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Abstract

Ribosomes are macromolecular machines that are responsible for production of every protein in a living cell. Yet we do not know the details about how these machines are formed. The ribosome consists of
four RNA strands and roughly 80 proteins that associate with each
other in the nucleolus and form pre-ribosomal complexes. Eukaryotes,
in contrast to prokaryotes, need more than 200 non-ribosomal factors
to assemble ribosomes. These associate with pre-ribosomal complexes
at different stages as they travel from the nucleolus to the cytoplasm
and are required for pre-rRNA processing. We do however lack
knowledge about the molecular function of most of these factors and
what enables pre-rRNA processing. Especially, information is missing
about how non-ribosomal factors influence folding of the pre-rRNA
and to what extent the pre-ribosomal complexes are restructured during their maturation.
This thesis aims to obtain a better understanding of the earliest events
of ribosome assembly, namely those that take place in the nucleolus.
This has been achieved by studying the essential protein Mrd1 by mutational analysis in the yeast Saccharomyces cerevisiae as well as by
obtaining structural information of nucleolar pre-ribosomal complexes. Mrd1 has a modular structure consisting of multiple RNA binding
domains (RBDs) that we find is conserved throughout eukarya. We
show that an evolutionary conserved linker region of Mrd1 is crucial
for function of the protein and likely forms an essential module together with adjacent RBDs. By obtaining structural information of
pre-ribosomal complexes at different stages, we elucidate what structuring events occur in the nucleolus. We uncover a direct role of
Mrd1 in structuring the pre-rRNA in early pre-ribosomal complexes,
which provides an explanation for why pre-rRNA cannot be processed
in Mrd1 mutants.

Populärvetenskaplig sammanfattning

I våra celler finns det mer än 20000 olika protein som gör att vi fungerar.
Några ansvarar för syretransporten i vårat blod, andra katalyserar kemiska
reaktioner, men en sak har de alla gemensamt: De skapas genom en mekanism som kallas translation. Ribosomen är den maskin som utför translationsprocessen och består självt av protein, men även av nukleinsyror, så kallat
RNA. För att kunna fungera i translationsprocessen behöver ribosomen vara
korrekt ihopsatt och det är inte bara energikrävande, utan även otroligt komplicerat. Utöver de ca. 80 proteiner och fyra RNA-strängar som utgör ribosomen, behövs det mer än 200 ytterligare faktorer för att sätta ihop en
ribosom. Vi vet dock inte mycket om vad dessa faktorer gör, mer än att de
behövs vid särskilda tidpunkter från att det ribosomala RNA:t syntetiseras i
kärnan till att ribosomen nästan är startklar för translation i cytoplasman. Det
är RNA-strängarna i ribosomen som står för den huvudsakliga arbetsbördan i
translationsprocessen och dessa måste veckas på särskilt sätt för att fungera.
Det är därför tänkbart att många av de faktorer som behövs för att sätta ihop
ribosomen är nödvändiga för att vecka specifika delar av RNA:t. I den här
avhandlingen redovisas resultat som direkt påvisar en sådan funktion hos ett
särskilt protein, Mrd1. I arbetet har bagerijäst använts som modellorganism,
men Mrd1 är otroligt välkonserverat genom evolutionen och finns i alla eukaryoter, både amöbor och människa. Dessutom beskriver vi hur det ribosomala RNA:t veckas i de tidigaste stegen när en ribosom sätts ihop. Våra data
tyder på att processen sker stegvis, men pekar också på att många olika delar
av RNA:t veckas på samma gång.
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1. Introduction

Preface
All life depends on proteins that are synthesized by the ribosome. Although the ribosomal structure and function is universally conserved
throughout evolution, how they are made differs. Eukaryotes, in contrast to prokaryotes, require a large set of non-ribosomal proteins to
carry out functions necessary to assemble ribosomes. The aim of this
thesis is to better understand the nucleolar events that take place during ribosome assembly. This has been achieved by structural analysis
of nucleolar pre-ribosomal complexes and by studying the ribosome
assembly factor Mrd1 in the yeast Saccharomyces cerevisiae.

The Ribosome
Ribosomes are macromolecular machines consisting of proteins and
RNA that convert the information of messenger RNAs (mRNAs) into
proteins in a process called translation. The mRNA is a blueprint that
contains the information of what polypeptide sequence will be generated upon translation in the form of nucleotide triplets called codons.
Each codon codes for one out of 20 amino acids or for a translation
stop signal. Transfer RNAs (tRNAs), with different amino acid residues or the nascent polypeptide chain attached, contain anti-codon
sequences that bind to the codons of the mRNA and the ribosome catalyzes peptide bond formation to incorporate a new amino acid residue into the growing polypeptide during each round of translation
elongation. The ribosome consists of a small subunit (SSU) and a
large subunit (LSU), whose functions are often described as the brain
and the muscle, respectively. The small subunit (the brain) is responsible for decoding, the process in which correct tRNA-mRNA base
pairing is assured, whereas the large subunit (the muscle) is responsible for catalysis during polypeptide synthesis. In eukaryotes, such as
the yeast S. cerevisiae, the SSU is called 40S and consists of 18S ribosomal RNA (rRNA) and 33 proteins, whereas the large subunit is
called 60S and consists of 25S, 5.8S and 5S rRNA and 46 proteins 1,2.
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Notably, two thirds of the ribosomal mass is composed of RNA,
which forms the core of the ribosome and is mainly responsible for
decoding and its catalytic activity 3,4. The ribosome is thus a ribozyme.

Structural and Functional domains of the ribosome
The rRNA folds into secondary structures (Figure 1) that together with
ribosomal proteins (r-proteins) form evolutionary conserved conformations. The SSU rRNA folds into the 5', central, 3' major and 3' minor domains that together with r-proteins form the characteristic body,
shoulder, platform, head and beak structures. The 25S and 5.8S
rRNAs fold into six secondary structural domains that together with
the 5S rRNA form a globular, crown-shaped structure. While the secondary structural domains of the 18S rRNA corresponds to the structural landmarks of the small subunit, the domains of the LSU are not
as distinctly segregated 5 (Figure 1). The 5S rRNA forms the central
protuberance, a structural hallmark of the LSU. The decoding center,
the tRNA binding sites (called A, P and E) and the peptidyl transferase center are all located at the subunit interface consisting mainly of
rRNA. The nascent peptide formed during translation is passed
through the peptide exit tunnel, to emerge on the solvent side of the
LSU. Most ribosomal proteins (r-proteins) bind to the solvent side of
the ribosomal subunits and largely play a structural function 1,2. While
eukaryotic ribosomes are considerably larger than their bacterial counterparts, due to that the rRNAs contains expansion segments and the rproteins contain extensions, the core of the ribosome is universally
conserved 6. Most of the expansion segments of the eukaryotic rRNA
and extensions of r-proteins, are located at the periphery of the ribosomal subunits 1,2. In bacteria, sequences homologous to 5.8S rRNA
are present in the 5'-end of the 23S rRNA 7,8. Structural differences
between bacterial and eukaryotic ribosomes reflect the differences in
translation pathway between these organisms 6, such as differences in
translation initiation 6,9–11.
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Saccharomyces cerevisiae as a model organism for eukaryotic
ribosome assembly
The yeast S. cerevisiae is the most well studied model organism to
understand ribosome assembly in eukaryotes. The ease of genetic manipulations and biochemical techniques using tagged proteins in S.
cerevisiae has allowed identification and studies of many of the components involved in ribosome biogenesis 19. Many of these components have homologues in humans and therefore studies in S. cerevisiae are likely to be relevant for understanding of ribosome assembly in humans. Although there are many similarities, there are also
differences regarding ribosome assembly in different eukaryotic organisms. These differences include the number of involved components, what sites in the pre-rRNA are processed and what enzymes are
used for such processing events 20–22. Notably, 74 previously unidentified assembly factors lacking homologues in S. cerevisiae were identified in an siRNA screen for factors involved in pre-rRNA processing
in HeLa cells, which suggests that ribosome assembly is more complex in humans 20. Furthermore, many homologues to S. cerevisiae
proteins involved in maturation of one subunit are involved in maturation of both subunits in HeLa cells 20. As the work presented in this
thesis has been carried out in S. cerevisiae, relevant background presented is mainly based on work carried out in S. cerevisiae.

