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Introduction

1 Introduction

1.1 The Ribosome

First described in the early 1950s as “microsomes”, particles which contain RNA and are
involved in protein synthesis (Siekevitz, 1952), “ribosomes® were born in 1958 on a meeting
of the Biophysical Society at the MIT (Roberts, 1958). The syllable “ribo” was used to
emphasize the RNA content of the microsomes. The term ribosomes was coined, because
the conference participants liked the word as “it has a pleasant sound” (Roberts, 1958). At
the same time extensive biochemical characterization of these particles was going on and the
first cryo-electron microscopy images of ribosomes were taken. It soon became also clear
that ribosomes are the molecular machines that produce polypeptides (Keller et al., 1954;
McQuillen et al., 1959). Identification of the messenger RNA (mRNA) (Volkin and Astrachan,
1956; Jacob and Monod, 1961), transfer RNA (tRNA) bound amino acids (Hoagland et al.,
1958) and decryption of the genetic code (Nirenberg and Matthaei, 1961; Morgan et al.,
1966) completed the picture of the process of translation. Further milestones in the
emergence of the up to date mechanistic model of translation were the identification of a third
tRNA binding site (Rheinberger et al., 1981), the dissection of the single steps in the
translation pathway (Rodnina et al., 1997; Pape et al., 1998) and atomic resolution structures
of ribosomal subunits, which showed that RNA itself catalyzes the peptidyl-transferase
reaction (among others (Ban et al., 2000; Wimberly et al., 2000; Schmeing et al., 2005)).

1.2 Ribosome structure

1.2.1 Composition

Ribosomes are large ribonucleoprotein (RNP) complexes, so by definition they consist of
RNA (ribosomal RNA, rRNA) and proteins (ribosomal proteins, r-proteins). The general
architecture is conserved between all three evolutionary kingdoms. The small ribosomal
subunit (SSU, 30S/40S in prokaryotes/eukaryotes) consists of one RNA (16S/18S in
prokaryotes/eukaryotes) and small ribosomal proteins (rpS). The large ribosomal subunit
(LSU, 50S/60S in prokaryotes/eukaryotes) consists of two or three RNAs (5S and 23S in
Bacteria; 5S, 5.8S and 25S in Archaea and Eukarya) and large ribosomal proteins (rpL). The
core sequences of the ribosomal RNA species are conserved, while in the course of evolution
archaeal and eukaryotic rRNAs gained additional parts, the so-called expansion segments.
About two-thirds the number of small and half the number of large ribosomal proteins, which
are able to build up a bacterial ribosome, have counterparts in one of the other evolutionary
kingdoms (Figure 1, BAE). Additionally, a large number of r-proteins is conserved between
Archaea and Eukarya (Figure 1, AE).

Ribosomal proteins were previously identified and labeled according to their migration

1
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Eukarya (E)
32-46

Archaea (A)
28-40

Bacteria (B)
23-34

Figure 1. Venn diagram of ribosomal proteins from the three evolutionary kingdoms

The numbers show the average count of r-proteins in the respective evolutionary kingdom, e.g. Eukarya 32-46
means that an average eukaryotic ribosome is composed of 32 small ribosomal and 46 large ribosomal proteins. The
numbers given in the intersections indicate the conserved r-proteins in the evolutionary kingdoms. BAE 15-19, for
example means that 15 SSU and 19 LSU r-proteins are conserved between Bacteria, Archaea and Eukarya.

behavior in two-dimensional polyacrylamide gels. As a consequence many different
nomenclatures came into existence, which is even more complicated as the prokaryotic and
eukaryotic labeling was based on diverse abbreviations. For example the prokaryotic
ribosomal protein of the small subunit S19 is the homologue of eukaryotic ribosomal protein
rpS15, whose aliases are Rps21p, RIG-protein, S15, S21 and rp52. Whole genome
sequencing of the eukaryotic model organism S. cerevisiae allowed for the first time to
systematically assign protein names (Planta and Mager, 1998). This nomenclature is listed in
table 1, together with the respective nomenclature of the prokaryotic counterparts. All
ribosomal proteins described in this work are labeled according to this table. Recent
advances in mass spectrometric analyses led to the discovery of a 33™ eukaryotic ribosomal
protein of the small subunit, termed Ascl1p in yeast and RACK1 (receptor for activated
C-kinase 1) in higher eukaryotes (Link et al., 1999; Gerbasi et al., 2004).

As mentioned before, the small subunit in prokaryotes contains the 16S rRNA, whose
eukaryotic homologue is the 18S rRNA. The size difference between both is around 300
nucleotides (16S ca. 1500 bp, 18S ca. 1800 bp), for which the expansion segments account
for. The 5.8S rRNA (ca. 160 bp), which exists in eukaryotes and some Archaea, is
homologous to the 5'-end of prokaryotic 23S rRNA (Jacq, 1981). The secondary structure
and the length (ca. 120 bp) of the 5S rRNA are very well conserved in all three evolutionary
kingdoms (Szymanski et al., 2002). The biggest ribosomal RNA species can largely differ
between species, but is usually about 2800 bp in Prokarya (23S) and about 3400 bp in
Eukarya (25S). Some higher eukaryotic species posses an even larger 28S rRNA (ca. 4800
bp). In this case too, the size differences are originating from the evolutionary gained
expansion segments.
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Eukarya Archaea Bacteria
H. sapiens |S. cerevisiae |T. acidophilum |S. acidocaldarius|E. coli |T. thermophilus

RPSOA .

RPSA RPSA TA1190 Saci_0088 rpsB TTHA0861 S2
RPSO0B

RPS2 RPS2 RPS2 TA1251 Saci_0577 rpsE TTHA1675 S5

RPS3 RPS3 RPS3 TA1265 Saci_0591 rpsC TTHA1686 S3
RPS1A .

RPS3A  |RPS3A RPS1B TA1167 Saci_0620

RPS4 RPS4X RPS4A Saci_0585

RPS4Y RPS4B -

RPS5 RPS5 RPS5 TA0092 Saci_0686 rpsG TTHA1696 s7

RPS6 RPS6 RPS6A TA0323m Saci_0831
RPS6B -
RPS8A

RPS8 RPS8 RPS8B Saci_0758

RPS9 RPS9 RPS9A TA1032 Saci_0081 rpsD TTHA1665 S4
RPS9B -
RPS11A ,

RPS11 RPS11 RPS11B TA1262 Saci_0588 rpsQ TTHA1683 S17

RPS13 RPS13 RPS13 TA1131 Saci_0829 rpsO TTHA1138 S15

RPS14 RPS14 RPST4A TA1031 Saci_0082 rpsK TTHA1666 S11
RPS14B B

RPS15 RPS15 RPS15 TA1267 Saci_0593 rpsS TTHA1688 S19
RPS22A ,

RPS15A |RPS15A Saci_0582 rpsH TTHA1678 S8
RPS22B
RPS16A ,

RPS16 RPS16 TA0432 Saci_0086 rpsl TTHA1464 S9
RPS16B

RPS17 RPS17 RPSTTA TA0589 Saci_0670
RPS17B -

RPS18 RPS18 RPSTBA Saci_0080 rpsM TTHA1667 S13
RPS18B B
RPS19A .

RPS19 RPS19 RPS19B TA0050 Saci_1469

RPS20 RPS20 RPS20 TA0455 Saci_0684 rpsJ S10

RPS23 RPS23 RPS23A Saci_0688 rpsL TTHA1697 S12
RPS23B B

RPS24 RPS24 RPS24A TA1092 Saci_0853
RPS24B -

RPS25 RPS25 RPS25A
RPS25B
RPS26A

RPS26 RPS26 RPS26B Saci_1554

RPS27 RPS27 RPS27A TA1204 Saci_1276
RPS27B -

RPS27A |RPS27A RPS31 TA1093

RPS28 RPS28 RPS28A Saci_0698
RPS28B B

RPS29 RPS29 RPS29A Saci_0583 rpsN TTHA1679 S14
RPS29B B

RPS30 RPS30 Egzzgg Saci_1348

Table 1. Eukaryotic and prokaryotic nomenclature of SSU r-proteins

The genes are labeled according to the commonly used abbreviation in the corresponding organism. Left column is
the eukaryotic nomenclature, right column the prokaryotic nomenclature. RpS25 is not conserved in the organisms
listed (e.g. it is in S. tokodaii (ST0372)).
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1.2.2 Structures of prokaryotic ribosomes

Early analyses of ribosome structures were purely based on electron microscopy images. In
the late 1950s, the first pictures of ribosomes in a cell ((Palade, 1955), Figure 2 A), although
they were not described as such, or as isolated RNPs were obtained (among others
(Roberts, 1958), Figure 2 B). Electron microscopy techniques such as metal-shadowing and
negative staining helped to improve the differentiation of substructures in isolated subunits
((Lake, 1976), Figure 2 C). The extremely complex X-ray diffraction patterns, caused by the
giant mass of a ribosome (about 2.5 MDa prokaryotic; 4.2 MDa eukaryotic) prevented for a
long time the solution of the atomic resolution structure. Finally in 2000, the crystal structures
of both prokaryotic subunits were successfully obtained ((Ban et al., 2000; Wimberly et al.,
2000), Figure 2 D and E). These structures were the basis for a molecular understanding of
ribosome function and could be “used by scientists in order to develop new antibiotics,
directly assisting the saving of lives and decreasing humanity's suffering” (The Royal
Swedish Academy of Sciences, 2009).

SR ~Es3g ES7_2
L3e

ES24-L19%e

Figure 2. A brief history of ribosome structures

(A) Electron microscopy image of the basal region of an acinar cell of a rat pancreas (magnification 1:73000). Taken
from Palade, 1955. (B) Electron microscopy image of purified RNP particles (magnification 1:170000). Taken from
Prof. Kaesberg in Roberts, 1958. (C) Negatively contrasted isolated subunits of E. coli ribosomes and their
diagrammatic representation. Modified from Lake, 1976. (D) Crown view of the LSU. Ribbon representation of the
atomic resolution structure (2.4 A) from Haloarcula marismortui subunits by Ban et al., 2000. (E) Ribbon
representation of the atomic resolution structure (3 A) from Thermus thermophilus small ribosomal subunits by
Wimberley et al., 2000. (F) Ribbon representation of the cryo-electron microscopy based structure (8.7 A) of a
mammalian ribosome from Canis lupus familiaris by Chandramouli et al., 2008
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The secondary structures of the different ribosomal RNAs were predicted way before the
actual 3D structure was solved (Fox and Woese, 1975; Woese et al., 1980; Noller et al.,
1981). In this studies it became also quite evident that in vitro and in vivo folding states of
rRNAs differ, speaking for final folding changes upon stable incorporation in mature subunits.
The secondary structure of the 16S rRNA can be clearly divided into 4 different regions
(Figure 3 A and Figure 4 A). All subdomains are connected via the neck region (Figure 3
A, n). The 5'-domain and the central domain together form the body of the SSU. Some
structural landmarks are easily distinguishable, namely the spur, the shoulder and the
platform (Figure 3 A, s, sh and pt). Another easily visible subdomain is the 3'-major or head
domain (Figure 3 A, h). A prominent feature of this domain is the beak region (Figure 3 A, bk).
The 16S 3'-end is forming two helices (3'-minor domain), whereas the longer helix h44 is
stretching almost over the whole body domain at the intersubunit side of the SSU. The
ultimate 16S 3'-end (helix h45) however is localized between the platform and the head
domain.

