-ETS and the 18S rRNA
sequence and these long-range interactions are thought to facilitate coordinated pre-
rRNA processing and prevent premature formation of the central pseudoknot
structure in the SSU (Beltrame and Tollervey, 1992; Beltrame and Tollervey, 1995;
Dutca et al.,, 2011; Hughes and Ares, 1991). However, such snoRNA-rRNA
basepairing interactions are often short, making their identification challenging
(Beltrame and Tollervey, 1992; Beltrame and Tollervey, 1995; Dutca et al., 2011;
Kudla et al., 2011; Liang et al., 2010; Morrissey and Tollervey, 1993). Using the
CLASH analysis enabled the discovery of such previously unknown basepairing sites
for snR30, snR10, U3 and U14 in the 18S rRNA sequence.

At a length of over 600 nucleotides snR30 is the longest snoRNA identified in S.
cerevisiae (Bally et al., 1988). However, only two short sequence elements (m1 and
m2) near the 3’-end of the snoRNA have been proposed to basepair with the 18S
rRNA sequence (Atzorn et al.,, 2004; Beltrame and Tollervey, 1992; Beltrame and
Tollervey, 1995; Dutca et al., 2011; Fayet-Lebaron et al., 2009; Hughes, 1996). The
data presented here demonstrate that the 5-part of snR30 can form basepairing
interactions with ES7 (Figure 14) implying that the snoRNA might form a bridge
between this region and ES6H3 in the pre-ribosome (Figure 31). Evolutionary
conservation of both sequences involved in this interaction in other yeasts such as
Saccharomyces pombe supports ES7 as a novel basepairing site of snR30 (Martin et
al., 2014). However, no hybrids between ES3 and snR30 were found in the CLASH
analysis supporting the model that snR30 is absent when the ES3-ES6 interaction,

found in the mature SSU, is established.
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Besides snR30, Rok1 was found to associate also with the snoRNA snR10
(Figure 15). Interestingly, Rrp5 was recently shown to contact sequences directly
adjacent to the Rok1 crosslinking site near a 7-nucleotide processing element on
snR10 (Lebaron et al., 2013) again suggesting cooperation between these two
factors. Additionally, snR10 was reported to strongly crosslink to Rrp7 leading to the
suggestion of a novel snR10 basepairing site near the Rrp7 target site, in ES6 (Lin et
al., 2013). This hypothesis is supported by the results of the Rok1 CLASH analysis
described here, which revealed chimeric snR10-ES6 reads (Figure 15). Similar to the
known basepairing interactions of snR30 and U3 (Atzorn et al., 2004; Beltrame and
Tollervey, 1992; Beltrame and Tollervey, 1995; Dutca et al., 2011; Fayet-Lebaron et
al., 2009; Hughes, 1996) these potential duplexes between snR10 and ES6 appear
to be short since their calculated free energy is quite low.

CLASH analysis of Rok1 crosslinking data also uncovered novel basepairing
interactions of U3 with sequences in ES6, ES3 and H9 (Figure 16). Interestingly,
these interactions are mediated by sequences in the 3’-domain of the U3 snoRNA,
indicating that this region might not only constitute a platform for protein binding
(Granneman et al., 2009; Mereau et al., 1997; Samarsky and Fournier, 1998). This
observation is consistent with a recent study that discovered a basepairing
interaction involving sequences close to the 3’-end of U3 and ES7 (Kudla et al.,
2011).

The results obtained by CLASH analysis indicate that the amount of long-range
interactions in pre-ribosomal complexes formed by snoRNAs and required for pre-
rRNA processing is higher than previously assumed (Kudla et al., 2011). Together
with the data provided by Lin et al. (2013) and Lebaron et al. (2013) these findings
uncovered a dynamic pre-ribosomal interaction network of snoRNAs, protein
cofactors and pre-rRNA sequences that coordinate remodelling and processing of
the pre-SSU particles. In more detail the data presented here suggest a model in
which ES6 and ES7 are structurally linked when Rrp7 is present in the pre-ribosomal
particles. Dissociation of Rrp7 allows Rok1 to access its target site and the RNA
helicase unwinds the duplex formed by snR30 and ES6H3. After the release of
snR30, Rok1 might cooperate with snR10 and U3 in tethering ES3 and ES6 together.
As an ATP-dependent RNA helicase, Rok1 is likely to be the active regulator of these

events.
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Interestingly, eukaryotic expansion segments seem to be important elements of the
pre-ribosomal interaction network described here since they contain the major
binding sites of protein cofactors (Figure 10; Figure 31 A; Lebaron et al., 2013; Lin et
al., 2013) as well as multiple basepairing sites of the snoRNAs involved in pre-rRNA
processing (Figure 14; Figure 15; Figure 16). The function of most of these
sequences has remained elusive so far, but the data presented here together with
recent studies from Bradatsch et al. (2012) and Lin et al. (2013) suggest that
eukaryotic expansion segments constitute important elements during ribosome
assembly by coordinating pre-ribosome compaction (Lebaron et al., 2013), pre-rRNA
folding and pre-rRNA processing (Figure 31 B). It is therefore likely that eukaryotic
expansion segments evolved due to the greater complexity of eukaryotic ribosome

biogenesis.