From transcription of ribosomal DNA to translation competent
ribosomes- an overview
To make a mature ribosome in S. cerevisiae, the four rRNAs need to
be assembled with roughly 80 ribosomal proteins 1,2. The 18S, 5.8S
and 25S originate from the same gene transcribed by RNA polymerase
I (Pol I), referred to as 35S pre-rRNA. The rRNA portions are surrounded by external and internal spacers, which are removed by a series of endo- and exonucleolytic cleavages (Figure 2). The 5S rRNA is
transcribed from a separate gene by pol III. The ribosomal gene copies
(containing both 35S and 5S) are tandemly repeated and located on
chromosome XII 23 (Figure 2). However, only about half of the ribosomal genes are actively transcribed 24. Transcription of the ribosomal
genes and association of the pre-rRNA with proteins and snoRNAs
occurs in the nucleolus, a nuclear compartment where pre-ribosomes,
proteins and snoRNAs required for ribosome biogenesis are concentrated 25. Ribosomal assembly starts already as the pre-rRNA is being
transcribed in the nucleolus 26 and the last steps of assembly occur in
6

the cytoplasm and are possibly linked to translation 27–29. During ribosome assembly, the pre-rRNA needs to be precisely folded and associated with ribosomal proteins, and many nucleotides are chemically
modified by snoRNPs or stand-alone enzymes 30. Endonucleolytic
cleavage of the pre-rRNA in the internal transcribed spacer I (ITS1),
which can occur co- or post-transcriptionally 31,32, leads to formation
of pre-40S and pre-60S ribosomal subunits that need to be exported to
the cytoplasm where final maturation occurs 19. More than 200 factors,
excluding the ribosomal RNA and ribosomal proteins, are required to
make ribosomes 16, yet we lack detailed understanding of what most
of these factors do. The majority of these factors are non-redundant,
meaning that they must have specific functions that remain to be identified. Some of them are likely involved in structuring parts of the prerRNA in order to promote productive structures and processing. This
thesis presents data concerning one of these factors, Mrd1.
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The central role of ribosome biogenesis in growing cells
Tremendous amounts of energy is spent to make ribosomes in proliferating cells, as ribosomes are required to duplicate the protein components of the cell necessary to generate viable cells of normal size
upon cell division 33,34. In rapidly growing S. cerevisiae cells 60% of
total transcription is devoted to produce rRNA and 50% of the pol II
transcription to make mRNAs encoding ribosomal proteins, which is
required to produce 2000 ribosomes per minute 33. Regulation of ribosome biogenesis is essential to ensure that a sufficient amount of ribosomes are produced to meet the demand of the growing cell, but to not
waste energy when resources are sparse. Global upregulation or repression of ribosome biogenesis can be achieved by modulating pathways such as the target of rapamycin (TOR) pathway, affecting transcription of both rRNA and mRNA encoding r-proteins 35,36. Regulation on the level of individual r-proteins and trans-acting factors presumably also takes place 33. More than a third of the introns of the S.
cerevisiae transcriptome are present in the pre-mRNAs of the mRNAs
encoding r-proteins, indicating that splicing is regulating r-protein
levels 37,38. Indeed, L30/eL30 is an example of a r-protein that autoregulates its own expression through inhibition of splicing when present in excess 39.
The relation between cell cycle progression and ribosome biogenesis
has been studied extensively in mammalian cells. The tumor suppressor p53 plays an important role during cell cycle progression by controlling the phosphorylation of pRB, which when phosphorylated triggers the G1-S phase transition 40,41. The levels of p53 are normally
low, as it is ubiquitinylated by H/MDM2 (Human/Murine double minute 2), which triggers proteasomal degradation 42,43. Stresses, including DNA damage and metabolic changes, prevent the H/MDM2 mediated degradation of p53 44 that upon accumulation prevents the phosphorylation of pRB and thus cell cycle progression 40. In cells where
pol I transcription is repressed, the LSU r-proteins L5/uL18 and
L11/uL5 bound to 5S rRNA (5S RNP), bind to H/MDM2 to inactivate
its E3 ubiquitin ligase function leading to p53 stabilization 45–50. Thus,
the 5S RNP provides a link between ribosome biogenesis and cell cycle progression.
Not all ribosomes look the same and there are multiple mechanisms to
generate heterogeneous ribosomes 51–53. The source of heterogeneity
of ribosomes includes different content of paralogous r-proteins that
differ in amino acid sequence, different chemical modifications of the
rRNA or differently processed rRNA. Due to ribosome heterogeneity
9

there may be specialized ribosomes that perform specific function
under different conditions, such as particular growth conditions or in
different cell types.

The nucleolus
The nucleolus is a nuclear body in which the first steps of ribosome
assembly take place. The nucleolus is a membraneless organelle
formed around chromosomal regions where rDNA genes are tandemly
repeated, so called Nucleolar Organizing Regions (NORs) 54. During
mitosis and nuclear disassembly, the nucleolus undergoes disassembly
and reassembly events and is thus not a static entity 55. In organisms
where the nuclear envelope is not disassembled during mitosis, such
as S. cerevisiae, the nucleolus presumably does not disassemble 56. In
S. cerevisiae the nucleolus occupies one third of the nuclear volume
and consists of two components, fibrillar strands and granules 56. In
contrast, nucleoli in other eukaryotes including mammals are composed of fibrillar centers, dense fibrillar centers and granules and are
typically present in multiple copies per nucleus 56. The different nucleolar compartments can be separated upon drug treatment or during
physiological occurrences resulting in pol I inhibition, or inhibition of
pre-rRNA processing factors 56. This suggests that pol I transcription
and pre-rRNA processing are important determinants of the nucleolar
structure. It is however noteworthy that during nucleolar assembly in
the early telophase, several nucleolar proteins and pre-rRNA localize
to NORs independent of pol I transcription and form so called "mininucleoli" 57. Thus, the nucleolus may not simply be a nuclear compartment formed by the act of pol I transcription. The size of the nucleolus is however related to pol I transcription and the production of
ribosomes, and both normal cells stimulated to proliferate and many
cancer cells show enlarged nucleoli 58,59. Both mutations in p53 and
phosphorylation status of pRB influence the size of the nucleolus 60.
Although typically described as the ribosome factory of the cell, the
nucleolus is implicated in other roles than solely ribosome biogenesis.
These roles include stress sensing and response, cell-cycle progression
and biogenesis of non-ribosomal RNPs 55,61. In a screen for nucleolar
proteins involved in ribosome biogenesis in HeLa cells, 339 out of
625 proteins did not show pre-rRNA processing defects upon siRNA
knockdown. These proteins may be involved in something else than
ribosome assembly 20.
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2. Identification and function of ribosome
assembly trans-acting factors

Identification and characterization of pre-ribosomal complexes
containing Trans-acting factors
In the late 1960s, transcription of rRNA genes was visualized by electron microscopy 62. These genes are occupied by multiple transcribing
polymerases and the transcripts are compacted into knobs demonstrated to reflect association of ribosomal RNA and proteins into RNAprotein complexes 26. Biochemically, pre-ribosomal particles were
identified by pulse labelling newly synthesized RNAs by 3H and analyzing their distribution in sucrose gradients following ultra centrifugation 63. The full-length ribosomal precursor RNA, called 35S, sedimented as a 90S complex and was subsequently processed into shorter
pre-rRNAs present in complexes sedimenting at roughly 66S and 43S,
presumably reflecting pre-60S and pre-40S complexes, respectively.
The pre-ribosomal complexes, especially the 90S and the pre-60S
complexes, were found to have a higher protein:RNA ratio than mature ribosomal subunits, suggesting that the pre-ribosomal complexes
are associated with a large number of proteins not found in mature
ribosomes 63 (Figure 3).
Although pre-ribosomal complexes were identified in the mid 1970s,
only few trans-acting factors involved in the process were identified,
mainly by genetic screens 16, until the introduction of tandem affinity
purification (TAP) techniques 64 coupled to sensitive massspectrometry (MS). Using different TAP-tagged ribosome assembly
factors as baits, the composition of pre-ribosomal complexes with
different pre-rRNA content has been described 65–68. Many transacting factors associated with the 90S pre-ribosome are required for
A0, A1 and A2 cleavages that are necessary for SSU biogenesis 66,67
(Figure 2). Upon A2 cleavage, most of these trans-acting factors dissociate, forming a 43S complex containing the 20S pre-rRNA, which is
associated with a handful of new trans-acting factors 69. The 43S complex is exported to the cytoplasm where final maturation steps occur,
including gradual disassembly of assembly factors and cleavage at site
11

Function of Trans-acting factors
More than 200 trans-acting factors, also known as assembly factors or
processing factors, involved in ribosome assembly have been identified by TAP or genetic means, but we lack knowledge about what
most of them do on a molecular level. Among these factors are
snoRNPs and energy consuming enzymes such as AAA-ATPases,
GTPases, endo- and exonucleases, kinases, phosphatases and export
factors 16. It has been suggested that energy consuming enzymes may
promote and/or regulate key steps during ribosome biogenesis and
confer directionality of the process by driving irreversible reactions 77.
A large number of proteins of the trans-acting factors involved in ribosome assembly do however lack apparent enzymatic activity and
are yet essential for pre-rRNA processing and cell growth 16. Recent
cryo-EM studies have shown that certain proteins and/or subcomplexes of proteins form molecular scaffolds, for instance the UTP-A and
UTP-B modules that partly engulf the pre-rRNA 78–81. Other transacting factors have been proposed to act as so called placeholders that
occupy the same binding site as other trans-acting factors, ribosomal
proteins or factors involved in translation 82. Notably, some transacting factors are paralogues of ribosomal proteins. The roles of
placeholders may be to ensure correct timing of assembly of their
binding counterpart and structural and functional proofreading, as
suggested by that several factors bind to functional centres of the ribosome 76,83–86. Three AAA-ATPases (ATPases associated with various
cellular activities) are essential for 60S subunit assembly 87–89. These
enzymes are crucial to release other trans-acting factors so that they
can be recycled 90,91. Several trans-acting factors are also required for
nuclear export of pre-ribosomal subunits 92. These may have a direct
function to shield the pre-ribosomes as they travel through the nuclear
pore, but many are more likely involved in making the pre-ribosomes
competent for export, such as by promoting binding of bona fide export factors 92. Both general RNP export factors and specific ribosome
assembly factors are utilized to export pre-ribosomal complexes 92–94.
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3. Protein-assisted RNA folding and the role of
ribosomal proteins during ribosome assembly

Protein-assisted RNA folding
RNA molecules are able to rapidly fold into correct structures, but are
inherently prone to misfolding into stable structures that require long
time to refold 95. Formation of new RNA helices occurs at a timescale
of 10-ȝV 96, which is considerably faster than the roughly 170 seconds required to transcribe the full-length 35S pre-rRNA 32. Therefore, the progressive folding of nascent transcripts likely facilitates
correct folding and limits the number of folding pathways, which is
further suggested by studies showing that transcription rate affects
RNA folding 96. It is noteworthy that sequences separated by more
than 1000 nucleotides are frequently involved in interactions in the
mature rRNA 1, which stresses the need for r-proteins and trans-acting
factors to prevent misfolding already during Pol I transcription. There
are multiple ways proteins can aid RNA folding and include stabilizing the correct structure, preventing formation of incorrect structures
and promoting refolding of incorrect structures 95,97. There are 19
DExD/H-box ATPases, or so-called RNA helicases, involved in ribosome assembly 77. These have poor unwinding activity, but likely
function to locally remodel the pre-ribosome to promote structural
rearrangements. RNA helicases are involved in both association and
release of different snoRNPs 98. To aid in folding is also a putative
function of the many trans-acting factors involved in ribosome assembly that lack enzymatic activity.