165 rRNA
A B 235 IRNA Domain IV

Domain VI

Interface view Back view

Figure 3. The structure of prokaryotic ribosomal subunits

(A) Structure of the SSU. The upper part displays the rRNA secondary structure, the lower part is the crystal structure
from pdb:1JSE. Abbreviations: h — head; bk — beak; n — neck; p — platform; sh — shoulder; b — body; s — spur. (B)
Structure of the LSU. The upper part displays the rRNA secondary structure, the lower part is the crystal structure
from pdb:1FFK. Abbreviations: L1 — L1 stalk; CP — central protuberance; L7/12 — L7 and L12 stalk. (modified from
Ramakrishnan and Moore, 2001)
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The secondary structure of 23S rRNA can be divided into 6 subdomains (Figure 3 B). In the
three dimensional structure on the other side, one can hardly see any of these subdomains,
since the ribosomal rRNA is “intricately woven together” (Ramakrishnan and Moore, 2001).
Hence only two structural landmarks, the L1 stalk and the L7/L12 stalk, are pointing out
(Figure 3 B). The central protuberance is composed of the 5S RNP (Figure 3 B), which is
binding “on top” of the large subunit.
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Figure 4. Different representations of the 30S subunit

(A) Secondary structure prediction of the 30S subunit, based on minimal free energy models. (B) A hybrid
representation of the 30S subunit, in which the traditional flat secondary structure prediction is connected to the
actual 3D structure by positioning the helices in their three dimensional constellation. (C) Crystal structure of the
30S subunit. Abbreviations: h — head; bk — beak; n — neck; pt — platform; sh — shoulder; b — body; s — spur. (A)-(C)
30S subunit folding domains (5'-, central and 3'-domain) are colored in the same way. (modified from Sykes and
Williamson, 2009)

In this work, the molecular functions of ribosomal proteins exclusively from the small subunit
have been assayed. As described before, the small subunit can be divided into 4 subdomains
(in Figure 4 A the 3'-major and 3'-minor domain are subsumed as the 3'-domain). Recently a
new representation of 16S rRNA has been proposed that connects 2D and 3D structure by
positioning the secondary structure helices in their three dimensional constellation ((Sykes
and Williamson, 2009), see Figure 4 B). So it is easily possible to position ribosomal proteins
and map their rRNA interaction sites in a considerably more consistent way than projecting
these contacts into the old secondary structure diagrams (Figure 5 A). Some of the obvious
structural landmarks are stabilized/formed by a individual r-protein. For example the platform
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Figure 5. Ribosomal protein-RNA contacts

(A) The interaction sites of ribosomal proteins with rRNA are mapped into the hybrid representation of the 30S
subunit (see Figure 4). (B) The Nomura assembly map (see Figure 16) is projected onto the hybrid representation of
the 30S subunit. Arrows indicate the inter-dependencies of r-protein assembly. Subdomains are colored as in
Figure 4. (modified from Sykes and Williamson, 2009)

is built up by S11 (rpS14 in eukaryotes), the shoulder by S4 (rpS9 in eukaryotes) and the
spur by S20 (no eukaryotic homologue). The neck region is of special interest as it stabilizes
the conformation of all major SSU subdomains to each other. The substantial contribution to
this spatial organization is made by S5 (rpS2 in eukaryotes) (Figure 5 A). This r-protein
mainly binds helices h1 and h2 (5'-domain) and orientates it towards helices h36 and h28
(3'-domain).

Many structures have been recently acquired of ribosomes complexed with tRNA, mRNA or
various drugs. These structures allowed the exact determination of the respective binding
sites and gave insights into structural changes during ribosome function and the mechanism
of translation (for recent reviews see (Simonetti et al., 2009; Agirrezabala and Frank, 2009)
and Figure 6, (Schmeing et al., 2009)). Another example of mechanistic insights into
translation by analyses of ribosome structures is the ratchet-like rotation of the SSU relative
to the LSU during translation elongation. This movement is induced by GTP hydrolysis of
elongation factor G (EF-G) and was revealed by observations of cryo-electron microscopy
based structures of a translating bacterial ribosome (Frank and Agrawal, 2000).
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Figure 6. Schematic structure of the 70S ribosome with tRNAs and mRNA

A schematic representation of a crystal structure of the ribosome bound to EF-Tu and aminoacyl tRNAs; top view.
pdb:2WRN, 2WRO, 2WRQ, 2WRR. (A) The L7/L12 stalk recruits the ternary complex
(aminoacyltRNA*GTP+EF-Tu) to a ribosome with deacylated tRNA in the E site and peptidyl-tRNA in the P site. (B)
After hydrolysis of GTP by EF-Tu, pi and EF-Tu are released and the tRNAs are accommodated. (modified from
Schmeing et al., 2009).

1.2.3 Structures of eukaryotic ribosomes

The eukaryotic ribosome is almost twice as large as its prokaryotic counterpart. Therefore it
hasn't been possible to solve any atomic resolution structures of eukaryotic ribosomes up to
now. Nevertheless cryo-electron microscopy and single particle methods allowed a pretty
detailed view of eukaryotic ribosomes. The overall architecture of both eukaryotic subunits is
remarkably similar to the prokaryotic structure (compare Figure 3 and Figure 7). On the other
hand, the dimensions of the subunits are increased due to the expansion segments, which
are most likely stabilized by binding of eukaryotic specific ribosomal proteins (Chandramouli
et al., 2008; Taylor et al., 2009).

A platform view interface view B
- reverse view Isu Isu back view

L1 stalk

R 5y —

Figure 7. Structures of mammalian ribosomal subunits

8.7A structure of the Canis lupus familiaris ribosome determined by cryo-electron microscopy (pdb:) (A) Novel
proteins of the SSU are marked with red spheres and possible a-helices are indicated by red cylinders. The core rRNA
and expansion segments (ES) are shown as blue and red ribbons, and the conserved proteins are shown in green. (B)
Novel proteins of the LSU are marked with green spheres and possible a-helices are indicated by green cylinders. The
core TRNA and expansion segments (ES) are shown as gold and red ribbons and the conserved proteins are colored
magenta. (modified from Chandramouli et al., 2008)
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15, respectively 19 eukaryotic r-proteins of the small and the large subunit are conserved in
bacteria (see Figure 1 and Table 1). The structure of these proteins was modeled by
homology and docked into the density maps. Hence, in all structures of eukaryotic ribosomes
mostly the conserved r-proteins are localized (Figure 8 A). One of the two exceptions is
rpS19, which could be assigned to a density at the top of the SSU head domain (Taylor et al.,
2009). The other exception is Asc1p, the yeast ortholog of RACK1 (receptor for activated
protein kinase C1), binding in the 3'-major domain (Figure 8 A). Asc1p is a stoichiometric
constituent of the small subunit and is supposed to repress gene expression (Gerbasi et al.,
2004).

One method to localize eukaryotic/archaeal specific r-proteins is based on bioinformatic
analyses of the primary sequence conservation of bacterial specific SSU r-proteins. The
found rRNA binding motifs were aligned with the primary sequence of eukaryotic specific
r-proteins and by this possible orthologes were identified (Malygin and Karpova, 2009). In
other approaches, crosslinking agents were used to identify protein-rRNA contacts
(Takahashi et al., 2005; Pisarev et al., 2008a). These possible r-protein positions, by chance
can be assigned to unattributed densities in cryo-EM maps (Taylor et al., 2009).

This way, rpS26 and rpS28 could be consistently localized next to rpS5 and rpS14 in the
head-platform interface. RpS27 is probably binding in the body domain. The localization of
rpS25 is indefinite as it has been localized both to the head-platform interface (Takahashi et
al., 2005; Taylor et al., 2009) and the body next to the spur (Malygin et al., 2009).

Figure 8 B elucidates the SSU subdomains, which are assigned according to the secondary
structure conservation with prokaryotic 16S rRNA. It is clearly visible that the conserved
sequences form the SSU core structure, with the expansion segments being located more on
the surface. In all available pseudo-atomic structures of eukaryotic SSUs the last 3
nucleotides of 18S rRNA are not modeled. Nevertheless it is clear that the 18S 3'-end has to
be in the head-platform interface in close proximity to rpS5 and rpS14 (see also discussion in
3.2).
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A

Figure 8. Cryo EM based structure of a eukaryotic 40S subunit and 40S rRNA subdomains

(A) The structure for the 40S subunit from Canis lupus familiaris (pdb:2ZKQ, Chandramouli et al., 2008) based on
cryo electron-microscopy maps and homology modeling. The left panel is a cytoplasmic view of the SSU, right
panel is inter-subunit view. (B) The colors show the subdomains of 40S rRNA. The 5'-domain is shown in brown,
the central domain in green, the 3'-major domain in blue, the 3'-minor domain in beige, the last 3'-18S rRNA
nucleotides after helix 45, which have been modeled, in red and rRNA expansion segments, which are unique to
eukaryotes, in gray. Abbreviations: h — head; bk — beak; n — neck; pt — platform; sh — shoulder; b — body; s — spur.
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1.2.4 Comparison and assessment of pro- and eukaryotic ribosome structures

The solution of atomic resolution structures of prokaryotic ribosomes has been one of the
most important steps towards a molecular understanding of ribosome function. The doubled
mass of an eukaryotic ribosome has prevented the achievement of crystal structures. During
the first years of this thesis, the best available structure of an eukaryotic small subunit was
determined with a resolution of 11.4 A (Spahn et al., 2001). The biggest disadvantage of this
structure is that the r-proteins, which were modeled by homology to their prokaryotic
counterparts, were simply docked onto a 30S rRNA core from T. thermophilus. Thus, the
complete structure of the SSU is distorted and especially protein-rRNA contacts are not
accurate (Figure 9 A). The 18S rRNA in two newer cryo-EM based structures was modeled
according to the actually observed densities and includes rRNA expansion segments
(Chandramouli et al., 2008; Taylor et al., 2009). The r-protein core structures are quite similar
of all three. On the other side, the unstructured N- or C-terminal protein parts of many
r-proteins look fairly different (Figure 9 B and C).
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Figure 9. Comparison of different pseudo atomic structures of eukaryotic ribosomes

(A) Both structures shown are cryo EM modeling maps. The structure shown in red was obtained by Spahn et al,
2001 (pdb:1S1H). The other structure shown (rpS5 in yellow, rpS14 in light blue and 3'-minor domain in beige),
was built by Chandramouli et al., 2008 (pdb:2ZKQ). The comparison has been obtained by fitting both rpS5
structures. (B) A comparison of rpS5 structures (red: Spahn et al.; yellow: Chandramouli et al.). (C) A comparison of
rpS14 structures (red: Spahn et al.; light blue: Chandramouli et al.).