4.3 The role of RNA helicases in releasing snoRNAs from pre-ribosomes

The key function of Rok1 is the release of snR30 from pre-ribososomes (Figure 13;
Bohnsack et al., 2008). In general, snoRNAs, especially of the box C/D class, form
stable basepairing interactions with pre-rRNA and it is thought that the activity of

RNA helicases may be required to displace snoRNAs from their pre-rRNA targets.

Indeed, several RNA helicases have been reported to be required for the release of
mostly single snoRNAs. Has1 and Dbp4 are required for the release of U14 from pre-
ribosomal particles (Kos and Tollervey, 2005; Liang and Fournier, 2006), whereas
Has1 and Rok1 are implicated in snR30 dissociation (Bohnsack et al., 2008; Kos and
Tollervey, 2005). Both snoRNAs exhibit multiple contacts with the 18S rRNA
sequence (Figure 15; Figure 17; Fayet-Lebaron et al., 2009; Liang and Fournier,
1995) suggesting that these RNA helicases might cooperate to mediate release of
the snoRNAs by unwinding of the individual basepairing sites. However, sequential
targeting or partial redundancy of these RNA helicases is also possible and may
explain the relatively low number of snoRNAs that significantly accumulate on pre-
ribosomal complexes upon depletion of a single RNA helicase (Bohnsack et al.,
2008).

In this study, a qPCR-based analysis of snoRNA levels on pre-ribosomes also
uncovered a role for the DEAH box helicase Prp43 in the release of several
snoRNAs from pre-LSU complexes (U18, snR39, snR39b, snR50, snR72 and snR60;
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Figure 18). Mapping of the crosslinking sites on the mature secondary (Petrov et al.,
2013) and tertiary (Ben-Shem et al., 2011) LSU structures showed that these
snoRNAs guide modifications clustering next to the Prp43 interaction sites identified
by CRAC (Figure 21; Figure 22). However, some snoRNAs that guide modifications
within this region of the 25S rRNA sequence do not show retention on pre-ribosomal
particles upon Prp43 depletion or mutation of critical residues in its helicase domain
indicating that the functions of Prp43 require its catalytic activity and are specific for a
particular subset of snoRNAs rather than caused by a general defect in LSU

maturation (Bohnsack et al., 2009).

Unlike DEAD box helicases such as Rok1, which perform local stand unwinding
close to their target sites, the DEAH box helicase Prp43 was proposed to possess
processive activity allowing the helicase to translocate along the substrate RNA
(Walbott et al., 2010). However, it is unlikely that Prp43 translocates across the
snoRNA cluster in one step since some basepairing sites of the affected snoRNAs
partially overlap suggesting that these snoRNAs bind sequentially and need to be
released in several rounds by the RNA helicase (Piekna-Przybylska et al., 2007; van
Nues et al., 2011; Watkins and Bohnsack, 2012). In between release of particular
snoRNAs, an additional RNA binding domain of Prp43, which was found within its C-
terminus, might allow stable association to the substrate complexes (Walbott et al.,
2010). Thus, the individual pre-rRNA crosslinking peaks might reflect recruitment or
pausing sites of Prp43. An overview of the operating range of the RNA helicase was
obtained by mapping of these crosslinking sites onto the 3D structure (Ben-Shem et
al., 2011) of the LSU (Figure 22).