The role of ribosomal proteins in bacterial ribosome assembly
Remarkably, functionally active bacterial small (30S) and large (50S)
subunits can be reconstituted in vitro from their individual components, i.e. isolated rRNA and ribosomal proteins, although at nonphysiological conditions 12–14. These experiments suggest that the entire information for ribosome assembly in bacteria is contained in their
14

molecular components rather than in non-ribosomal factors. In vivo,
however, at least 10 non-ribosomal proteins are required for optimal
ribosome assembly in E coli 15. The in vitro reconstitution system allowed systematic studies that revealed the interrelationships of the rproteins for assembly into the ribosomal subunits 99,100. Experiments
where r-proteins were individually excluded during the in vitro reconstitution and in vitro rRNA binding experiments of r-proteins in the
absence and presence of other r-proteins resulted in so called assembly
maps 99,100. In these assembly maps r-proteins can be grouped into
three classes based on their order of binding. Primary binders bind to
the rRNA independent of other r-proteins. Secondary binders require
the presence of primary binders and tertiary binders require the presence of both primary and secondary binders for association with the
rRNA. A number of studies deployed a chemical- and enzymatic
probing strategy to determine how r-proteins influence the RNA structure during the in vitro reconstitution of 30S subunits 101–106. These
studies showed that the binding of ribosomal proteins affect the RNA
structure not only at their binding sites, but also at adjacent and in
some cases distal sites. Furthermore, binding of primary and secondary binders had larger effects on the RNA structure than binding of
tertiary binders. It thus appears that binding of r-proteins induces conformational changes in the RNA, allowing assembly of other ribosomal proteins. In agreement with this, r-proteins in the 30S subunit
make relatively few contacts with each other and recognize the fold of
the 16S rRNA 107. Quantitative MS analyses of purified bacterial preribosomes have shown that ribosome assembly occurs through multiple parallel pathways in vivo and has provided an updated assembly
map for bacterial ribosomes that agrees well with the maps based on
in vitro reconstitution studies 108. Furthermore, it has been found that
upon depletion of bL17, the assembly pathway proceeds through an
alternative route that, although slower, still produces mature 50S subunits 109.

The role of ribosomal proteins in eukaryotic ribosome assembly
Although reconstitution of eukaryotic ribosomes in vitro has not been
reported and eukaryotes require a multitude of trans-acting factors as
compared to bacteria, the role of r-proteins during ribosome assembly
may not be fundamentally different between these organisms. Systematic depletion of S. cerevisiae SSU r-proteins showed that almost all of
them are essential for cell growth and pre-rRNA processing 110. Based
on the pre-rRNA processing defects upon depletion, the r-proteins
could be divided into different groups. Interestingly, the r-proteins
15

showing defects in the early processing steps corresponded to homologues of E. coli r-proteins that are primary binders and to some extent
secondary binders. Other r-proteins that were defective in the later
processing step, cleavage of 20S pre-rRNA to generate 18S rRNA,
and/or defects in pre-40S export, corresponded to homologues of E.
coli secondary and tertiary binders. Similar conclusions have been
drawn for mammalian ribosome assembly in a based on experiments
where r-proteins were knocked down using siRNA 111. The association
of r-proteins with the pre-rRNA has been assayed in S. cerevisiae cells
upon depletion of S5/uS7, whose bacterial homologue is a secondary
binder 112. Depletion of S5/uS7 did not result in increased association
of other r-proteins with the 35S precursor RNA, although the levels of
35S increase upon S5/uS7 depletion. This suggests that S5/uS7 has a
general role in stabilizing the pre-ribosomal complex. Furthermore,
depletion of S5/uS7 resulted in a decreased association of particular rproteins with the 20S pre-rRNA that in the mature ribosome bind to
the head domain 1,2. Depletion of S15/uS19, whose bacterial homologue is a secondary binder required for head formation 107, specifically resulted in decreased association of ribosomal proteins binding to
the head domain of the SSU, although the effect was not as strong as
upon depletion of S5/uS7 112. The concept that some eukaryotic rproteins affect the subsequent incorporation of other r-proteins shows
a striking resemblance to the in vitro reconstitution experiments of
bacterial ribosomes. Similarly, for LSU assembly, r-proteins required
for early pre-rRNA processing steps affect the association of rproteins required for downstream processing steps 113. However, the
LSU r-proteins required for early processing steps do not correspond
to homologues of bacterial primary binders to the same extent as for
small subunit assembly. In contrast to r-protein assembly during in
vitro reconstitutions of bacterial LSU's, where incorporation occurs
via distinct assembly groups, most yeast LSU r-proteins associate already the early 35S pre-rRNA 114. Stable incorporation of the different
r-proteins into the pre-60S subunit, however, occurs at specific assembly steps and the r-proteins become more stably associated along
the assembly process 113.
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4. Nucleolytic processing of the pre-rRNA

Spacer regions need to be removed to produce mature rRNA
The organization of rRNAs flanked and separated by spacer regions in
the 35S pre-rRNA ensures equimolar transcription of 18S, 5.8S and
25S rRNAs. However, it also means that the spacer regions need to be
removed in order to release the rRNAs. The 5'-end of the 35S prerRNA corresponds to the transcription start site, which is located 700
nucleotides upstream of the 5' end of the mature 18S rRNA. The 3'end is generated by cleavage by the RNase III endonuclease Rnt1 prior to transcription termination 115. Different nucleases are involved in
endonucleolytic cleavages and exonucleolytic trimming of the prerRNA in order to release the mature rRNA portions and to degrade the
spacer regions. Among these enzymes, some are involved in processing of other transcripts and some are specific for processing the
pre-rRNA 115–118. Notably, many of the trans-acting factors and rproteins are required for processing of the pre-rRNA, and defects in
processing often correlates with cell growth defects. Rather than being
directly involved in processing, it is more likely that the trans-acting
factors are required for making the pre-ribosomal complexes competent for processing. The nucleolytic processing of the pre-rRNA may
thus be a quality control mechanism that ensures that only correctly
assembled pre-ribosomes are subjected to processing, whereas misassembled pre-ribosomes are degraded. Furthermore, the spacer regions
at least in some cases serve as binding sites for trans-acting factors 78–
80,119,120
. The pre-rRNA processing events may thus release blocks of
trans-acting factors upon processing 80. The RNA degradation machinery presumably plays a pivotal role in degrading the released
RNA fragments upon endonucleolytic cleavage to allow recycling of
bound trans-acting factors 80,121,122.

Nucleolytic Processing steps in the 5'-ETS and ITS1 resulting in
mature 18S rRNA
Three endonucleolytic cleavage events in the pre-rRNA at sites A0, A1
and A2 (A0-A2) result in separation of the processing pathway into
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pre-40S and pre-60S pathways (Figure 2). Although the A0-A2 cleavage events can take place in the 90S pre-ribosome containing the fulllength 35S pre-rRNA, it predominantly (about 70% of cases) takes
place co-transcriptionally in rapidly growing S. cerevisiae cells 31,32.
Many trans-acting factors are required for cleavage at all three sites
A0-A2 16, indicating that these cleavage events are coupled. There are
however reports of mutants that block A1-A2 cleavage, whereas cleavage at site A0 can still occur 123–126. However, it appears that cleavage
at A0 is not a prerequisite for A1 cleavage, since mutations of the A1
site in the pre-rRNA almost completely blocks A0 cleavage with only
a mild defect in A1 cleavage 127. The enzyme responsible for A0 cleavage is yet to be identified, but it is likely an endonuclease as a fragment spanning the transcription start-site to site A0 can be detected in
cells depleted for the nuclear exosome 122. The protein Utp24 containing a PINc domain is likely the endonuclease that cleaves at sites A1
and A2 in the pre-rRNA. Mutation of the PINc domain of Utp24 inhibits cleavage at sites A1 and A2 in vivo 124. Furthermore, Utp24 binds
three nucleotides downstream of the A1 site in vivo and cleaves a prerRNA substrate at site A2 in vitro 118. In a cryo-EM model of a preribosomal complex containing pre-rRNA cleaved at site A0, Utp24 is
positioned close to the 5'-end of the 18S portion of the pre-rRNA 78. If
Utp24 is the endonuclease responsible for A1 and A2 cleavages, it
could explain why A1 and A2 cleavages are coupled. An attractive
model is that the two sites A1 and A2 need to be brought into close
proximity of each other upon compaction of the pre-rRNA resulting in
cleavage at both sites. Rcl1 (RNA cyclase like 1), another protein
component of the 90S pre-ribosome, has also been proposed to be the
nuclease responsible for A2 cleavage. Rcl1 has been shown to cleave
an A2 site containing RNA substrate in vitro and a triple amino acid
residue substitution mutant of Rcl1 abolished the activity 128. This
triple mutant also affected A2 cleavage in vivo and the mutated amino
acid residues were proposed to correspond to an RNA binding pocket
128
. However, the same triple mutant shows mislocalization, impaired
interaction with its binding partner Bms1 and impaired incorporation
into the 90S pre-ribosome 118. Furthermore, mutations in what presumably would be the active site based on an Rcl1 crystal structure
from the yeast Kluyveromyces lactis Rcl1, did not result in any growth
defect 129. It is noteworthy that more than one endonuclease may be
involved in cleavage of each one of the A0, A1 and A2 sites in vivo.
Since cleavage of these sites can occur co- or post-transcriptionally
31,32
, it is possible that different enzymes acts in these contexts. Nob1
is the putative endonuclease involved in D cleavage of the 20S prerRNA that generates the mature 18S rRNA. Nob1 has a PINc domain
that is required for D cleavage in vivo 130. Nob1 can cleave an RNA
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substrate that mimics the pre-rRNA at the D site in vitro 131. Furthermore, purified pre-40S particles can be stimulated to cleave at site D
in the pre-rRNA in a Nob1 PIN1c-domain dependent manner 70.