These uncertainties rendered it quite difficult to predict any protein-protein or protein-rRNA
contact site. For example S7 (rpS5) interacts via its non-conserved C-terminus with S11
(rpS14) in the prokaryotic ribosome (Robert and Brakier-Gingras, 2003). In the structure by
Spahn, there is a possible interaction of rpS14 with the hairpin of rpS5 (Figure 9 A). The
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structure obtained by Chandramouli et al. shows a protein-protein contact of rpS14 with the
C-terminus of rpS5 (Figure 9 A, see also Figure 39). The most up to date structure of Taylor
and colleagues separates the two proteins again to a distance of about 7.9 A (data not
shown). All structural models presented in this work are therefore rather predictions than
absolute statements. Definite answers to all these questions will eventually be given by an
atomic resolution structure of an eukaryotic ribosome.

1.3 Ribosome function

Ribosomes catalyze the fundamental process of translation. In other words, ribosomes
translate the genetic information, which is saved in the DNA and delivered by the messenger
RNAs, into polypeptides. The process of translation and peptide bond formation is quite
conserved in all evolutionary kingdoms (see 1.3.2). In contrast to this, translation initiation
differs greatly between Eukarya and Prokarya (see 1.3.1).

translation step Bacteria Archaea Eukarya translation step Bacteria Archaea Eukarya
IF1 alF1A elF1A EF-Tu aEF1a eEF1A
IF2 alF5B elF5B EF-Ts aEF1B  eEF1B (2 or 3 subunits)
IF3 alF1 elF1 elongation SelB SelB eEFSec
alF2a elF2a SBP2
alF2B elF2B EF-G aEF2 eEF2
alF2y elF2y
alF2Ba elF2Ba RF1 aRF1 eRF1
elF2BB termination RF2
elF2By RF3 eRF3
initiation alF2Bd elF2Bd
elF2Be RRF
elF3 (13 subunits) EF-G
alF4A elF4A recycling elF3
elF4B elF3j
elF4E elF1A
elF4G elF1
elF4H
alF5 elF5
alF6 elF6
PABP

Table 2. Translation factors in all three evolutionary kingdoms
Orthologous or functionally homologous factors are aligned. (adapted from Rodnina and Wintermeyer, 2009)

1.3.1 Translation initiation

It is not much known about the mechanism of translation initiation in Archaea, but it seems
that it is a “mosaic of eukaryal and bacterial features” (Bell and Jackson, 1998). Many
eukaryotic translation initiation factors have homologues in Archaea (see Table 2, (Rodnina
and Wintermeyer, 2009)), but mRNA binding and start codon recognition is Bacteria-like
(reviewed in (Benelli and Londei, 2009)).

In Bacteria (Figure 10 B), all three initiation factors (see Table 2) bind the 30S subunit.
Subsequently the complex binds mRNA, predominantly interacting with the Shine-Dalgarno
sequence. The correct positioning of mMRNA is achieved by binding of the initiator tRNA in the
P site, partially displacing IF3. After subunit joining, GTP is hydrolyzed by IF2 that triggers
conformational changes of IF2 itself. This in turn promotes dissociation of initiation factors
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and accommodation of the initiator tRNA.

In contrast to Bacteria, the initiator tRNA in Eukarya is bound in a ternary complex with elF2
and GTP (Figure 10 A). The ternary complex together with elF1, elF1A, elF3 and the 40S
subunits forms the 43S initiation complex. The modifications of eukaryotic mRNAs, namely a
5'-cap structure (7-methylguanosine) and 3'-polyadenylation, aid the formation of a circular
structure. The modifications are bound by the cap-binding protein elF4E, the scaffolding
factor elF4G and the poly(A)-binding protein (PABP). The 43S initiation complex binds to this
structure and subsequently scans along the mRNA for the start codon. During scanning GTP
is maybe hydrolyzed by elF2, but the phosphate is not released until start codon recognition.
The release triggers conformational changes that lead to dissociation of elF1, elF2 and elF5
from the complex and simultaneous joining of elF5B-GTP. The 60S subunit is binding and
upon GTP hydrolysis by elF5B the remaining initiation factors are released and the initiator
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Figure 10. Translation initiation in Bacteria and Eukarya

Canonical translation initiation in Eukarya (A) and Bacteria (B). (modified from Rodnina and Wintermeyer, 2009)
(C) IRES dependent translation initiation in eukaryotes. (modified from Jackson et al., 2010)
(A)-(C) for details see text
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tRNA accommodates in the P site.

Interestingly, eukaryotic ribosomes are able to initiate translation independent of mRNA
modifications very much like bacterial ribosomes (Figure 10 C, (Jackson et al., 2010)).
40S/43S initiation complexes bind to mRNA secondary structures named IRES (internal
ribosome entry sites). These were first identified by analysis of translation initiation of
naturally uncapped polio- and picornavirus mRNAs (Pelletier and Sonenberg, 1988; Jang et
al., 1988). Up to now, there are four different types of viral IRES-43S/40S initation complex
known (see Figure 10 C), which involve different subsets of initiation factors. Remarkably, the
type 4 (dicistrovirus intergenic region) IRES dependent initiation is completely independent of
any translation initiation factors or initiator tRNAs. Here, an IRES secondary sequence
element mimics the tRNA in the P site.

Many non-viral mMRNAs have been identified that contain an IRES sequence, though they can
also be translated in the canonical, cap-dependent way (Johannes et al., 1999). These
include most notably stress response MRNAs and apoptosis related mRNAs (Henis-Korenblit
et al., 2000; Mitchell et al., 2001). The key player to switch from cap-dependent to IRES
initiation might be elF4G, which is not only highly over expressed in cancer tissues
(Braunstein et al., 2007; Silvera et al., 2009), but in addition its mRNA contains an IRES
sequence itself (Johannes and Sarnow, 1998). The translational feedback mechanism of
elF4G expression might shift the translation initiation toward IRES dependent upon high
levels of elF4G and vice versa.

1.3.2 Translation elongation

Translation elongation, as well as termination follows the same principles throughout all living
organisms. The tRNAs are bound by an elongation factor/GTP (EF-Tu in Bacteria, for
homologues see Table 2) and associate with the ribosome at the A site (Figure 11 A, (Steitz,
2008)), which leads to release of the tRNA from the E site. The correct codon-anticodon
pairing triggers GTP hydrolysis and simultaneously the ribosome is subjected to a
conformational change that accommodates the A and P site tRNAs in the optimal position for
the peptidyl-transferase reaction to occur (see also Figure 6). The transferase reaction itself
is catalyzed by universally conserved nucleotides in the 23S/25S rRNA and the tRNA
(reviewed in (Beringer and Rodnina, 2007)). The translocation from the pre (A and P site
occupied) to the post (P and E site occupied) state is facilitated by binding and GTP
hydrolysis of another elongation factor (EF-G in Bacteria).
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Figure 11. Translation elongation and termination in prokaryotes

(A) Translation elongation cycles in prokaryotes. (B) Translation termination and recycling in prokaryotes.
(A) and (B) for details see text. (modified from Steitz, 2008)

1.3.3 Translation termination and recycling

As soon as a stop codon is positioned at the A site, release factors bind (RF1 or RF2 in
Bacteria, for homologues see Table 2). This causes hydrolysis and release of the
tRNA-polypeptide at the P site (Figure 11 B). Binding of another factor in complex with GDP
(RF3 in Bacteria), followed by exchange of GDP to GTP and subsequent hydrolysis results in
dissociation of the release factors and the ribosome. In this post-termination complex
(post-TC), the ribosome is still bound to mMRNA and a tRNA is left at the P site. The complete
dissassembly is facilitated by ribosome release factors (RRF and EF-G in Bacteria).
eukaryotes, this process is conducted by initiation factors (elF3, elF3j, elF1A, elF1).
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1.4 Ribosome biogenesis

1.4.1 Production of ribosomal constituents

1.4.1.1 Synthesis of rRNA

The rDNA genes of eukaryotes are usually arranged in multi-copy gene clusters. In yeast, the
rDNA genes are localized on chromosome 12 in about 150 copies. One rDNA gene is
composed of a 35S gene and a 5S gene, which are transcribed by DNA-dependent RNA
polymerase | (Pol 1) and DNA-dependent RNA polymerase Il (Pol lll), respectively (Figure
12). The 35S gene codes for a 35S rRNA that is the precursor transcript for the mature 18S,
5.8S and 25S rRNAs (for processing details see 1.4.3).

tel
) 150 o
355 1G32 GS1
. - il ﬂ
258 5.88 188 58

Figure 12. rDNA locus of S. cerevisiae

The rDNA locus of S. cerevisiae is at chromosome 12 in a multicopy gene array. One copy is composed of a 35S gene
and a 5S gene, both with their own promoters (indicated by the arrows). Abbreviations: tel — telomer; CEN —
centromer, IGSX — intergenic spacer X. (modified from Goetze et al., 2010)

The Pol | promoter region is located in the intergenic spacer 2 (IGS2) with an enhancer
region in the IGS1 region. The later one stimulates transcription by Pol | over 15 fold (Elion
and Warner, 1986). The promoter region itself consists of a core element (CE) and a
upstream element (UE). In the current model of transcription initiation (reviewed in (Moss et
al., 2007)), the multiprotein complex upstream activating factor (UAF; consists of Rrn5p,
Rrn9p, Rrn10p, Uaf30p and histones H3 and H4) is binding first to the upstream element.
Bridged by the TATA-box binding protein (TBP), the core factor (CF; consists of Rrn6p, Rrn7p
and Rrn11p) is binding next. Pol | is only able to initiate transcription in complex with Rrn3p
that binds to the A43 subunit of Pol | and the core factor subunit Rrm6p (Figure 13). The
switch from initiation to elongation mode involves dissociation of Rrn3p and possibly also of
TBP and the core factor. 90% of transcription termination occurs at a binding site for the
factor Reb1p in the IGS1. The remaining polymerases, reading through the normal
termination site, are stopped next to the replication folk barrier (RFB), an element in the 1GS1
region that inhibits DNA replication in the direction opposite to rDNA transcription.
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Figure 13. Pol I initiation complex in S. cerevisiae
The Pol I initiation complex in its active form. Abbreviations: UE — upstream element; CE — core element; TBP —
TATA-box binding protein.

In addition to the mentioned basal transcription factors, Net1p and Hmo1p seem to play a
role in stimulation of Pol | transcription. Net1p binds directly to Pol | (Shou et al., 2001), while
Hmo1p is found all over the 35S rDNA locus (Gadal et al., 2002). Interestingly Hmo1p also
binds to the promoters of many r-proteins, thus providing a potential link between rRNA and
r-protein production (Hall et al., 2006) (see also 1.4.6).

Only about half of the rDNA repeats in a normal growing yeast cell are in an active state, i.e.
these repeats are almost devoid of nucleosomes and heavily transcribed (Merz et al., 2008).
The inactive repeats on the other side are transcriptionally silenced by tight packaging into
heterochromatin (Dammann et al., 1995).