Although RNA helicases (Rok1, Prp43, Has1 and Dbp4) were found to be required
for the release of snoRNAs from pre-ribosomes, a formal demonstration of their
participation in snoRNA-pre-rRNA duplex unwinding is still lacking. However, the
CLASH analysis applied here provides experimental evidence of direct RNA-RNA
interactions close to the protein binding sites. Notably, CLASH hybrids containing
sequences of snR30 and ES6H3 were identified for Rok1 (Figure 14). A direct role of
Prp43 in snoRNA release was indicated by a detailed analysis of Prp43 crosslinking
profiles of four affected snoRNAs (snR39, snR50, snR64 and snR72) showing that
Prp43 contacts the sequences of the snoRNAs known to mediate the basepairing
interactions with the 25S pre-rRNA (Figure 23). Consistent with this, close
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examination of the corresponding sequences in the 25S rRNA sequence revealed
also several small crosslinking peaks directly overlapping with the snoRNA
basepairing sites (Figure 20). In fact, chimeric reads consisting of snoRNA and their
targeted 25S rRNA sequences were found for virtually all snoRNAs that were
affected by Prp43 depletion (Figure 24). The identification of CLASH hybrids in both
Rok1 and Prp43 CRAC data therefore strongly supports a model of direct snoRNA-
pre-rRNA duplex unwinding by these RNA helicases.

Taken together, the identification of RNA helicase binding sites by CRAC combined
with functional gPCR analysis allowed the identification of novel snoRNA substrates
for the DEAH box helicase Prp43. Furthermore, CLASH analysis provided strong
evidence for a direct release of snoRNAs by the unwinding activity of the RNA

helicases Prp43 and Rok1.

4.4  Structural remodelling of RNP complexes by RNA helicases

Besides functioning in the release of snoRNAs from pre ribosomal particles, RNA
helicases have been shown to catalyse structural rearrangements of the RNP
complexes by controlling the folding of RNA, mediating protein dissociation or
functioning as RNA clamps (reviewed in Jarmoskaite and Russell, 2014). However,
in ribosome biogenesis only a few examples involving RNA helicases in such

remodelling tasks have been proposed so far.

Besides the implications of Rok1 in formation of the ES6H3-ES3 basepairing
interaction discussed above (4.2), the results obtained by CRAC and gPCR analyses
also suggest a role in remodelling of pre-ribosomal particles for Prp43. Mapping of
the Prp43 crosslinking sites on the secondary structure model of the mature 25S
rRNA demonstrated that the crosslinking sites in H61, H80 and H84 are close to
modification sites guided by snR64 and snR67 (Figure 21 E and F), which show
decreased association with pre-ribosomal particles after depletion of Prp43
(Figure 18). These findings can be explained by a model in which Prp43 is required
for structural rearrangements of the regions targeted by these snoRNAs allowing
them to access their basepairing sites. Consistent with this, depletion of Prp43 was
previously reported to cause defects in the 2’-O-methylation guided by snR64 (Leeds
et al., 2006).
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In the LSU, Prp43 was also observed to crosslink to H23 of the 25S rRNA sequence
(Figure 21 E). H23 is located within domain | of the 25S rRNA sequence, which has
previously been shown to undergo structural rearrangements, enabling the formation
of the 25S-5.8S basepairing interaction found in the mature LSU (Ben-Shem et al.,
2011; Georgiev et al., 1984). The crosslinking data therefore indicate that Prp43
might also play a role in this remodelling process similar to the RNA helicase Has1
(Dembowski et al., 2013).