Cleavage at site A3 and the 23S pre-rRNA
Cells that are unable to cleave the pre-rRNA at sites A0-A2 often accumulate a precursor called 23S 132 that is generated by cleavage at
site A3 in ITS1 by the RNase MRP (mitochondrial RNA processing)
133–135
. A3 cleavage also generates 27SA3 pre-rRNA 135, that is subsequently processed into 25S and 5.8S rRNA, and is therefore an integral step of processing of the LSU rRNA. Thus, A3 cleavage explains
why large subunits can be formed in the absence of A0-A2 cleavages
in various mutants. It has been reported that upon stresses and upon
diauxic shift A0-A2 cleavages are blocked and the pre-rRNA is instead
cleaved at A3 136. Both the 23S and 27SA3 formed under these conditions cannot be further processed, demonstrating that a switch in prerRNA processing can regulate production of ribosomes. Furthermore,
inhibition of the nuclear exosome results in accumulation of 23S prerRNA that is polyadenylated by the TRAMP complex, which indicates
that 23S is an aberrant precursor targeted for degradation 121,122. There
are however reports about mutants that are defect in A2 cleavage, but
still can cleave at site A1 and A3 to generate 21S pre-rRNA that subsequently is processed to 18S rRNA that supports growth 137. It is
therefore likely that the A3 cleavage doesn't define a pre-rRNA as defective, but rather, in a normal cell, the pre-rRNA molecules that cannot be cleaved at A0-A2 are aberrant and therefore will not be processed into 18S rRNA even though they can be cleaved at site A3.

Nucleolytic processing of the pre-rRNA resulting in mature 5.8S
and 25S rRNA
The 5.8S and 25S rRNA portions of the 35S pre-rRNA transcript are
released by a series of endo- and exonucleolytic processing steps. In
the majority of the transcripts, the 27SA2 pre-rRNA is endonucleolyticly cleaved at the site A3, catalyzed by the RNase MRP, to generate 27SA3 133–135. The remaining ITS1 sequence of 27SA3 is subsequently removed by the 5'-3' exonucleases Rat1, Xrn1 and Rrp17 that
stop at B1S site to generate 27SBS 138,139. In about 15% of all 27SA
pre-rRNAs, direct cleavage by an unknown endonuclease generates
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27SBL 138,140. By mutation of 10 nucleotides spanning the A3 cleavage
site, processing to BS is blocked whereas BL still occurs and supports
cell growth 138. The BS and BL sites both correspond to the 5'-end of
mature 5.8S rRNA, which therefore is heterogeneous and differ in
length by 7 or 8 nucleotides 138. The 27SBS and 27SBL seem to follow
the same processing pathway, with endonucleolytic cleavage at site C2
in ITS2 by Las1, which generates 25.5S and 7S pre-rRNAs 141. Interestingly, Las1 forms a complex with Grc1 and the exonuclease Rat1
and its co-factor Rai1 141,142. Cleavage of 27SB by Las1 results in a 3'extended 5.8S rRNA, called 7S, and a 5'-extended 25S rRNA, called
26S. As a result of Las1 cleavage, the 26S pre-rRNA contains a 5'-OH
that is phosphorylated by Grc1 to become a substrate for the Rat1 exonuclease that can trim 26S into a few nucleotides extended form of
25S 141, which is further trimmed by exonucleases into mature 25S
rRNA 143. The exonuclease Rrp17 has also been implicated in trimming 26S into 25S, suggesting that there is some redundancy between
exonucleases in these processing steps 139. Unlike the 26S pre-rRNA,
the 7S pre-rRNA resulting from C2-cleavage is relatively stable in
vivo. This is likely due to that the 3'-end of the 7S pre-rRNA contains
a 2'-3' cyclic phosphate as a result of C2-cleavage 141. Trimming of the
7S pre-rRNA occurs in multiple steps, both in the nucleus and in the
cytoplasm 144,145, and is presumably initiated upon conversion of the 3'
2'-3' cyclic phosphate to a 3'-OH 141.
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5. Chemical modifications of pre-rRNA and
snoRNPs

Chemical modification in the pre-rRNA is guided by snoRNPs or
stand-alone enzymes
In S. cerevisiae, about 2% of the rRNA nucleotides are modified 146,
making the rRNA the second most modified RNA after tRNAs 147.
The rRNA nucleotides are mainly modified by isomerisation of uridine to pseudouridine (pseudouridylation), methylation of 2'-OH of
the ribose (ribose methylation) and alterations of the bases, with the
most common being methylation of different positions (base methylation) 148. In eukaryotes pseudouridines and methylated riboses accounts for more than 90% of the modified nucleotides in the rRNA 30.
This is in contrast to the case in bacteria, where twice as many methylated bases as methylated riboses and pseudouridines are present 30.
In eukaryotes, ribose methylation and pseudouridylation is guided by
snoRNPs of the classes box C/D and box H/ACA, respectively,
whereas bacteria solely depend on so called stand-alone enzymes for
these modification events 30. The snoRNPs are ribonucleoprotein
complexes (snoRNPs) containing a snoRNA component that base
pairs to the pre-rRNA, using so called guide sequences, to direct a
catalytical protein to modify a specific nucleotide. Nop1 is the methyltransferase contained in box C/D snoRNPs 149–151 and Cbf5 is the
pseudouridine synthase component of box H/ACA snoRNPs 152,153.
The ten base methylations of yeast rRNA are catalyzed by RNA methyltransferases, of which many belong to the Rossman-like fold family 30.
The box C/D snoRNPs that guide ribose methylation of the pre-rRNA
contain a Box C/D snoRNA that forms a hairpin and the four proteins
Nop1, Nop56, Nop58 and Snu13. The Box C/D snoRNAs are characterized by consensus sequences called box C and D that are present in
two copies called C, C', and D, D', respectively. The C' and D' boxes
tend to deviate more from the consensus sequences and be less evolutionary conserved than the C and D boxes 154,155. The guide sequences
of Box C/D snoRNAs are 10-21 nucleotides long and positioned be21

tween boxes C' and D and/or C and D' 30. The ribose methylation typically occurs in the nucleotide base paired to the guide sequence five
nucleotides upstream box D. Nop56, Nop58 and Snu13 facilitate this
base pairing and position the catalytic site of the methyltransferase
Nop1 to modify its target 30. Some snoRNAs use a guide sequence
positioned between Box C and D', the so-called second guide region,
which can allow a single snoRNA to have two targets 155,156. Furthermore, some box C/D snoRNAs contain additional sequences complementary to its substrate that stimulate methylation 157. These sequences are often located between box C' and D' or in the second guide region for snoRNAs only guiding one methylation event 157. Interestingly, certain box C/D snoRNAs methylate multiple sites that are located
adjacent to each other in the rRNA using a single guide sequence
156,158
. These snoRNAs contain box C'/D' motifs that deviate from the
consensus and it has been suggested that these box C'/D' may allow
formation distinct snoRNPs that differ in how proteins are bound,
which results in methylation of different nucleotides base paired to the
guide sequence 159. A recent study has showed that box C/D snoRNAs can also guide RNA acetylation of cytosines in the pre-rRNA,
catalyzed by the acetyltransferase Kre33 160.
Box H/ACA snoRNPs consist of the four proteins Cbf5, Gar1, Nop10
and Nhp2 in addition to the Box H/ACA snoRNA 30. The snoRNA
component contains conserved sequences called H boxes and an ACA
sequence, hence the name, that forms a double hairpin structure 30.
Base pairing to the pre-rRNA takes place in a pocket within a hairpin
of the snoRNA and leaves the target uridine accessible for isomerisation by Cbf5 30.
About 80 snoRNPs are involved in modifying roughly 100 nucleotides
in the pre-rRNA in S. cerevisiae, meaning that some snoRNPs have
multiple targets 30. Notably, if these snoRNPs would be associated
simultaneously with the pre-rRNA they would increase the mass of
the pre-ribosomal complex by more than 17 MDa 15. This by far exceeds the size described for pre-ribosomal complexes containing the
35S pre-rRNA, in which the only snoRNAs identified are involved in
processing rather than modification of the pre-rRNA 66,67. By metabolic labelling experiments and mathematical modelling, it was found
that ribose methylation of the pre-rRNA mainly takes place cotranscriptionally in the 18S rRNA and both co-transcriptionally and
post-transcriptionally for the 25S rRNA 32. It is therefore possible that
modification snoRNPs have not been identified in purified preribosomal complexes due to that their function takes place early, or
that they are only transiently associated with the pre-rRNA or lost
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during purification of pre-ribosomal complexes. In addition to guiding
modifications, the base pairing of snoRNAs to the pre-rRNA may aid
in pre-rRNA folding 52.
Certain snoRNAs have well established roles in pre-rRNA processing,
based on that mutation or depletion of these snoRNAs results in specific pre-rRNA processing defects. In S. cerevisiae U3, U14, snR10
and snR30 are involved in A0-A2 cleavage and belong to classes box
C/D (U3 and U14) and box H/ACA (snR10 and snR30) 161–164. The
RNase MRP, involved in A3 cleavage, is also a snoRNP but belongs to
a unique class that is related to the universally conserved RNase P
family 165. The U3 snoRNA is described further in the chapter 6, "Nucleolar events of ribosome assembly".