1.4.1.2 Synthesis of ribosomal proteins

The third DNA dependent RNA polymerase — Pol Il — transcribes the genes of ribosomal
proteins in eukaryotes. These genes are spread all over the genome and are not arranged in
clusters as in prokaryotes (Mager et al., 1977). Interestingly, despite the fact that the half-lifes
of messenger RNAs of r-proteins are very short (Moore et al., 1995), it seems that eukaryotic
r-proteins are expressed in excess. This mechanism was suggested to assure that r-protein
production is never the rate limiting step in ribosome biogenesis (Lam et al., 2007).

1.4.2 Ribosome biogenesis factors and snoRNPs

The main difference between bacterial and eukaryotic (archaeal) ribosome biogenesis is the
requirement of a vast number of non-ribosomal proteins and small nucleolar RNAs (snoRNA)
in the production of ribosomes.

Prokaryotic ribosomal RNA species are nevertheless modified. They are subjected to
isomerization of uridine to pseudouridine and chemically modified by addition of methyl
groups, just like the archaeal and eukaryotic ones (see 1.4.3.2, reviewed in (Kaczanowska
and Rydén-Aulin, 2007)). Though the mechanism of pseudouridine formation is independent
of snoRNAs in Bacteria (Charette and Gray, 2000). And in addition, most of the chemical
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modifications, with exception of some 23S modification in the proximity of the
peptidyl-transferase center, are dispensable (Krzyzosiak et al., 1987; Green and Noller,
1996). Complete in vitro reconstitution of prokaryotic ribosomes from E. coli is independent of
any non-ribosomal factors. But, to create functional subunits, heating steps are required that
most likely prevent the rRNAs from blundering in thermodynamically folding traps (Mizushima
and Nomura, 1970; Herold and Nierhaus, 1987). In vivo, ribosome maturation factors
probably assume responsibility for correct folding. There are about 50 known biogenesis
factors in E. coli, however most of them are non-essential (reviewed in (Kaczanowska et al.,
2007)).

A common feature of Archaea and Eukarya is that selectivity of base modification is achieved
using small non-coding RNAs, the snoRNAs. The increasing number of sequenced archaeal
genomes since the turn of the millennium allowed the identification of first C/D-box snoRNAs
(called sRNA in Archaea) and later also H/ACA type snoRNAs (among others (Gaspin et al.,
2000; Omer et al.,, 2000a; Tang, Bachellerie, et al., 2002)). The C/D-box snoRNAs are
complementary in sequence to the respective modification site and “guide” the RNP, which
methylates nucleotides in rRNA and tRNA species. The mechanism of target site selection of
H/ACA type snoRNAs is the same as of C/D-box snoRNAs, but the consequence of RNP
binding is the isomerization of uridine to pseudouridine (reviewed in (Dennis et al., 2001)).

The first steps in eukaryotic rRNA processing (see 1.4.3.1) largely depend on the U3 snoRNA
(Hughes and Ares, 1991a). This snoRNA together with about 30 proteins form the 90S
pre-ribosome, also named SSU processome in yeast, because it consists of mostly SSU
biogenesis factors (Dragon et al., 2002a). Further modification of the ribosomal RNAs
involves about 70 additional snoRNPs (reviewed in (Henras et al.,, 2008)). Like in
prokaryotes, most of the single modifications are not essential, though absence of a subset
alters e.g. ribosome fidelity and/or function (King et al., 2003; Liang et al., 2007) (see also
1.4.3.2).

The U3 snoRNP is thought to assemble co-transcriptionally at the nascent 35S pre-rRNA
transcript, forming a 90S particle, which is visible in Miller chromatin spreads of actively
transcribed rRNA genes as “terminal balls” (Dragon et al., 2002a). Mainly biogenesis factors
that are required for maturation of the SSU are associated within this 90S pre-ribosomes.
Endonucleolytic processing in the internal transcribed spacer 1 (ITS1) region (see 1.4.3.1)
splits the following maturation pathways of pre-40S and pre-60S particles. In general,
biogenesis factors can be divided into many different classes: endoribonucleases (e.g.
RNase MRP, maybe Nob1p), exoribonucleases (e.g. Rat1p, Xrn1p), helicases (e.g. Dbp2p,
Prp43p), kinases (e.g. Hrr25p), ATPases (e.g. Realp), GTPases (e.g. Nog1p, Nog2p),
methyl-transferases (e.g. Nop2p, Dim1p), peptidyl-proline-isomerases (e.g. Fpr3p), r-protein
assembly factors (e.g. Rrp7p), intra-nucleolar/nuclear transport factors (e.g. Noc1p, Noc2p,
Noc3p) and nuclear-export factors (e.g. Crm1p, Rrp12p, Mex67p/Mtr2p, Ltv1p).
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In total about 150 non-ribosomal trans-acting factors are engaged in eukaryotic ribosome
biogenesis (reviewed in (Tschochner and Hurt, 2003; Nazar, 2004; Henras et al., 2008)).

Recent analysis in yeast showed that the high efficiency in ribosome production is maybe
boosted by association of biogenesis factors with pre-ribosomes not as single proteins, but
as multiprotein “building blocks” (Merl et al., 2010). These protein complexes seem to
assemble independent of pre-rRNA and offer kinetic advantages in contrast to a sequential
binding of each component. One putative multiprotein complex of particular interest in this
work was purified via Rio2p. Rio2p itself is a serine kinase that efficiently co-purifies 20S
pre-rRNA and is required for final cytoplasmic pre-18S rRNA processing (Vanrobays et al.,
2003; Geerlings et al., 2003). TAP-tag purification and subsequent protein analysis by mass
spectrometry identified 6 proteins (Krr1p, Ltv1p, Enp1p, Tsr1p, Dim1p, Hrr25p) that associate
independent on pre-rRNA with Rio2p. Several components of this complex are required for
late pre-40S biogenesis (Gelperin et al., 2001; Seiser et al., 2006a). Nob1p and
Pno1p/Dim2p were constantly co-purified but their stable association is dependent on
concurrent pre-rRNA incorporation into the Rio2p-RNP (Merl et al., 2010). Pno1p (partner of
Nob1p), alias Dim2p, is a nucleolar/nuclear-cytoplasmic shuttling protein with homology to
Krr1ip and involved in pre-18S rRNA processing and modification events (Vanrobays et al.,
2004). Up to now, there is no absolute evidence of the endoribonuclease that mediates final
pre-18S rRNA processing (see 1.4.3.1). One of the two proposed ribonucleases is Fap7p,
because it was found to transiently interact with rpS14, a component of the head-platform
interface in proximity to the 18S 3'-end and to exhibit NTPase activity (Granneman et al.,
2005). The other, more likely candidate is Nob1p, which contains a PIN domain and
co-purifies with pre-SSU particles. Additionally Nob1p interacts in vitro with rpS14 and rpS5,
both localized in the head-platform interface (Fatica et al., 2003, 2004). Recently it was
shown that Nob1p is able to bind solely with certain specifity to artificial RNA constructs that
mimic its potential substrate, though its endonucleolytic activity is rather low under these
conditions (Lamanna and Karbstein, 2009; Pertschy et al., 2009a).

In a genetic suppressor screen of the cold-sensitive phenotype caused by depletion of Ltv1p,
Nob1p, Prp43 and Pfa1p were found (Pertschy et al., 2009b). The helicase Prp43p and its
co-factor Pfa1p participate in spliceosome dissasembly (Arenas and Abelson, 1997; Martin et
al., 2002), are needed to break up snoRNA-rRNA hybrids (Bohnsack et al., 2009) and maybe
are involved in a conformational change of pre-40S subunits, preceding final 18S maturation
(Pertschy et al., 2009a).
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1.4.3 Maturation of ribosomal RNAs

1.4.3.1 pre-rRNA processing events

The architecture of bacterial and archaeal rRNA operons is strikingly similar (Figure 14). The
rRNA genes are clustered and the precursor transcript contains the coding sequences for
16S, 23S and 5S rRNAs, but also codes for some tRNAs.

In the bacterial model organism E. coli (Figure 14 A), the precursors of the ribosomal 16S
and 23S RNAs are released by the action of RNase Ill, which is also required for further
processing of 23S precursor species (Dunn and Studier, 1973). The precursor of the 5S
rRNA is released by RNase E (Szeberényi et al., 1984). The mature 3'-ends of 23S rRNA and
5S rRNA are formed by RNase T (Li and Deutscher, 1995; Li et al., 1999a), while the
processing enzymes for the 5'-ends are still unknown. The 16S 3'-end processing enzyme is
yet unknown, too. The functional related ribonucleases RNase E and RNase G finally
generate the 16S 5'-end (Li et al., 1999b).

235 rRNA
16S rRNA
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Figure 14. rRNA processing in Prokarya

(A) rRNA processing in Bacteria. The r7nB operon of E. coli is shown. The processing sites of the ribonucleases are
indicated: IIT - RNase III, G — RNase, E — RNase E, P — RNase P, T — RNase T, ? — unknown RNase. (modified from
Kaczanowska and Rydén-Aulin, 2007). (B) rRNA processing in Archaea. One of the rRNA operons of Haloferax
volcanii is shown. The processing sites of the ribonucleases are indicated: SE — splicing endonuclease, ? — unknown
RNase. (modified from Holzle et al., 2008)
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Ribosomal RNA processing in Archaea, was analyzed in different model organisms (among
others (Durovic and Dennis, 1994a; Morrissey and Tollervey, 1995; Ciammaruconi and
Londei, 2001; Tang, Rozhdestvensky, et al., 2002)) and seems to follow a common pathway,
illustrated in Figure 14 B. Well defined secondary structure elements, called bulge-helix-bulge
motifs, are recognized the RNA splicing endonuclease, which releases the rRNA precursor
and simultaneously ligates the arising ends (Kjems and Garrett, 1988, 1991). The potential
endonuclease that processes the 5S 5'-end has been recently identified (HOIzle et al., 2008).
Also involved in tRNA maturation, the endonuclease tRNase Z recognizes a tRNA-like
secondary structure motif, 5' of the 5S rRNA sequence and successively generates the
mature 5S 5'-end.
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Figure 15. The rRNA processing pathway of S. cerevisiae

At the very top, the first detectable Pol I transcript — the 35S pre-rRNA is shown. The processing sites are illustrated
(+1, Ay, Ay, etc.). The blue bars illustrate the Northern blot probes used in this work. Abbreviations: ETS X — external
transcribed spacer X, ITS X — internal transcribed spacer X. The processing sites, leading to the next pre-rRNA
species are marked in red. If two precursors are produced by a cleavage step, the lines are dividing. Two lines that are
labeled with “or” indicate alternative processing pathways.

Pre-rRNA processing in eukaryotes commonly deploys the same principles. A large,
polycistronic precursor transcript (see 1.4.1.1), which contains the coding sequences for 3 of
the 4 rRNAs, is processed by endo- and exoribonucleases. In addition about 150
non-ribosomal factors and over 70 snoRNPs are involved to form the mature rRNAs (see
1.4.2). The eukaryotic pre-rRNA processing pathway has been extensively analyzed in the
model organism S. cerevisiae (Figure 15). Based on this maturation pathway, the general
principles are covered below. For comprehensive and detailed description of each processing
step see (Granneman and Baserga, 2004; Nazar, 2004; Henras et al., 2008) and references
therein.