Beside its function in LSU biogenesis, Prp43 is additionally implicated in the
maturation of the SSU (Combs et al., 2006; Lebaron et al., 2005; Leeds et al., 2006).
A prominent crosslinking peak of Prp43 in H44 of the 18S rRNA sequence identified
by CRAC analysis (Figure 25) supports a role of the RNA helicase in this pathway.
Interestingly, H44 is located close to the 3’-end of the 18S rRNA, which is generated
by Nob1 in an endonucleolytic cleavage reaction of the 20S pre-rRNA at site D. This,
together with co-immunoprecipitation of 20S pre-rRNA (Combs et al., 2006; Lebaron
et al.,, 2005; Leeds et al., 2006) and genetic interactions with Nob1, the pre-40S
maturation factor Ltv1 and the Prp43 cofactor Pfa1 (Pertschy et al., 2009) lead to the
suggestion that Prp43 is implicated in restructuring this region to enable the final
processing of 20S pre-rRNA by Nob1. Further evidence for the presence of Prp43 in
this region was provided by analysis of a Prp43-Ltv1 double mutant, which produces
an aberrant 17S rRNA that is generated by 3’-5’ exonucleolytic degradation of the
18S 3’-minor domain (Pertschy et al., 2009). Furthermore, both the export adapter
Ltv1 (Seiser et al., 2006) and the G-patch protein Pfa1 were shown to directly interact
with and stimulate the activity of Prp43 (Lebaron et al., 2009) suggesting that they
cooperate with the RNA helicase to promote the processing of 20S rRNA.
Interestingly, the upper part of H44, which is crosslinked by Prp43, together with H45
forms the decoding centre of the mature 40S ribosome, which is essential for protein
translation (Ben-Shem et al., 2011). Possibly, Prp43 together with Pfa1 and Ltv1 is
involved in regulating the maturation of this sub-structure (Pertschy et al., 2009).
Additional evidence for a significant reorganisation of this pre-ribosomal region was
provided by cryo-EM analysis showing that the upper part of H44 is disordered in late
pre-40S complexes when compared to the mature structure of the SSU (Strunk et al.,
2011).
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The final processing of the 20S pre-rRNA by the endonuclease Nob1 at site D occurs
in late cytoplasmic pre-40S particles (Zemp et al., 2009). Structural remodelling of
the 3’-minor domain might be a necessary regulation mechanism to prevent the
cleavage of 20S pre-rRNA in early pre-ribosomal complexes, to which Nob1 is
recruited (Fatica et al.,, 2003). The 3’-domain of the 18S rRNA sequence was
therefore suggested to adopt a structural conformation that blocks access of the
Nob1 PIN domain to its target site (Lamanna and Karbstein, 2011; Pertschy et al.,
2009). Indeed, the structural conformation of H44 and ITS1, which flank the Nob1
cleavage site, has been reported to influence the binding of the endonuclease
(Lamanna and Karbstein, 2011). An additional Nob1 interaction site, which anchors
the endonuclease to the pre-SSU particles, was identified in H40 of the 18S rRNA
sequence (Granneman et al., 2010). This binding site is conserved from archaea to
eukaryotes and potentially constitutes the primary Nob1 recruitment site (Veith et al.,
2012a). Cryo-EM analysis of pre-40S complexes from S. cerevisiae revealed that
ScNob1 is positioned between the platform, which harbours the cleavage site D and
the neck of these particles, where H40 is located (Strunk et al., 2011). A model,
which illustrates the structure of PhNob1 bound to the mature 40S ribosome of yeast,
confirms that the functional core of the endonuclease is sufficient to span the
distance between the two interaction sites (Figure 32; Veith et al., 2012a). The
conserved aspartate residues (D12, D82 and D100) of the PIN domain point to the
3’-end of the 18S rRNA, whereas the B-sheet surface of the zinc ribbon domain is
adjacent to H40 and thereby anchors the endonuclease to the head domain of the
ribosomal particle (Figure 32; Veith et al., 2012a). Moreover, the structural model
indicates that the linker sequence connecting the two functional domains of Nob1
provides the required structural flexibility to allow the simultaneous binding of Nob1 to

H40 and the processing at site D in late pre-ribosomal particles.

Remodelling of pre-SSU and pre-LSU particles add to the role of Prp43 in mediating
snoRNA release from pre-ribosomes. Beside its functions in ribosome biogenesis,
Prp43 was found implicated in the disassembly of late and aberrant spliceosomal
particles (Arenas and Abelson, 1997; Fourmann et al., 2013; Koodathingal et al.,
2010; Martin et al., 2002; Mayas et al., 2010), demonstrating the ability of the
multifunctional RNA helicase to regulate remodelling events in RNP complexes.
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Nob1
zinc ribbon

Figure 32: 3D Model of Nob1 binding to the 40S ribosome structure. (A) The 40S 3D structure
(Ben-Shem et al., 2010) is shown from the side of the subunit interface. Crosslinking sites of Prp43
(orange) and Nob1 (red; Granneman et al., 2010) are indicated on the back bone of the rRNA. The
rRNA ends are highlighted as purple spheres. Nob1 was modelled on the 40S structure and is shown
in surface representation. Surface colours indicate the two functional domains of the endonuclease.
Green denotes the zinc ribbon domain, the blue surface marks the PIN domain and the flexible linker
is shown in grey. (B) A detailed section of the 40S platform domain illustrating the potential interaction
of Nob1 PIN domain with the 3’-end of 18S rRNA and the zinc ribbon domain with H44 (Nob1
crosslinking site).

Likely, some of the other RNA helicases involved in ribosome biogenesis, whose
functions are currently unknown, also participate in remodelling of pre-ribosomal
complexes. Investigating the reorganisation of pre-ribosomal particles during their
course of maturation is now facilitated by the development of high throughput
structure probing techniques such as SHAPE-Seq, Mod-seq or ChemModSeq
(Hector et al., 2014; Mortimer et al., 2012; Talkish et al., 2014). These methods are
based on the DMS structure probing approach used here, but coupling with next
generation sequencing allows screening of entire pre-rRNAs. Such methods have
recently been applied to investigate the structures of cellular mRNAs (Rouskin et al.,
2014) or to follow structural rearrangements during the late steps of SSU maturation
and will in future give substantial insights into rearrangements that occur during
ribosome biogenesis and help uncovering the functions of further RNA helicases in

these remodelling events.
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4.5 RNA helicases are regulated by cofactors