The importance of rRNA modifications
There are multitudes of possible ways chemical modifications can
affect rRNA function due to alteration of chemical properties of the
modified nucleotide 148. These include alteration of steric properties,
different hydrogen bonding potential, local base stacking and increased rigidity for both single- and double stranded regions 148 It is
difficult to predict the effect of a given nucleotide modification as
they depend on the structural context and can extend beyond the site
of modification.
Functional importance of rRNA modifications is evident considering
that they cluster at regions that are important for translation 148,166–169.
While depletion of individual snoRNPs generally does not confer any
growth defect 156, defects in growth and translational function has
been observed upon loss of multiple modifications 170–173. Furthermore, the importance of ribose methylation and pseudourydilation of
pre-rRNA has been demonstrated by mutations of the enzymes Nop1
and Cbf5, respectively, resulting in global reduction of these modification events 149,152. While depletion of Nop1 or Cbf5 is lethal 153,174, it
also results in pre-rRNA processing defects 153,175, in agreement with
that Nop1 and Cbf5 are core components of snoRNPs involved in prerRNA processing 98. More specific mutations in Nop1 and Cbf5 however, highlight the importance of ribose methylation and pseudouridylation 149,152. In a screen for temperature sensitive Nop1 mutants, a
Nop1 allele that was lethal at 36°C was identified that is defect in ribose methylation but only slightly affects pre-rRNA processing 149.
Certain mutations in the catalytic domain of Cbf5 result in a lethal
growth defect at 37°C without affecting pre-rRNA processing 152.
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6. Nucleolar events of ribosome assembly

Pre-ribosomal processing at sites A0-A2 takes place in the SSU
processome
The composition of the ribonucleoprotein complex containing a mixture of full-length 35S pre-rRNA and partially processed 23S prerRNA was described in two different studies in 2002, both using tandem affinity purification coupled to mass-spectrometry (TAP-MS)
66,67
. Dragon et al. used baits in order to purify the U3 snoRNP and
identified 11 known proteins involved in pre-rRNA processing and an
additional 17 proteins, termed UTP1-17 (U three protein 1-17) 66. The
purified complex was named the small subunit processome (SSU processome), as most of its components are involved in A0-A2 cleavages
and thus for formation of the small ribosomal subunit 66. Grandi et al.
screened data sets from large-scale TAP-MS analyses in order to find
complexes enriched in 40S ribosomal proteins over 60S ribosomal
proteins 67. Reanalysis by TAP-MS of Pwp2/Utp1 and associated nonribosomal proteins, identified complexes that were very similar in
composition and contain many of the proteins identified by Dragon et
al. 67. They reasoned that the same complex was purified, possibly at
different stages, by using different baits. The complex was termed the
90S pre-ribosome based on its sedimentation constant and they reasoned that it was the same complex that was identified by metabolic
labelling in the 1970's 63. The terms SSU processome and 90S preribosome are generally regarded as being the same complex and the
terms are used interchangeably 176. In this thesis however, the term
90S pre-ribosome refers to a complex containing the 35S pre-rRNA 63.
The SSU processome refers to the part of the 90S pre-ribosome required for maturation of the small subunit, i.e. the 5'-ETS, 18S rRNA
portion and parts of ITS1. In accordance, SSU processome factors
have previously been defined as factors that co-precipitate both U3
and Mpp10 and that upon depletion results in loss of 18S rRNA 177.
The SSU processome is thus a functional constituent of the 90S preribosome.
Depletion of proteins of the SSU processome or the U3 snoRNA results in loss of large terminal knobs seen on chromatin spreads of ri24

identified complex the 90S pre-ribosome it is likely that the main
complex purified was the SSU processome and that the content of
LSU assembly factors in the 90S pre-ribosome has been underestimated. Protein baits used for purification of SSU processomes do precipitate, in addition to the 35S pre-rRNA, 23S pre-rRNA, which is not
expected to be associated with pre-60S factors 67. Furthermore, there
are reports suggesting that pre-60S factors are implicated in processing of 35S pre-rRNA. Notably, upon depletion or mutations of
pre-60S factors, 35S and 23S pre-rRNAs accumulate 132,178–180. Upon
depletion or mutation of Rat1, a protein required for 27SA3 processing, co-transcriptional cleavage at sites A0-A2 do not occur and
20S pre-rRNA is instead generated post-transcriptionally 181. Depletion of the DEAD-box protein Drs1, required for early pre-60S maturation, results in accumulation of pre-ribosomal complexes containing
35S pre-rRNA and proteins not previously shown to be associated
with 35S pre-rRNA 132. These include S3/uS3 and S20/uS10 previously described as r-proteins that associate with 20S pre-rRNA containing
pre-ribosomes 112, Arx1 and Nog2 that associate with 27SB containing
pre-60S subunits 73,94,182,183 and even Lsg1 that associates with pre60S complexes in the cytoplasm 73,184. These effects observed upon
depletion of Drs1 did not occur at early time points during depletion,
when cells were still growing exponentially, arguing for that the observed effects may be due to slowed growth that leads to accumulation
of 35S pre-rRNA and loss of co-transcriptional cleavage at sites A0-A2
31,132
. However, it is noteworthy that co-transcriptional cleavage at A0A2 does not occur immediately when the RNA polymerases have
reached the A2 site, but rather when the RNA polymerases reach about
1.5 kb past the A2 site 31,32,181 (Figure 4). Thus, there is a possibility
that pre-60S factors that bind the nascent transcript may have a proofreading function, signaling that the nascent transcript is ready to be
cleaved at site A2 181.

The SSU processome consists of subcomplexes
The SSU processome consists of at least 70 non-ribosomal proteins
177
. By pelleting pre-ribosomal complexes prior to TAP-MS, several
subcomplexes of the SSU processome were identified that can assemble in the absence of pre-rRNA and were named UTP-A, UTP-B and
UTP-C 185. Most proteins of the UTP-A complex are associated with
ribosomal chromatin and required for optimal transcription as determined by transcript counting in chromatin spreads and by transcription run-on assays 186. These UTPs are therefore also referred to as t26

UTPs (for transcription UTPs). However, another study did not detect
defects in transcription in transcription run-on assays, but rather linked
UTP-A depletion to pre-rRNA instability 121. Depletion of RNA surveillance machinery resulted in partial rescue of pre-rRNA processing
in UTP-A depleted cells 121. Another subcomplex of the SSU processome is the U3 snoRNP, consisting of Box C/D snoRNA core components (Nop1, Nop56, Nop58 and Snu13 30 and the U3 specific protein
Rrp9 187,188. Furthermore, the proteins Mpp10, Imp3 and Imp4 form a
subcomplex that interacts with U3 specifically in the SSU processome
189,190
. Also the GTPase Bms1 and Rcl1 form a dimer outside the SSU
processome 191.

Stepwise assembly of the SSU processome
By analysis of protein composition of the SSU processome upon depletion of components of the different subcomplexes, the assembly
hierarchy of the SSU processome has been studied 192,193. These studies suggest that UTP-A is required for assembly of UTP-B, UTP-C,
the U3 snoRNP, Mpp10/Imp3/Imp4 and Bms1/Rcl1 sub-complexes.
UTP-B appears to be required for assembly of the U3 snoRNP and the
Bms1/Rcl1 subcomplex, whereas assembly of UTP-C requires prior
assembly of the protein Rrp5.
In two studies, the composition of complexes associated with prerRNAs of different lengths was determined 119,120 (Figure 5). These
complexes were purified by tandem-affinity purification utilizing
MS2-tagged pre-rRNAs transcribed by pol II that span from the 5'-end
until different positions in the pre-rRNA (and thus are 3'-truncated)
119,120
. The results suggest the order in which the different assembly
factors associate with the SSU part of the pre-rRNA. In agreement
with that the UTP-A subcomplex was proposed to bind early, it was
able to associate with a truncated pre-rRNA consisting of only the first
280 nucleotides of the 5'-ETS. Extension of the transcript until nucleotide 470 of the pre-rRNA resulted in addition of UTP-B, the U3
snoRNP, Mpp10 subcomplex and a few additional proteins. By stepwise extension of the 18S portion of the pre-rRNA, more assembly
factors became associated with the pre-rRNA. Three proteins, Mrd1,
Nop9 and Nsr1, became associated with the complex when including
sequences at the border between the central and 3'-major domain,
while only one protein (Nop6) associated upon extension to include
the entire 3'-major domain. Upon inclusion of the 3'-minor domain,
more than 20 processing factors were incorporated. These studies sug27