The first detectable pre-rRNA transcript (35S) is thought to be co-transcriptionally cleaved by
the endonuclease Rnt1p, the eukaryotic homologue of RNase Il at site B, (Henras et al.,
2004). Under normal conditions, U3 snoRNP (see 1.4.2) dependent endonucleolytic
cleavages at sites Ao, As and A, occur next. These processing events are strongly coupled
and involve base pairing of U3 snoRNA with ETS1 and 18S rRNA sequences (among others
(Hughes and Ares, 1991b; Beltrame and Tollervey, 1992)). A (sub-) population of the nascent
transcripts might actually be processed co-transcriptionally at the mentioned sites (Henras et
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al., 2004; Ko$ and Tollervey, 2010). Processing at site A; finally leads to separation of small
and large subunit precursors. An alternative processing pathway utilizes processing at site A3
to separate the SSU and LSU precursor rRNAs, especially if processing at Ao, A1 or A; is
hindered (Ferreira-Cerca et al., 2005).

The majority of the originating 27SA, pre-rRNA is cleaved by the endonuclease RNase MRP
(functionally related to RNase P, see before) at site A3 to form 27SAs;. This new 5'-end is
recognized by one of the homologous 5'—3' exonucleases Xrn1p or Rat1p and the precursor
of the short version of the mature 5.8S rRNA (27SBs, resulting in 5.8Ss) is generated. The
longer version (27SB., resulting in 5.8S.) is formed by cleavage of an unknown
endonuclease at site B1.. The 3'-end of the 27SB species is concomitant processed by
Rex1p, a 3'>5' exonuclease. Through cleavage at site C2 by an unknown endonuclease, the
precursors of 25S (25.5S) and 5.8S (7Ss or 7S,) are separated. Xrn1p or Rat1p form the
mature 5'-end of 25S rRNA by exonucleolytic processing. Final maturation of the 7S
pre-rRNAs involves several intermediates (see Figure 15). The exosome, a multiprotein
complex with 3'-%' exonuclease activity, the homologous 3'—5' exonucleases Rex1p and
Rex2p and the potential endonuclease Ngl2p are needed to produce the two mature forms of
5.8S rRNA.

The third RNA constituent of the LSU, the 5S rRNA is transcribed already with its mature
5'-end, but is extended by a few nucleotides at the 3'-end. The concerted activity of the 3'>5'

exonucleases Rex1p, Rex2p and Rex3p generates the mature 5S 3'-end (van Hoof et al.,
2000).

The 23S pre-rRNA, which is produced upon processing at site A; (see before), is most likely
further matured at sites Ao, As and A, resulting in 20S pre-rRNA.

The mature 3'-end of any 20S pre-rRNA is generated by an endonucleolytic cleavage step at
site D. Previous work suggested that the cis-elements, which are necessary for efficient D
site processing, are located in the immediate proximity of the mature 18S 3'-end itself (Liang
and Fournier, 1997; van Beekvelt, Jeeninga, et al., 2001). As described before (1.4.2), Nob1p
is the presumable endonuclease mediating this final 18S rRNA maturation step. Remarkably,
it was demonstrated that the homologous processing step in Bacteria might happen after
translation initiation or even during the first round of translation (Mangiarotti et al., 1974;
Hayes and Vasseur, 1976) (see also discussion in 3.3).

For virtually all processing events during ribosomal RNA maturation it is not known, how they
are regulated. It is of course possible that the ribonuclease's activity itself is regulated, e.g. by
a co-factor. For some exonucleases the stopp signal might be composed of secondary rRNA
structure elements and/or r-proteins (Lee and Nazar, 1997). A regulatory mechanism, in
which activity of the processing enzyme is in all probabilities modulated by the correct
substrate conformation, has been proposed for the maturation of 5S rRNA by RNase M5
[43,44] and 23S rRNA by RNase Mini-lll [45] in Bacillus subtilis. In this organism L18
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respective L3 binding is a prerequisite for occurrence of the corresponding cut, by shaping
the RNP into a conformation that is the correct substrate for the processing nuclease (Pace
et al., 1984, Stahl et al., 1984; Redko and Condon, 2009) (see also discussion in 3.2).

1.4.3.2 Modification of rRNAs

Ribosomal RNAs of practically all living organisms are covalently modified. The modifications
are isomerization of uridine to pseudouridine and methylation of riboses (2'-O-ribose
methylation) and bases. Methylation and pseudouridinylation are carried out by specific
proteins in Bacteria and in Archaea and Eukaryotes additionally by snoRNPs (see also 1.4.2).
In eukaryotes, many of these modifications seem to occur already co-transcriptional (Retél et
al., 1969; Ni et al., 1997).

The role of these modifications, although the modification sites are quite well conserved, is
still rather obscure. Block of the modification sites or mutation of the modifying enzymes
result in specific phenotypes, while in all cases ribosome biogenesis seems to be unaffected
(among others (Tollervey et al., 1993; Zebarjadian et al., 1999)). Thus the modifications are
most probably essential for ribosome function, rather than for ribosome biogenesis. In
addition, the modification sites cluster around the decoding and peptidyl-transferase center
(King et al., 2003; Baxter-Roshek et al., 2007; Liang et al., 2007). However, the modifications
could be structural checkpoints, since the binding sites for some r-proteins of biogenesis
factors might be formed only if the modification mark is set (Song and Nazar, 2002).

1.4.4 Folding of precursor subunits and assembly of r-proteins

The in vitro reconstitution of translational active ribosomal subunits from naked rRNA and
purified components was one of the biggest breakthroughs in understanding how cells
produce ribosomes (Hosokawa et al., 1966; Traub and Nomura, 1968; Nomura and
Erdmann, 1970). Although the assembly and folding process of the large ribosomal subunit is
more complex and probably involves many intermediates, the general principles of assembly
and folding of both subunits are the same (Nomura et al., 1970; Herold et al., 1987). These
will be elucidated hereafter, based on the excessive studies of SSU folding and assembly
(reviewed in (Woodson, 2008; Sykes et al., 2009)).

The in vitro studies showed that the ribosome is a self-assembling RNP, since reconstitution
of both subunits required no additional factors. In addition, the primary sequence of the 16S
itself, in particular of the 5'-domain was sufficient to form many of the interactions observed in
the three-dimensional structures (Stern et al., 1989; Adilakshmi et al., 2005). Nevertheless,
thermodynamically traps of rRNA folding are greatly reduced upon r-protein binding (Semrad
et al., 2004; Woodson, 2008) and in vivo most probably also by biogenesis factors (among
others (El Hage et al., 2001; Maki and Culver, 2005; Hoffmann et al., 2010; Bunner, Nord, et
al., 2010a)).
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Figure 16. The Nomura assembly map for the 30S subunit

The assembly map shows the order of r-proteins in respect of their hierarchy of binding to the different subdomains
of 30S subunits. Primary binders are indicated with 1°, secondary binders with 2° and tertiary binders with 3°. For a
projection into 3D see Figure 5. (modified from Sykes and Williamson, 2009)

Another observation during the reconstitution experiments was that assembly of r-proteins
seems to follow a hierarchy. In other words, the binding of some r-proteins is the prerequisite
for stable incorporation of others. The r-proteins were grouped into three categories: primary
binders — required for initial folding of rRNA, bind first; secondary binders — stable
incorporation depends on the preceding incorporation of primary binders;
tertiary binders — largely depend on primary and secondary binders (Figure 16).

Strikingly, the hierarchical assembly of the SSU subdomains (see 1.2.2) is, with minor
exceptions, independent of each other (Figure 16). The electron micrographs in Figure 17
nicely illustrate the interplay of 16S rRNA folding and r-protein assembly

Figure 17. Electron micrographs taken during the in vitro assembly process of E. coli SSUs

30A EM images taken during the in vitro reconstitution of the E. coli 30S ribosomal subunit. (a) free 16S rRNA. (b)
16S rRNA and primary binding r-proteins (16S rRNA and S4, S8, S15, S20, S17, S7). (c)-(g) Subsequent assembly of
the missing r-proteins. (h) and (i) fully in vitro assembled SSU (16S rRNA and 20 r-proteins or 16S rRNA and TP30,
respectively). (j) native E. coli SSU. (modified from Mandiyan et al., 1991)
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(Mandiyan et al., 1991). See particularly Figure 17 (d), in which all three subdomains are
already distinguishable by assembly of the primary (S4, S8, S15, S20, S16/17, S7) and
secondary (S16, S19, S13, S9, S18, S6) binding r-proteins. Recent work showed that this
autonomous subdomain folding simultaneously starts at different sites all over the 16S rRNA
and is generally clustered in the SSU subdomains (Talkington et al., 2005; Adilakshmi et al.,
2008). It has even been possible to almost fully reconstitute the SSU subdomains
independently, starting from 16S rRNA fragments and the respective r-proteins (Weitzmann
et al., 1993; Samaha et al., 1994; Agalarov et al., 1998).

The binding of r-proteins apparently follows most likely an induced fit model (Adilakshmi et
al., 2008). The first interaction of one r-protein part induces re-folding of the local rRNA
environment, which in turn creates the binding site for another protein part or another
r-protein. By this mechanism it is possible that r-proteins of different levels in the assembly
hierarchy bind cooperatively. They maybe initially contact rRNA simultaneously, but stable
binding of secondary or tertiary binders through induced fit requires structural re-arrangement
by the primary binder.

The results of the in vitro dependency map (Mizushima et al., 1970), pulse-chase
experiments with labeled r-proteins during reconstitution (Talkington et al., 2005; Bunner,
Beck, et al., 2010) and time-resolved hydroxyl radical footprinting (Adilakshmi et al., 2008) all
lead to the following two conclusions: first, the hierarchy of r-protein binding correlates mostly
with the temporal order of assembly and second, the 5'-domain is faster decorated with
r-proteins than the central or 3'-domain. In addition, the transcription of rDNA genes in vivo
and the assembly of r-proteins most probably is coupled (Chooi and Leiby, 1981; Gallagher
et al., 2004; Kos et al., 2010). Transcription is 5' to 3' directed and the binding sites of many
primary binders are at the 5'-ends of 16S and 23S rRNA. These observations led to the
postulation of the so-called “assembly gradient” (Nierhaus, 1991).

This hypothesis is nevertheless challenged by the facts that nucleation of folding
simultaneously starts at many different sites (Adilakshmi et al., 2008) and initial binding of a
subset of r-proteins (5'-, and central domain and/or primary binder of the 3'-domains) does
not enhance the assembly of other 3'-domain binding proteins (Bunner, Beck, et al., 2010).
Interestingly, the wildtype-like array of the subdomains of each subunit in the rRNA operons
is not essential in vivo. E. coli strains, in which the subdomains were permuted, were able to
grow and exhibited fully assembled ribosomal subunits (Kitahara and Suzuki, 2009).