RNA helicases frequently function in large complexes such as pre-ribosomes and
many of them require protein cofactors to regulate their activity or aid in target
recognition (Silverman et al., 2003). Especially in the complex process of ribosome
biogenesis a careful regulation of maturation cofactors, like RNA helicases, seems to
be crucial. However, relatively few RNA helicase cofactors have been identified and
characterised. As mentioned above (4.2) Rok1 was shown to interact with Rrp5, a
large scaffold protein containing several RNA binding domains (Venema and
Tollervey, 1996), which was suggested to stimulate the enzymatic activity of Rok1
(Young et al., 2013). Additionally, the close proximity of their pre-rRNA and snoRNA
binding sites supports the coordinated function of Rrp5 and Rok1 in vivo (Figure 31
A; Lebaron et al., 2013).

Similarly for Dbp8, another DEAD box helicase involved in 40S biogenesis,
(Daugeron and Linder, 2001) a ribosome maturation cofactor with a conserved RNA
binding domain, Esf2 (Hoang et al., 2005), was shown to bind and stimulate the

activity of the RNA helicase (Granneman et al., 2006).

Interestingly, Prp43 has been shown to be regulated by several cofactors, all
containing a G-patch domain with several conserved glycine residues (Aravind and
Koonin, 1999). Initially, the G-patch protein Ntr1 was identified as cofactor of Prp43
during splicing (Tsai et al., 2005), in which Prp43 facilitates the release of the lariat
structure and drives disassembly of the spliceosome (Martin et al., 2002). In
biogenesis of the 40S ribosome, Prp43 was shown to interact with the G-patch
protein Pfal to coordinate structural remodelling processes that facilitate the final
processing of 20S pre-rRNA (4.4; Pertschy et al., 2009). Recently, Chen et al. (2014)
confirmed the direct interaction of Prp43 with a third G-patch protein, Gno1, and
suggested that the protein regulates the functions of the RNA helicase in maturation
events occurring in late 90S an early pre-60S ribosomal particles. In all these cases,
the interaction of Prp43 with the G-patch proteins is mediated by the G-patch motif of
the cofactor (Behrens et al., 2012; Chen et al., 2014; Christian et al., 2014; Walbott et
al., 2010) and results in stimulation of the ATPase or helicase activity in vitro (Chen
et al., 2014; Lebaron et al., 2009; Tanaka et al., 2007). Since Pfa1 and Ntr1 both bind
the C-terminal domain of Prp43 (Christian et al., 2014; Walbott et al., 2010) it is likely
that the G-patch proteins compete for Prp43. Possibly, G-patch proteins help to
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recruit the multifunctional RNA helicase to its diverse substrates throughout the cell.
Such regulatory mechanisms could contribute to the synchronisation of ribosome
biogenesis with other cellular pathways. However, G-patch proteins might also
exhibit local regulation mechanisms, which allow multitasking of Prp43 within pre-
ribosomal complexes, since no physical interactions between the G-patch proteins
Pfa1 and Gno1 were detected (Chen et al., 2014). Further studies into the regulation
of Prp43 and its cofactors will likely provide more insights into the regulation
mechanisms that allow participation of the helicase in multiple cellular pathways and

potentially lead to the discovery of new Prp43 substrates.

4.6 Conclusions

In summary, the data presented here enabled the identification of the first RNA
helicase binding sites on pre-rRNA and allowed the functional characterisation of
Rok1 and Prp43. Moreover, the crosslinking analysis confirmed for the first time
immediate contacts of RNA helicases with snoRNA-pre-rRNA duplexes in vivo
providing strong evidence for a direct release of specific snoRNAs by the helicase
activity of these enzymes. Together, these findings give new insights in pre-
ribosomal structures formed by pre-rRNAs and snoRNAs and uncovered potential
RNA elements that undergo helicase mediated rearrangements within these

particles.
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Figure S: CRAC control experiments. Distribution of sequence reads obtained by (A) in vitro (B) in
vivo and (C) in culturo crosslinking of untagged control samples on the linear RDN37 sequence,
encoding the 35S pre-rRNA. Number of hits were normalised to total mapped reads per million for
each nucleotide. Relative positions of the mature 18S, 5.8S and 25S rRNA sequences are indicated at
the below the graphs. (D) Mapping of crosslinked reads obtained by CRAC analysis with TAP tagged
Prp43 control strains on the primary ribosomal transcript.
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