The structure of the SSU processome
The structure of the SSU processome has been described in three reports 78–80. In the report by Kornprobst et al., the structure of the SSU
processome from the eukaryotic thermophile Chaetomium thermophilum was characterized at a 7.3Å resolution 80. In the other two reports,
the yeast S. cerevisiae SSU processome structure was characterized at
5.1Å and 4.5Å resolutions 78,79. The generated models from the three
reports show that the UTP-A and UTP-B complexes are docked to the
5'-ETS and form a scaffold that engulf large parts of the pre-rRNA.
The different domains of 18S rRNA within the complexes are folded
to different extents, but are spatially separated from each other and not
as compact as in the mature 40S subunit. While the 5'- and central
domains have an orientation reminiscent of the mature subunit, the 3'major and 3'-minor domains are displaced. The spatial separation of
the different domains may allow them to fold independently before
they establish the global architecture of the mature 40S subunit, involving numerous inter-domain interactions. Furthermore, in the cryoEM models the U3 snoRNA is docked at the center of the complex,
but its 5'-portion penetrates into the core of the complex where it is
available for base pairing with the pre-rRNA. It is noteworthy that the
pre-rRNA of the complexes analysed in the three reports were mainly
already processed at sites A0 and A3, possibly owing to processing
occurring during the purification procedure. The 5'-ETS is however
still associated with the complex, showing that endonucleolytic cleavage at site A0 alone is not sufficient for dissociation of the 5'-ETS
fragment bound to UTP-A, UTP-B and other trans-acting factors. The
pre-rRNA parts of the 5'-ETS between the A0 and A1 sites were not
well resolved and thus not modelled. The same was true for ITS1 containing the A2 site.

The U3 snoRNA
The U3 snoRNA is a central component of the SSU processome and is
essential for viability and A0-A2 cleavages 162,194 It has the box C/D
and C'/D' motifs common to all Box C/D snoRNA, but also contains a
roughly 100 nucleotide 5' domain that contains sequences proposed
and shown to base pair to the pre-rRNA 123,195–201. When not associated with the pre-rRNA, the U3 snoRNP is a monomer complex consisting of the common box C/D snoRNP proteins and the U3 specific protein Rrp9 188. Upon association with the pre-rRNA, additional proteins
are directly interacting with the U3 snoRNP, including a trimeric
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complex consisting of Mpp10, Imp3 and Imp4
DEAH-box helicase Dhr1/Ecm16 203.

125,189,190,202

and the

The U3 snoRNA has been proposed to base pair to multiple sequences
of the pre-rRNA and these interactions are summarized in Figure 6.
Most of these interactions involve sequences in the 5' part of U3. Two
of the proposed interactions between U3 and sequences in the 5'-ETS
of the pre-rRNA have experimental support. An interaction between
U3 39-48 and nucleotides 470-479 of the 5'-ETS was identified by
psoralen cross-linking 195. Mutants where nucleotides 470-479 of the
pre-rRNA have been substituted show defects in A0-A2 cleavages 196.
Compensatory mutations in the U3 snoRNA are able to rescue defects
in A0-A2 cleavage in such mutants 196. Another interaction with the 5'ETS, nucleotides 281-291 of the 5'-ETS with U3 nucleotides 62-72,
has also been verified by mutational analysis 199,200. Based on evolutionary conservation of sequence complementarity, U3 was proposed
to interact with 18S rRNA sequences of the pre-rRNA 123. In the mature 18S rRNA, these sequences constitute a structural motif called the
central pseudoknot that connect the major secondary structural domains of 18S rRNA and is conserved throughout evolution 204,205. The
U3 nucleotides involved in these proposed interactions are part of Box
A, a sequence motif of U3 found in all eukaryotes, or located adjacent
to Box A 123. Two of these interactions were proposed between U3
and sequences at the 5'-end of 18S rRNA and one proposed between
U3 and the 3' side of the central pseudoknot 123. It was therefore suggested that U3 could be involved in chaperoning the formation of the
central pseudoknot, by pulling these sequences into close proximity.
However, experimental support has only been provided for the interactions involving nucleotides of the 5'-end of the 18S rRNA portion of
the pre-rRNA 197,198. Additional interactions between U3 and 18S sequences have been suggested by the cross-linking, ligation and sequencing of hybrids (CLASH) technique 201. Chimeric sequences corresponding to U3 nucleotides 304-315 and two different 18S sequences (nucleotides 1063-1073 and 1624-1643) were identified. These 18S
sequences are in close proximity to the central pseudoknot in the mature 18S rRNA and the U3 sequence corresponds to the guide sequence of box C/D snoRNAs (Positioned between boxes C and D).
The complementarity between U3 and 18S sequences involved in
these proposed interactions are found in fungi evolutionary distant to
S. cerevisiae, but not in humans 201. In a high-resolution cryo-EM
model a novel base pairing interaction involving the 5'-end of U3 was
detected 78. Nucleotides of 18S Helix 27 was proposed to be the interaction partner, also located close to the central pseudoknot 78.
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As U3 base pairing to sequences involved in the central pseudoknot is
incompatible with the pseudoknot structure, it is crucial to resolve
these interactions. Two helicases, Dhr1/Ecm16 and Has1 203,206, but
also the non-helicases factors Esf2 and Mrd1 have been implicated in
release of U3 207,208. The DEAH-box helicase Dhr1 directly binds both
U3 near the Box A motif and also to the pre-rRNA. A Dhr1 mutant
that is unable to bind ATP accumulates a pre-ribosomal complex containing U3 and pre-rRNA that has been cleaved at sites A0, A1 and A3,
but not A2 203. This complex contains various SSU processome components and different SSU r-proteins. Interestingly, the r-proteins
S2/uS5 and S23/uS12, that bind to the central pseudoknot region in
the mature 40S subunit 1, were not detected. Furthermore, mutations
in the U3 snoRNA located in the Box A motif of U3 could suppress
the Dhr1 catalytic mutant. Dhr1 is a clear candidate for a protein directly involved in resolving U3 base pairing interactions. In particular
for resolving interactions with the 5'-end of the 18S portion of the prerRNA, which could facilitate formation of the central pseudoknot. It is
possible that the non-helicase proteins also implicated in release of U3
may be acting via Dhr1. Possibly, different proteins may be involved
in resolving the different base pairing interactions. Some of the proposed interactions involve the same sequences of U3 (Figure 6),
which means that they cannot all occur at the same time. If all of these
interactions occur at some point, there is a need to remodel the U3
snoRNP to disrupt base pairing interactions and to allow new interactions to occur. The Mpp10/Imp3/Imp4 subcomplex 189,190,202 binds to
the 5'-part of U3 125,209. In vitro studies show that Imp3 and Imp4 can
promote interactions between U3 and the 5'-ETS and the 5'-end of 18S
210,211
. It appears that an interaction between U3 and the 5'-end of 18S
is promoted by disrupting an internal helix in both U3 (at Box A in
Figure 6) and in 18S, thus allowing formation of interactions in trans
210,211
. Imp3 alone may be required for this activity 211.
There is data supporting that the different U3 interactions with the
pre-rRNA may have distinct roles in the SSU processome. Disrupting
the two base pairing interactions between U3 and the 5'-ETS of the
pre-rRNA, processing at sites A0-A2 are blocked 195,196,199,200. However, disrupting interactions between U3 and the 5'-end of the 18S portion of the pre-rRNA has a more pronounced effect on A1-A2 cleavages, while A0 cleavage can still occur 123,198. Also, depletion or mutation of Dhr1 126,212 has a more pronounced effect on A1-A2 cleavage
than on A0 cleavage, suggesting that both interaction and release of
U3 from the site near the 5'-end of 18S are required to promote A1 and
A2 cleavage. The interaction between U3 and nucleotides 281-291 in
the 5'-ETS are likely to be the first U3 interaction to occur with the
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function of certain RBDs could be provided in trans 207. Other RBDs,
such as RBD2 and RBD3, need to be present in the same molecule to
support cell growth. Two direct in vivo binding sites in the pre-rRNA
have been identified for Mrd1 by in vivo cross-linking and cloning
(CRAC) that lie in helices H27 and H28 214. Both of these sites positions Mrd1 close to the sequences involved in the central pseudoknot
in the mature 18S rRNA, which presumably is not formed in the prerRNA due to U3 base pairing 123,198. Depletion or mutation of Mrd1
results in accumulation of U3 in 90S pre-ribosomes, suggesting that
Mrd1 is involved in the release of U3 207. Interestingly, U3 does not
dissociate from the pre-ribosomal complexes upon proteinase treatment in mutants depleted of Mrd1 or lacking certain individual RBDs,
such as RBD5 207, demonstrating that U3 was retained base pairing to
the pre-rRNA. In another mutant, lacking two essential amino acid
residues of the RNP1 motif of RBD5, U3 was released upon proteinase treatment 207. These results show that U3 can be in different conformations in the pre-ribosome. However, which ones of the numerous proposed interactions between U3 and the pre-rRNA are retained
upon depletion or mutation of Mrd1 was not determined 207. Mrd1 is
furthermore required for the compaction of the pre-rRNA that can be
observed by chromatin spreads (Figure 4) 219. Terminal knobs that are
normally seen along the rDNA, are however seen upon depletion or
mutation of Mrd1 207,219. This is in contrast to depletion of U3, which
has a much larger impact on formation of terminal knobs 66. It therefore appears that UTP-A, UTP-B and the U3 snoRNA can associate
with the pre-rRNA independent of Mrd1 and that Mrd1 functions
downstream of these events. Reciprocally, Mrd1 can associate with
the 35S pre-rRNA in the absence of UTP-A, UTP-B and the U3
snoRNA 219. This is consistent with the pre-rRNA truncation experiments (Figure 5) that show that these subcomplexes associate with a
transcript containing the first 469 nucleotides of the 35S pre-rRNA
119,120
, which does not contain the Mrd1 binding sites. In such experiments, Mrd1 associates with transcripts containing the Mrd1 binding
site at H27 214 and in one report was found to be associated to less
extent with transcripts containing the entire 5'-ETS, 18S and ITS1 part
of the pre-rRNA 120 (not shown in Figure 5). This suggests that Mrd1
is released from the pre-rRNA at an early stage, but it should be noted
that Mrd1 does co-precipitate the 35S pre-rRNA, showing that it is at
least associated with some 90S pre-ribosomes containing 35S prerRNA 213. However, in several reports where the composition of preribosomal complexes purified using tagged SSU processome components was determined, Mrd1 was not detected 66,67, or present in low
abundance 80. Mrd1 has not been assigned to any electron densities in
reported cryo-EM models of the SSU processome 78–80. It therefore
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seems that Mrd1 may perform its essential functions at a specific time
point. While no direct protein-binding partner of Mrd1 has been reported, a candidate is the pumilio domain containing protein Nop9
that is suggested to associate with the pre-rRNA at the same stage as
Mrd1 120 (Figure 5). In vitro, Nop9 directly binds to sequences of the
3'-part of the central pseudoknot and to helix 28 220.