The knowledge about the hierarchy of r-protein assembly in eukaryotes is rather limited. Two
systematic knockout screen in S. cerevisiae showed that r-proteins that bind in the 5'- and
central domain of the small subunit were required for early processing steps (Ao, A+, Az) and
proteins of the head domain were required for efficient D site cut processing (Ferreira-Cerca
et al., 2005). This clear clustering is however not true for r-proteins of the large ribosomal
subunit (Poll et al., 2009). A detailed in vivo analysis of head domain assembly in yeast
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demonstrated a broad homology between the eukaryotic and bacterial r-protein assembly
pathway in this SSU subdomain (Ferreira-Cerca et al., 2007). Depletion of the primary binder
of the head domain rpS5 (S7 in Bacteria) consequently led to loss of stable binding of other
head domain r-proteins, while the 5'- and central domains were normally assembled. The
second level in the hierarchy of assembly might be as well conserved, since depletion of
rpS15 (S19 in Bacteria) led to loss of stable binding of only a smaller subset of r-proteins.

Although many of the r-proteins are able to associate already with nascent SSUs in the
nucleus (among others (Ferreira-Cerca et al., 2005, 2007; Kruger et al., 2007)), their final,
stable incorporation could be dependent on cytoplasmic maturation events (see before:
induced fit model). One well studied example is rpS3, whose stable incorporation into
nascent SSU depends on a phosphorylation/dephosphorylation cycle in which the
cytoplasmic kinase Hrr25p is involved (Schéafer et al., 2006). Other examples are rpL10,
roL24 and the phospho-stalk protein PO, all incorporated into pre-60S subunits after
biogenesis factor displacement in the cytoplasm (among others (West et al., 2005; Pertschy
et al., 2007; Kemmler et al., 2009)). Early work in the late 1970s identified potential late
binding r-proteins by comparison of the incorporation of labeled r-proteins into ribosomal
subunits after short or long pulse times (Kruiswijk et al., 1978; Auger-Buendia et al., 1979).
They found rpS10, rpS25, rpS27, rpS31, rpS32, rpS33 and rpS34 respectively rpS7, rpS9,
rpS20 and rpS26 to associate with nascent subunits at a late stage of ribosome assembly.
The major difficulty here is the assignment of the ribosomal proteins (see 1.2.1) according to
the particular migration behavior in the 2D gels (McConkey et al., 1979). Each laboratory
used its own protocol for the gel-electrophoresis, so e.g. rpS33 could be rpS28, rpS9 could
be rpS10, and so forth. Taken together, these data imply nevertheless a correlation of the
rRNA processing phenotype upon depletion of the r-protein and its stage of stable assembly
(see before: the “assembly gradient”).

In all evolutionary kingdoms a class of biogenesis factors exists that is thought to
improve/accelerate the assembly of r-proteins onto nascent subunits. A recent study used
labeled protein pulse—chase experiments monitored by quantitative mass spectrometry, to
analyze the effects of these assembly factors on in vitro reconstitution kinetics of bacterial
30S subunits (Bunner et al., 2010b). They concluded that assembly factors facilitate the
binding of r-proteins through induced conformational changes, RNA chaperone-like activity or
inhibition of unproductive r-protein assembly by physically blocking the binding site. In
eukaryotes, the phenotypes observed upon depletion of some r-protein assembly factors can
be (partially) suppressed by overexpression of the respective r-protein (among others
(Baudin-Baillieu et al., 1997a; Loar et al., 2004; Buchhaupt et al., 2006)). These assembly
factors are therefore not utterly required for r-protein binding, but they accelerate stable
incorporation and thereby ribosome biogenesis.
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1.4.5 Transport of precursor subunits

The nucleolus, a subcompartiment of an eukaryotic nucleus, has versatile functions in
regulation of mitosis, cell cylce progression, proliferation, stress response and biogenesis of
several RNPs (reviewed in (Boisvert et al., 2007; Sirri et al., 2008)). It is also and what's
more, the site of rDNA transcription by Pol | and Pol lll (see 1.4.1.1). In the nucleolus three
subregions can be distinguished: the fibrillar centers (Figure 18 B, FC), the dense fibrillar
components (Figure 18 B, DFC) and the granular compartment (Figure 18 B, GC.
Transcription by Pol | largely takes place at the border between the FC and the DFC regions.
Further processing and modification of pre-rRNAs occurs in the DFC. Final assembly is
accomplished mostly in the granular component.
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Figure 18. Ultrastructural images of nucleoli

(A) A HeLa cell with a nucleolus (Nu). Uranyl-acetate-stained cell section visualized by transmission EM. (B) and
(C) Electron spectroscopic imaging pictures. Phosphorus (nucleic-acid) enriched (B) or nitrogen (protein) enriched
(C). Abbreviations: FC — fibrillar center; DFC — dense fibrillar component; GC — granular component. (modified
from Boisvert et al., 2007)

The proteins required for ribosome biogenesis quite likely diffuse plainly into the nucleolar
subregions and are probably sequestered at their site of action (among others (Chen and
Huang, 2001; Dundr et al.,, 2004; Louvet et al.,, 2005)). After separation of the 90S
pre-ribosome into the two precursor particles (pre-60S and pre-40S, see 1.4.3.1), the
pre-60S subunits runs through multiple nuclear processing, assembly and folding events, but
is very likely moving through diffusion (Politz et al.,, 2003). The same mechanism of
movement seems to be true for the majority of the pre-40S particles, but recent data
suggested that a subpopulation of the precursors are actively transported, meaning

dependent on motor proteins (nuclear myosin |) and energy (Cisterna et al., 2006, 2009).

The nuclear pore complex (NPC) is a large (60 to 125 MDa) multiprotein complex that allows
passage of cargos in and out of the nucleus (for recent reviews see (Peters, 2005; Fiserova
and Goldberg, 2010)). The NPC is composed of nucleoporins (NUPs), which often posses
large hydrophobic stretches, the FG-repeats (phenylalanine and glycine rich sequences). The
actual molecular mechanism of translocation is unknown, but current models discuss the
FG-repeats as a selectivity barrier (reviewed in (Fiserova et al., 2010)). The import and
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export adapter proteins are members of the so-called karyopherin protein family. These
proteins bind to nuclear import (NLS) or nuclear export (NES) sequences of their cargo and
mediate an initial contact with the NPC.

The only known karyopherin involved in nuclear export of ribosomal subunits and whose
function is conserved between all eukaryotes is Crm1p (Xpo1 in higher eukaryotes) (Ho et
al., 2000; Moy and Silver, 1999; Thomas and Kutay, 2003). Crm1p doesn't bind to the
ribosomal subunits directly, but recognizes NES sequences on adapter proteins. For the
large subunit this adapter protein is Nmd3p (Ho et al., 2000). For the small subunit, up to now
three adapters are known: Ltvip, DIM2 and RIO2 (the later ones were identified in higher
eukaryotes) (Seiser et al., 2006b; Vanrobays et al., 2008; Zemp et al., 2009). The role of
Ltvip as a Crm1p adapter protein was recently questioned, since deletion of its NES
sequence did not result in a nuclear retention of Ltvip. Nevertheless, export of SSU
precursors was diminished in this case, probably due to lack of biogenesis factor
displacement by fully functional Ltv1p (Fassio et al., 2010a).

Next to the karyopherin Crm1p, various other proteins are known to promote nuclear export
of ribosomal subunits. Rrp12 was shown to be required for efficient export of both subunits.
This protein contains HEAT repeats (Huntington-elongation-A subunit-TOR), a motif, which is
also found in other FG-repeat interacting proteins (Oeffinger et al., 2004). Another export
adapter for the large subunit is the heterodimer Mex67p-Mtr2p, which is a general mRNA
export factor (Yao et al., 2007). Probably other factors, like for example Arx1p, which can
bind both, ribosomal subunits and the FG-repeats of the NPC, facilitate nuclear export of
pre-ribosomal subunits (Bradatsch et al., 2007; Hung et al., 2008).

This high redundancy in ribosomal subunit export is probably necessary to cope with the vast
quantity of nascent ribosomes (Warner, 1999). This redundancy is as well reflected in the fact
that Crm1p itself is not essential for nuclear export. Fusion of several proteins, which are
involved in mRNA or tRNA export to Nmd3p resulted in Crm1p independent export of
ribosomal subunits. Even the export adapter Nmd3p is exchangeable, thus a fusion of its
NES to rpL3 promoted export of LSU precursors (Lo and Johnson, 2009).

In general, export competence and a certain r-protein assembly state of precursor subunits
go hand in hand. Consequently, lack of various r-proteins results in nuclear retention of
precursor subunits (Léger-Silvestre et al., 2004; Ferreira-Cerca et al., 2005; Robledo et al.,
2008; Pall et al., 2009). Several possible underlying mechanisms will be discussed in chapter
1.5.2.
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1.4.6 Regulation, quality control and homeostasis of ribosome production

Ribosome synthesis devours vast amounts of energy and amino acids in a growing cell. It is
therefore easy to understand that ribosome biogenesis has to be tightly regulated.
Prokaryotic cells mainly regulate ribosome synthesis at the level of rDNA transcription and
translational feedback mechanisms (for recent reviews see (Wagner, 2002; Dennis et al.,
2004; Magnusson et al., 2005; Suthers et al., 2007; Kaczanowska et al., 2007)). Eukaryotic
cells regulate ribosome biogenesis basically in the same manner, but the way this is achieved
is quite different (see further down).

Each prokaryotic cell has to deal with fast changing environmental conditions. Nutrient
depletion, in particular amino acid starvation triggers the so-called “stringent response” on
ribosome biogenesis. The binding of deacetylated amino acids to the ribosome, which appear
due to amino acid deprivation, causes the synthesis of (p)ppGpp (guanosine 3'-diphosphate
5'-(tri)diphosphate). The induction of (p)ppGPP synthesis can be also a result of carbon or
energy source deprivation. Finally, (p)ppGpp binds to the RNA polymerase and shuts down
transcription, yet the exact mechanism is still under discussion.

Steady-state or in other words, growth rate regulation enables bacterial cells to adapt to the
overall growth conditions. In contrast to the stringent response, steady-state regulation is
achieved by varying the number of ribosomes. Feedback loops of r-protein mRNA translation
and attenuation or intensification of rDNA synthesis facilitate the change in ribosome number.
Free ribosomal proteins were shown to bind their messenger RNA, thus translational
repressing their own expression. This excess of free ribosomal proteins is reflecting an
imbalance of rRNA to r-proteins, thereby linking translation to ongoing transcription and
r-protein assembly. The molecular signals that result in modification of RNA polymerase
activity are still unclear, but (p)ppGpp might again be the main effector molecule. Somehow
ongoing translation by functional ribosomes results in a decrease of (p)ppGpp levels and
thereby in an increase of RNA polymerase activity.