Nucleolar LSU assembly events taking place prior- and in
connection to A3 cleavage
Little is known about the earliest LSU assembly events, but certain
LSU assembly factors co-precipitate the full-length 35S pre-rRNA
221,222
. These factors are however associated to a much greater extent
with 27SA2 pre-rRNA and involved in cleavage at site A3, which is
catalyzed by the RNase MRP 133–135. Furthermore, an EM study of
actively transcribing rDNA genes have shown that after cotranscriptional cleavage that releases the pre-40S subunit, the nascent
transcripts are compacted, presumably into pre-60S complexes 31. This
study shows that 60S assembly also occurs already during transcription and likely involves trans-acting factors. A putative role of the
earliest pre-60S trans-acting factors is to stabilize the pre-rRNA, as
depletion of many of these factors results in degradation of the prerRNA 179,222–226. Among these factors are six putative RNA helicases,
Dbp2 227, Dbp3 228, Dbp6 180, Dbp7 225, Dbp9 226 and Prp43 229,230, that
could be involved in remodelling the pre-ribosome or in release of
snoRNAs that chemically modify or process the pre-rRNA 16.
There are indications that the early step of LSU assembly involves
forming interactions between the 5' and 3' ends of the pre-rRNA. Deleting the site in the 3'-ETS that is processed by Rnt1 115, results in
inhibition of A3 cleavage and endonucleolytic cleavage at site BL and
loss of cell viability 231. This suggests that processing at site A3 in the
ITS1 requires transcription of the full-length pre-rRNA and that ITS1
and the 3'-ETS are functionally linked. However, depletion 232,233 or
mutation 231 of Rnt1 does not fully abolish cell growth or A3 cleavage,
although downstream processing to site BS and BL is affected 115. It
therefore appears that there are functions of the sequence in the 3'ETS containing the Rnt1 cleavage site, rather than Rnt1 cleavage itself, that are important for A3 cleavage. Furthermore, depletion of the
r-protein L3/uL3 that binds to both the 5'-end of 5.8S rRNA and the
3'-end of the 25S rRNA 1 results in reduced processing at site A3 and
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destabilization of pre-ribosomal complexes 113,234. L3/uL3 is likely the
earliest binding LSU r-protein and may thus be involved in bringing
the 5'- and 3'-ends of the LSU pre-rRNA close to each other, which
may be required for subsequent subunit assembly and processing at
site A3 5. Furthermore, the early trans-acting factors Dbp6, Dbp7,
Dbp9, Npa1, Npa2, Nop8 and Rsa3 show multiple genetic interactions
with each other and with L3/uL3 235. L3/uL3 may nucleate LSU assembly and it is possible that it together with trans-acting factors is
required to stabilize the early pre-60S subunit. Also the 193 kDa protein Rrp5, required for both SSU and LSU processing 236, likely plays
an important structuring role during co-transcriptional LSU assembly
237
. CRAC analysis showed that Rrp5 binds to numerous sites
throughout the pre-rRNA and has direct sites of cross-linking including sequences in ITS1 near the A3 site 237. Furthermore, Rrp5 also
binds Nme1, the RNA component of RNase MRP, in a region that is
essential for Nme1 function 238,239. In addition, cross-linking and
mass-spectrometry analysis show that Rrp5 interacts with multiple
proteins in the pre-ribosomal complexes, including factors required
for early pre-60S processing events 237. Upon processing of the prerRNA at site A3, some of the earliest binding trans-acting factors dissociate, while other remain associated with the pre-60S subunit 19.

The involvement of A3 factors during 27SA3 processing
13 of the factors required to convert 27SA3 into 27SB 178,240–248 are
referred to as the A3 factors: Ebp2, Brx1, Pwp1, Nop12, Nop7, Ytm1,
Erb1, Rlp7, Nop15, Cic1/Nsa3, Dsr1, Rrp1 and Has1 16,249. Ebp2,
Brx1 Nop7, Pwp1, Nop12, Erb1, Rlp7, Cic1/Nsa3 and Ytm1 associate
already with the 35S pre-rRNA 240–242,249, whereas Rrp1 and Nop15
associate with the 27SA2 pre-rRNA 247,248. Dsr1 and Has1 belong to
the DEAD-box RNA helicase family, but the other A3 factors have no
predicted enzymatic activity 16. Although required for processing
within ITS1, most A3 factors bind to ITS2, the proximal stem of ITS2
that is formed by 5.8S and 25S base pairing or to domains I and III of
25S rRNA 76,250–254. Furthermore, A3 factors are required for assembly
of four ribosomal proteins, L17/uL22, L26/uL24, L35/uL29 and
L37/eL37, that bind to the 5.8S rRNA or helices formed by interactions between 25S and 5.8S rRNA in the mature 60S subunit 1,249. In
addition, Ebp2, Brx1, Pwp1 and Nop12 form a subcomplex with
L8/eL8 and L15/eL15 that also bind adjacent to the proximal stem
formed by base pairing between 5.8S rRNA and 25S rRNA 241,255.
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The involvement of B factors during processing of 27SB prerRNA
A set of factors required for 27SB processing 182,184,258–270 have been
referred to as the B-factors 16,271. These are: Tif6, Nip7, Rpf2, Rlp24,
Nsa2, Nog1, Nog2, Spb4, Dbp10, Drs1, Has1, Mak11, Nop2 and
Rrs1. Although Drs1 and Has1 are required for 27SA3 processing, and
thus also classified as A3 factors, certain mutations in these proteins
impair specifically 27SB processing 243,252. Several of the B-factors
have, or are predicted to have, enzymatic functions: Nog1 and Nog2
are GTPases, whereas Sbp4, Dbp10, Drs1 and Has1 are DEAD box
proteins/ATPases and Nop2 is believed to be a methyltransferase 16.
Three cryo-EM models of late nuclear pre-60S particles, purified using Nog2-TAP as bait, have been generated 76. These models show
that B-factors form an arc spanning from the central protuberance to
the polypeptide exit channel. Although these models represent preribosomal complexes that have already undergone processing at site
C2, they indicate that the B-factors are not located in close proximity
to ITS2 where they are required for processing. The binding sites suggest that the B factors may be involved in the formation of the polypeptide exit tunnel and that C2 cleavage is connected to formation of
these structural domains 76. How the information that such domains
are successfully formed can be transmitted as a signal to ITS2, where
C2 cleavage occurs, would have to be determined. Furthermore, Rpf2
and Rrs1 have well-established roles in incorporating the 5S RNP that
forms the central protuberance 74,272–274. This appears to be required
for processing events downstream of C2 cleavage 113. Yet the function
of B-factors prior to C2 cleavage remains elusive.
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7. Construction of structural and functional
ribosomal domains during ribosome assembly

As ribosomes depend on correct structure to function, many of the
trans-acting factors are presumably involved in forming such structures and this may enable the processing of the pre-rRNA or nuclear
export of pre-ribosomes, which can serve as a quality control mechanism. Formation of the head domain including its characteristic beak
structure appears to be a prerequisite for nuclear export of the SSU
112,275
. Gamalinda et al. have provided a hierarchical model for how
the LSU is assembled and also linked formation of different structural
domains to pre-rRNA processing 113. By inspecting the binding sites rproteins in the mature 60S subunit 1, they found that r-proteins required for the same pre-rRNA processing steps tended to cluster together in the same structural domains of the 60S subunit 113. Furthermore, it was found that r-proteins required for early processing steps
were required for strong association of r-proteins and assembly factors
required for subsequent processing steps. R-proteins required for the
middle processing steps do not affect incorporation of r-proteins required for early processing steps, but do affect association of rproteins and assembly factors required for late processing steps. Based
on the results, the authors of the study 113 proposed the following
model: The solvent interface platform is formed first, which is followed by processing of 27SA3 to 27SB pre-rRNA. Subsequently, the
exit tunnel is formed and the pre-rRNA is cleaved at site C2 leading to
a stabilization of the intersubunit domain and processing of 7S prerRNA. Lastly, the central protuberance and surrounding regions are
constructed prior to processing of 6S pre-rRNA. The model is mainly
based on stable association of r-proteins upon depletion of other rproteins. Other studies have shown that most LSU r-proteins are associated already with the earliest rRNA precursors 114. It was speculated
that these associations reflect so-called encounter complexes 113,276
that do not reflect stable binding. Although this model has experimental support for that there is a hierarchy in assembly of the LSU, it
is still possible that the different domains are gradually formed at the
same time, but that certain domains need to be fully assembled before
others can be. Furthermore, although stable incorporation of r-proteins
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was assayed, it does not necessarily mean that the domain was in its
mature conformation. Interestingly, the data provides experimental
support for the idea that formation of structural domains is coupled to
processing of the pre-rRNA 113. The hierarchical model presented 113
suggests that formation of a particular domain is followed by a processing event prior to formation of the next domain. However, based
on the presented data 113 it cannot be determined if a processing event
is a prerequisite for the formation of a domain. It is for example possible that most structural domains are indeed formed in a hierarchical
manner, but that formation of all of these domains occur very early,
such as in nucleolar pre-ribosomal complexes. However, the quality
control of correct formation of such structural domains, leading to prerRNA processing, could possibly occur later.
It is still not clear to what extent different ribosomal domains are
formed in the early nucleolar pre-ribosomal complexes and what
structuring events occur in different assembly intermediates. The
cryo-EM studies of SSU processomes have provided a wealth of information and show that the different domains of the SSU are not yet
formed in these complexes 78-80. How different trans-acting affect
formation of structures in these complexes remains to be determined.
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8. Present investigations

The aim of this thesis is to better understand the nucleolar events that
take place during ribosome assembly. This has been achieved by
structural analysis of nucleolar pre-ribosomal complexes and by
studying the SSU processome component Mrd1. The papers included
in this thesis have the follow aims:
To analyse to what extent the protein Mrd1, and its functional constituents, are evolutionary conserved (Paper I).
To determine if an evolutionary conserved linker region of Mrd1,
Linker 2, is important for the function of Mrd1 (Paper II).
To investigate whether or not Mrd1 has a structural role in the 90S
pre-ribosome and how Mrd1 influences U3 base pairing (Paper III),
To elucidate what structural rearrangements occur in nucleolar ribosomal complexes during large subunit assembly (Paper IV).

Approaches
While a bioinformatic approach was used in Paper I, the main approaches utilized in this thesis have been mutational analysis (Paper
II and III) and the RNA structure-probing technique called Selective
hydroxyl acylation analysed by primer extension (SHAPE) 277 (Paper
III and IV).
Mutational analysis is a powerful tool to understand both a process
and the function of its involved components. While mutant cells don't
provide a picture of what normally happens, they tell us what happens
when something does not happen, or happens in a different way. By
studying mutants, a large number of components involved in ribosome
assembly have been identified and the particular steps of the process
that they are required for have been elucidated. By mutational analysis
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we have identified a new functional domain of the ribosome assembly
factor Mrd1, Linker 2 (Paper II). By combining mutational analysis
with SHAPE, a role of Mrd1 in structuring the 90S pre-ribosome was
discovered (Paper III). This latter finding not only teaches us about
the function of Mrd1, it also substantiates the idea that ribosome assembly factors are involved in structuring the pre-ribosome in eukaryotes and that this is crucial for pre-rRNA processing to occur.
The second approach that was utilized in this thesis work was to obtain structural information of the pre-rRNA contained in preribosomal complexes using the technique SHAPE 277. By SHAPE, an
electrophile such as 1-methyl-7-nitroisatoic anhydride (1M7) 278 is
allowed to react with the RNA of interest. In this thesis, purified preribosomal complexes containing pre-rRNA were subjected to 1M7
treatment (Paper III and Paper IV). 1M7 covalently binds to the 2'OH of flexible nucleotides and forms an adduct that can be detected
by reverse transcription, as the modified nucleotide blocks the reverse
transcriptase 278. These stops can be detected by electrophoresis, or by
high-throughput sequencing 71,277,279,280. The 1M7 chemical is added at
a relatively low concentration that does not form an adduct at every
flexible nucleotide 277. Rather, SHAPE measures the frequency of adduct formation per nucleotide and the readout, called SHAPE reactivity, is a relative measurement of flexibility of nucleotides in an RNA
molecule. The SHAPE method is a population analysis and the
SHAPE reactivity value represents the extent of flexibility of a given
nucleotide in a population of RNAs that may be heterogeneous in
structure. While this complicates the interpretations of SHAPE analyses, it provides a means of obtaining structural information of an
entire population of RNA, without a bias to for example more stable
complexes. The SHAPE method has been successfully utilized to detect structural changes that occur in ribonucleoprotein complexes, including the effects of proteins on RNA structure, as well to accurately
determine secondary structures of RNAs 71,281–283. Using SHAPE, we
have compared the structure of pre-ribosomal complexes, both 90S
pre-ribosomes from Mrd1 mutant and non-mutant cells (Paper III),
but also nucleolar pre-ribosomal complexes at different stages of assembly (Paper IV).
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Conclusions
This thesis work has provided more knowledge about both the function of Mrd1 and the nucleolar events that take place during ribosome
assembly. In Paper I we analyzed the evolutionary conservation of
Mrd1 by a bioinformatic approach and found that Mrd1 and its modular design containing RBDs in a specific order is conserved throughout eukarya. A well-conserved linker region was also discovered that
is essential for Mrd1 function and protein stability and may be involved in a coordinated activity together with its adjacent RBDs (Paper I and II). By SHAPE analysis of 90S pre-ribosomes, an essential
role of Mrd1 in structuring the central parts of the small subunit part
of the pre-ribosome was uncovered (Paper III). This includes a role
of Mrd1 in restructuring events that enable the release of the U3
snoRNA, which presumably is crucial for pre-rRNA processing. The
results highlight that the U3 snoRNA is a central component of the
90S pre-ribosome that undergoes structural remodelling to enable different base pairing interactions to take place at different time point
during nucleolar ribosome assembly. By applying SHAPE analysis to
nucleolar pre-ribosomal complexes containing different pre-rRNA
intermediates, we discovered folding events that take place during
nucleolar large subunit assembly (Paper IV). These data show that a
major structuring event of the 5.8S portion of the pre-rRNA occurs in
the nucleolus at a specific step and suggest that this structuring event
may be coupled to pre-rRNA processing. The data also suggest that
multiple structural domains of the large subunit are folded simultaneously and that inter-domain contacts are forged in the nucleolus.

Perspectives
While the work of this thesis has increased our knowledge about ribosome assembly in eukaryotes, many questions have arisen or remain
unanswered. Much work in the field of ribosome assembly revolves
around purifying and analysing the content or structure of preribosomal complexes. This includes the structural analyses presented
in Paper III and Paper IV, but also different structural models gener42

ated by cryo-electron microscopy 75,76,78–80,183,257. A fundamental question is to what extent these complexes are representative of preribosomal complexes in the living cell. A particular concern is the
analysis of early nucleolar pre-ribosomal complexes, considering that
cleavage of the pre-rRNA within the SSU processome predominantly
takes places co-transcriptionally in rapidly growing cells 31,32. There
may be many parallel pathways to make a ribosome and some pathways may be faster than others. In agreement, kinetic analysis of prerRNA processing have indicated that the 27SA2 pre-rRNA has a considerably shorter half-life if it was generated by co-transcriptional
cleavage at site A2 as opposed to if it was generated posttranscriptionally 32. It is conceivable that pre-ribosomes containing
misfolded RNA mature into ribosomes slower than correctly assembled pre-ribosomes. Could the content of most pre-ribosomal complex
purifications, even from wild type cells, be biased towards preribosomes containing misfolded RNA?
The fact that more than 200 trans-acting factors are involved in making ribosomes highlights that the process is complex and may explain
why it is very efficient in growing cells. It does however pose the
question of how the process can be robust, even under stress conditions, when the loss of individual components involved in most cases
is not tolerated. Typically, redundancy between factors involved in a
process does increase robustness 284. Are there even more factors to be
identified that are redundant for ribosome assembly or are required
under different conditions?
Trans-acting factors are typically classified according to their prerRNA processing defects. Yet there are trans-acting factors such as the
B-factors, and also r-proteins, that associate with the pre-rRNA long
before the processing event that they are required for occurs 74,113,114.
It is possible that these factors do play a role also in the early preribosomal complexes, although not crucial for processing. As we currently don't know the details about what enables the pre-rRNA processing steps, assaying something else than processing, such as the
effect on pre-rRNA folding, may lead to a new view on a multitude of
ribosome assembly factors.
The enormous difference in number of trans-acting factors required
for ribosome assembly in bacteria and eukaryotes suggests that the
process may be fundamentally different in these organisms, but to
what extent this is true is unclear. One view is that each required
trans-acting factor of eukaryotic ribosome assembly plays a small, yet
pivotal, role during the process and that the rRNA and r-proteins
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simply can't assemble in its absence. This is unlike bacterial ribosomes that can be reconstituted in vitro. Another possibility is that
there is a common underlying explanation for why so many factors are
essential for the process. It has been suggested that a kinetic proofreading 285 may take place during eukaryotic ribosome assembly
286,287
. This would imply that different trans-acting factors are mainly
responsible for making the assembly process efficient, similar to the
case for trans-acting factors in bacteria, but that this efficiency is essential to avoid degradation and thus to produce ribosomes. It is also
possible that there are common roots to many pre-rRNA processing
defect observed in different mutants. In this thesis work, a role of
Mrd1 in structuring the central pseudoknot region in the 90S preribosome was discovered (Paper III). It remains to be determined if
this is a common role of the many different proteins of the SSU processome, or if it is specific to Mrd1.
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