Eukaryotes seem to have a similar pathway to the stringent response in Bacteria. There is no
known small effector molecule like (p)ppGpp, but a specialized protein family was identified
(GCN, general control non-derepressible proteins). Upon amino acid deprivation, they initiate
a response that leads to a general reduction in protein synthesis, but on the other hand to an
upregulation of amino acid anabolism (reviewed in (Hinnebusch, 2005)). Regulation of
r-protein expression could be mediated by protein kinase A (PKA), rather than the GCN
protein family, since only mutations in the PKA and not in Gecn1p or Gend4p show a
deregulation of expression (Moehle and Hinnebusch, 1991; Klein and Struhl, 1994).

The common pathway in eukaryotes of sensing nutrient availability and other environmental
conditions, is mediated by the TOR (target of rapamycin) kinase ((Powers and Walter, 1999)
reviewed in (Lempiainen and Shore, 2009)). The current model of TOR dependent ribosome
biogenesis regulation is illustrated in Figure 19 A. The TOR kinase is found in two structural
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and functional diverse complexes termed TORC1 and TORC2 (TOR kinase complex 1 or 2).
The TORC2 main functions are regulation of the cytoskeleton dynamics and the AGC kinase
family (protein kinase A, G, C) (reviewed in (Cybulski and Hall, 2009)). The TORC1 is
sensitive to stress and lack of nutrients (mimicked by the drug rapamycin). These stimuli
block the activation (phosphorylation) of various effector molecules, like the Sch9p kinase or
Sfp1p (Figure 19 A). This in turn shuts down the transcription of r-protein or the Ribi
(ribosome biogenesis) regulon genes, which encompasses the genes coding for ribosome
biogenesis factors and snoRNAs.
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Figure 19. Control of ribosome biogenesis in eukaryotes

(A) The TOR pathway in yeast. The TOR complex 1 (TORC1) and the downstream effector proteins are shown. The
upper panel illustrates the situation during growth, the lower panel upon growth inhibition. (B) The regulation of
transcription and translation of ribosomal components in mammalian cells. (A) and (B) For simplification, not all
pathway components and connections are shown. Question marks indicate poorly understood connections. Further
details are elucidate in the main text. (modified from Lempidinen and Shore, 2009)

Coordination of rDNA transcription and r-protein/Ribi gene transcription is maybe achieved
through a common factor to all three RNA polymerases — Hmo1p (UBF1 in higher
eukaryotes) (Hall et al., 2006; Berger et al., 2007). In addition TOR was found to directly bind
to Pol | promoters at the rDNA locus (Li et al., 2006) and probably regulation the core
transcription factor Rrn3p (TIF1A in higher eukaryotes) (Claypool et al., 2004; Mayer et al.,
2004). Processing of pre-rRNA and assembly of r-proteins might as well be coupled to
transcription of r-protein and Ribi genes. In yeast, the essential Pol Il transcription factor Ith1p
is found in a second complex with casein kinase 2, Utp22p, and Rrp7p, termed the CURI
complex (Rudra et al., 2007). Utp22p and Rrp7p are both components of the 90S
pre-ribosome and necessary for early pre-rRNA processing and assembly events (Baudin-
Baillieu et al., 1997b; Dragon et al., 2002b).

On the other hand, it was claimed that ribosomal proteins in HelLa cells are produced in
excess, compensated by constitutive degradation of non-assembled r-proteins (Lam et al.,
2007). Furthermore, in yeast, inhibition of the TOR kinase leads to severely reduced levels of
newly synthesized ribosomal subunits without preceding impairment of Pol | transcription
(Reiter, Steinbauer, Philippi et al., 2010, unpublished). Thus, the amount of available free
r-proteins could control the rate of ribosome production.
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In contrast to yeast cells, mammals seem to prefer post-transcriptional control of ribosome
biogenesis (Figure 19 B). An imbalance in ribosomal subunit stoichiometry causes
upregulation of transcription of a subset of mRNAs, containing a 5'-TOP (poly-pyrimidine)
motif (Fumagalli et al., 2009). Among these is e.g. rpL11, which was shown to inhibit the
transcription factor c-myc (Dai et al., 2007, 2010), but also binds to MDM2 and induces p53
dependent cell cycle arrest (Zhang et al., 2003; Fumagalli et al., 2009).

Furthermore, there is rising evidence that in eukaryotes ribosome biogenesis is regulated in
multiple additional layers, like e.g. changes in chromatin structure (Murayama et al., 2008) or
plasticity of rDNA repeat numbers (Nomura, 1999).

Many quality control pathways assure that the error-prone process of ribosome biogenesis
finally results in functional mature ribosomes. During eukaryotic ribosome biogenesis,
misfolded or misassembled precursors are detected, polyadenylated by the TRAMP
(Trf4p-Air1/2p-Mtrdp polyadenylation) complex and subsequently degraded by the exosome
(among others (Dez et al., 2006; Schneider et al., 2007; Wery et al., 2009)). The ultimate way
of regulating a cell's ribosome content is the degradation of ribosomes themselves.
Ribosomes that carry a potentially lethal defect in the rRNA, are normally matured, but
become rapidly degraded in the cytoplasm by the so-called NRD (non functional rRNA
decay) pathways (LaRiviere et al., 2006; Cole et al., 2009). These pathways are thought to
recognize stalled ribosomes and independently degrade the defective SSUs and LSUs,
respectively (reviewed in (Lafontaine, 2010)). 185 NRD most probably is initiated by
endonucleolytic cleavage of 18S rRNA, followed by complete exonucleolytic digest. 25S NRD
on the other hand, is carried out by tagging defective LSUs (associated) components with
ubiquitin, followed by proteasomal degradation.

Two specialized forms of autophagy, the ribophagy and PMN (piecemal microautophagy of
the nucleus) lead to bulk degradation of mature and pre-ribosomes, respectively, upon
nutrient depletion. PMN isn't yet well characterized, though it might result in vacuolar
degradation of nucleolar pre-ribosomes (Roberts et al., 2003). Ribophagy most probably is
promoted via deubiquitylation of unidentified ribosome associated factors, leading to selective
uptake of mature subunits into the vacuole. Like in the NRD pathways, ribophagy of the SSU
and the LSU seem to be independently regulated (Kraft et al., 2008; Kraft and Peter, 2008).
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1.5 Ribosomal proteins

1.5.1 The roles of r-proteins in mature ribosomes

The ribosome is a ribozyme. Both, the decoding (18S rRNA) and the peptidyl-transferase
reaction (25S rRNA, tRNA) are mediated by RNA residues. Despite this fact, ribosomal
proteins accomplish many and important tasks in ribosome function (Table 3). For example,
several small ribosomal proteins are required for binding and correct positioning of the
MmRNA. S12 (rpS23) is part of the decoding center and influence ribosome accuracy.
Ribosomal proteins of the large subunits orientate tRNAs and are often the site of translation
factor binding (see Table 3, reviewed in (Brodersen and Nissen, 2005; Wilson and Nierhaus,
2005; Dresios et al., 2006)).

ribosomal protein

Bacteria Eukarya

S1 Suggested to bring the mRNA into the proximity of the ribosome during initiation.
S3.S4. S5 Form the mRNA entry pore and may have a helicase activity to unwind mRNA secondary
T structure encountered during translation.
S4 rpS9  Mutations increase the error during the decoding process.
Involved in decoding of the second and third codon positions at the A site. Mutations in S12
confer resistance against streptomycin, increase accuracy of the decoding process and, in
most cases, concomitantly decrease the rate of translation. The lack of S12 in reconstituted
particles also increases accuracy.
S13 Interacts with P site tRNA.
rpS25 Essential for translation initiation by the Dicistroviridae and hepatitis C viral IRESs.
Involved in various signaling pathways. Deletion leads to increased drug sensitivity affecting

function(s)

S12 rpS23

Ascip cell wall biosynthesis and translation eleongation. The mRNA binding protein Scp160p fails
(RACK1) : o )
to associate with ribosomes upon Asc1p depletion.
L1 roL1  Probably involved in the removal of deacylated tRNA from the E site.
L2,L3 Required for peptidyl-transferase reaction
L4 Mutations in L4 can confer resistance against macrolide antibiotics such as erythromycin by
indirectly interfering with drug binding; role in rRNA transcription antitermination.
L5 Interacts with P site tRNA. Integral part of the 5S RNP.
L7/L12 Involved in elongation-factor binding and GTPase activation.
L9 Mutations in L9 effect the efficiency of translational bypassing.

Mutations in L11 or lack of the complete protein confer resistance against thiostrepton, an

antibiotic that blocks the ribosomal transition from the pre- to post-translocational state and
L1 vice versa. During the stringent response this protein senses the presence of a deacylated

tRNA in the A site; mutations or the absence of the protein can cause a relaxed phenotype

(relC) resulting from loss of stringent control.

May be involved in correct positioning of the acceptor stem of A- and P-site tRNAs as well

L16 roL10  as RRF on the ribosome. Eukaryotic rpL10 interacts with rpS6 and is required for subunit
joining.
L22 May interact with specific nascent chains to regulate translation.

Present at the tunnel exit site and has been shown to be a component of the chaperone
trigger factor binding site on the ribosome.

Bacterial-specific protein implicated in the placement of the acceptor stem of P-site tRNA
and binding of the ribosome recycling factor on the 50S subunit.

Is located close to the tunnel exit site and may constitute part of the binding site for the
signal recognition particle.

rpL44 Interacts with tRNA at the E site.

Table 3. The roles of selected r-proteins in ribosome function

The ribosomal protein(s) with their respective function(s) are listed. If the functions were addressed using the
bacterial r-protein, the bacterial nomenclature is used, if the eukaryotic r-protein was used, vice versa. If the function
was prooved to be conserved, both names are given. (mainly adapted from Brodersen and Nissen, 2005; Wilson and
Nierhaus, 2005, Dresios et al., 2006)

L23,L24  rpL25

L27

L29
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Much of the current knowledge arose from potent in vitro reconstitution and translation
assays of prokaryotic ribosomes and the availability of atomic resolution structures.
Nevertheless, recent studies suggested certain roles of eukaryotic r-proteins in the
translational process (Table 3). Most probably the known functions of prokaryotic r-proteins in
translation are conserved, too (among others (Alksne et al., 1993a; Synetos et al., 19963;
Eisinger et al., 1997; Rauch et al., 2005; Fei et al., 2008)).

Hereafter, the functions in translation of the small ribosomal proteins, which have been
explicitly analyzed in this work, will be explained in more detail.

RpS17 has no homologue in Bacteria and nothing is known about a potential function in
translation.

S5 the prokaryotic homologue of rpS2 is one of the three proteins, together with S3 (rpS3)
and S4 (rpS9), which forms the mRNA entry pore and orientates it in a correct way
(Kurkcuoglu et al., 2008a). Mutants of S5 (ram — ribosomal ambiguity mutations) are known
to reduce the accuracy of translation (Rosset and Gorini, 1969; Piepersberg et al., 1975a;
Cabezén et al., 1976). It probably also facilitates conformational changes in rRNA structure
that might act as a switch from accurate to error-prone translation (Piepersberg et al., 1975b;
Lodmell and Dahlberg, 1997; Kirthi et al., 2006). Mutations in eukaryotic ribosomal protein
rpS2, the so-called SUP44 mutants are known as omnipotent suppressors of all three
classes of nonsense mutations in yeast and show a similar phenotype to the prokaryotic
ram-mutants (Alksne et al., 1993b; Synetos et al., 1996b). Crosslinking experiments
suggested that rpS2 contributes, like S5, to the formation of the mRNA entry pore (Pisarev et
al., 2008b). Very interestingly, the role of rpS2 in maintaining the accuracy of translation could
be regulated by phosphorylation in eukaryotes. The kinase Ctk1p (CDK9 in higher
eukaryotes), which phosphorylates rpS2, has been shown to interact with Pol |, as well as Pol
Il. Thereby, another potential link between rDNA transcription and translation could be
established (Bouchoux et al., 2004; Réther and Strasser, 2007).

Crosslinks of the intersubunit r-protein S19, the prokaryotic homologue of rpS15, implies that
it helps to orientate the P site tRNA (Rosen et al., 1993). Eukaryotic rpS15 on the other hand
seems to contact more the surrounding of the A site (Bulygin et al., 2002; Pisarev et al., 2006,
2008c).

The head domain rpS20 is localized at the cytoplasmic site of the small subunit (see Figure 8
A) and apparently does not contribute directly to translation.

RpS5 and rpS14 are both components of the head-platform interface (see Figure 8 A). This
region is important for translation factor binding, as well as tRNA and mRNA orientation. For
a more detailed description of their roles in translation see 3.3.
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1.5.2 The roles of r-proteins in ribosome biogenesis

Ribosomal proteins bind and accompany a nascent ribosomal subunit most probably starting
with transcription in the nucleolus until final maturation in the cytoplasm. Therefore it is easily
imaginable that they undertake tasks in several steps of ribosome biogenesis (see 1.4).

Since prokaryotes lack this complex process of eukaryotic ribosome biogenesis, r-proteins in
these organisms are mainly needed to stabilize newly built rRNA structures or help forming
them (see 1.4.4). Some prokaryotic r-proteins are required for efficient generation of
ribosomal subunits, but curiously enough are dispensable for ribosome function.
Nevertheless, they remain assembled in the mature subunits, maybe to improve stability of
flexibility of the ribosome (Nierhaus, 1991).

In vivo, this stabilization of (pre)-rRNA structures, which is true for prokaryotic, as well as for
eukaryotic r-proteins (see 1.4.4), might be the prerequisite for ongoing ribosome biogenesis.
Thereby biogenesis factor binding sites might be established or the r-protein acts as a
docking sites itself (e.g. rpl10 for NMD3, see 1.4.5). It is also possible that a certain assembly
state creates the proper substrate for a pre-rRNA processing enzyme (see 3.2) or
modification by a snoRNP (see 1.4.3.2). Two large scale screens, which analyzed the
ribosome biogenesis phenotypes caused by depletion of a ribosomal protein, showed that
indeed different subsets of r-proteins are required for specific pre-rRNA processing steps
((Ferreira-Cerca et al., 2005; Pdll et al., 2009), see also among others (Moritz et al., 1990;
Demianova et al., 1996; Tabb-Massey et al., 2003; Léger-Silvestre et al., 2004; Rosado et al.,
2007; Chaudhuri et al., 2007)). Interestingly, the roles of some eukaryotic r-proteins in
ribosome biogenesis changed during the course of evolution. Systematic siRNA knockdown
in human Hela cells indicated that ribosome biogenesis, in particular pre-rRNA processing is
blocked at different stages, when compared to yeast, upon lack of a specific r-protein
(Robledo et al., 2008). For example rpS7, which isn't needed for mature 18S production in
yeast, exhibited a strong processing defect of a 18S precursor rRNA species (30S
respectively 26S, equivalent of 23S in yeast), when depleted in HelLa cells. The function of
rpS15 is controversial. While one study stated that the roles of rpS15 are conserved between
yeast and mammals (Rouquette et al., 2005), another one claimed that rpS15 is dispensable
for rRNA processing and nuclear export (Robledo et al., 2008).

A eukaryotic specific process in ribosome biogenesis is the nuclear export of precursor
subunits. Up to now, several ribosome biogenesis factors are known that participate and are
required for efficient nuclear export (see 1.4.5). What's more, the depletion of many r-proteins
results in export block or delay of precursor subunits (Jakovljevic et al., 2004; Léger-Silvestre
et al., 2004; Rouquette et al., 2005; Ferreira-Cerca et al., 2005; Robledo et al., 2008; Pdll et
al., 2009). One could imagine different ways, in which way r-proteins are able to promote
nuclear export. First, a certain r-protein assembly state of precursor subunits or the r-protein
itself represents the binding sites for export factors. Second, r-proteins themselves mediate
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the passage through the NPC by interacting with the hydrophobic nucleoporins, thereby
vanquishing the entropic barrier to allow transport (Weis, 2007). Another possibility is that a
window of opportunity exists, in which the precursors can be further matured and acquire
export competence, otherwise they are recognized by the surveillance machinery and
become degraded (see 1.4.6).

The in vitro reconstitution experiments in Bacteria demonstrated a hierarchical kind of
r-protein assembly (see 1.4.4). The analysis of different SSU head domain assembly states,
after depletion of the primary binder rpS5 and the secondary binder rpS15, revealed that the
hierarchical mode and the separation into subdomains of r-protein assembly is conserved
(Ferreira-Cerca et al., 2007). Furthermore, a direct correlation between a certain r-protein
assembly state of pre-SSUs and efficient nuclear export was shown.

The involvement of r-proteins in several ribosome biogenesis steps is mostly know, since
depletion of a particular r-protein leads to specific defects (see before). However, detailed
analyses of their molecular functions in these processes are few and far between. For
example, a C-terminally truncated version of rpL5 is still able to form the 5S RNP, but is
defective in assembly into pre-60S subunits (Moradi et al., 2008). For the late binding
r-protein rpL10, the regions critical for Nmd3p release from the pre-60S subunits were
determined (Hofer et al., 2007). Furthermore, the specific protein parts of rpL25, required for
efficient processing of different rRNA precursors, were identified (van Beekvelt, de Graaff-
Vincent, et al., 2001). Interestingly, some protein parts of rpL25 seem to be necessary for
U3-dependent cleavages, in particular at site Ao. This suggests that efficient ETS1 and ITS2
processing might be coupled, like it was proposed for ETS1 and ITS1 (Venema and Tollervey,
1995) or ITS1 and ETS2 (Allmang and Tollervey, 1998). The only detailed analysis of a small
subunit ribosomal protein is about rpS14 (Jakovljevic et al., 2004). RpS14 is one of the
primary binding proteins of the 18S central domain and is needed for processing at sites Ao,
A: and A,. A C-terminally mutated variant of rpS14 partially suppressed this phenotype. The
408 precursors were exported and 20S pre-rRNA was produced.

1.5.3 Extra-ribosomal functions

Observations in Bacteria indicated early on that r-proteins do not only have roles in ribosome
function, but are involved in several other cellular processes. The two most striking
extra-ribosomal functions of bacterial r-proteins are the translational feedback control of
r-protein expression and participation in the RNA polymerase anti-termination complex. The
feedback-regulation of r-protein expression is one of the ways Bacteria assure a
stoichiometric production of r-proteins and rRNA. One r-protein of each operon is able to bind
its MRNA and translational represses the expression (reviewed in (Wilson et al., 2005), see
also 1.4.6). In Bacteria, if transcription and translation becomes uncoupled, which is the case
for the non-translated rRNAs, transcription would normally stop. To prevent premature
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transcription termination of rRNA genes, anti-termination complexes are formed on the rRNA
leader sequences. These are comprised of the Nus proteins and ribosomal proteins like S1
(prokaryotic specific), S4 (rpS9) or S10 (rpS20) (reviewed in (Squires and Zaporojets, 2000;
Roberts et al., 2008)).

“Moonlighting is particularly widespread among ribosomal proteins, many of which have
extraribosomal “employment” in addition to their daytime jobs as components of the
translation machinery” (Weisberg, 2008). This statement is as well, and in particular true for
eukaryotic ribosomal proteins (reviewed in (Lindstrom, 2009; Warner and Mclintosh, 2009)).
Defects in ribosome biogenesis result in all likelihood in an imbalance of rRNA to r-proteins.
For some examples of free r-proteins, it was shown that they participate in regulatory
feedback-loops, similar to those of Bacteria (Table 4). Free ribosomal proteins can also bind
to MDM2 in mammals (HDM2 in humans), thereby inducing p53 dependent cell cycle arrest
(Table 4). Contributions to many other processes are proposed, but not yet or only poorly
confirmed (Table 4). Only in a few cases, extra-ribosomal functions were directly
demonstrated (Table 4, fully extra-ribosomal).

Haploinsuffiency of r-proteins was shown to lead to increased lifespan (among others
(Hansen et al., 2007; Chiocchetti et al., 2007; Steffen et al., 2008)) but might also propagate
cancer or developmental abnormalities (among others (Pellagatti et al., 2008; Ruggero and
Pandolfi, 2003; Derenzini et al., 2009)). Mutations in various r-proteins or ribosome
biogenesis related factors were linked to several inherited bone marrow failure syndromes
with a high predisposition to leukemia (reviewed in (Ganapathi and Shimamura, 2008)).

r-protein extra-ribosomal function r-protein extra-ribosomal function
autoregulation of r-protein synthesis fully extra-ribosomal
L30 (S.c.) inhibits its own mRNA splicing L7 (archaea) snoRNP
S14 (S.c.) inhibits its own mRNA splicing RACK1 (all?) cell signaling
L2 (S.c.) shortens its own mRNA halftime L13a (H.s.) inhibits mRNA translation (GAIT
S28 (S.c.) shortens its own mRNA halftime e complex)
L12 and others? inhibits its own mRNA splicing S3 (H.s., D.m.) DNA endonuclease
(C.e.) S3 (H.s.) binds NFkB
S13 (H.s.) inhibits its own mRNA splicing L10 (A.th.) antiviral
ribosome biosynthesis sentinels (mammals) L10 (H.s.) binds c-jun
L5 sequesters M/HDM2 interesting possibilities
L11 sequesters M/HDM2 S20 (S.c.) influences Pol Il transcription
L23 sequesters M/HDM2 L6 (S.c.) influences Pol Il transcription
S7 sequesters M/HDM2 L22 (and others) binds Histone H1 (affects
L11 sequesters c-myc (D.m.) transcription?)
L26 promotes p53 translation L22 (H.s.) binds EBER-1 RNA (of EB virus)
123 sequesters nucleophosmin from S26 (H.s.) susceptibility to diabetes (?)

Miz1
Table 4. Extra-ribosomal functions of eukaryotic proteins

Abbreviations: S.c. S. cerevisiae; C.e. Caenorhabditis elegans; H.s. Homo sapiens, A.th. Arabidopsis thaliana; D.m.
Drosophila melaongaster. (adapted from Warner and McIntosh, 2009, see references therein)
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1.6 Objectives

Saccharomyces cerevisiae is a frequently used and well studied eukaryotic model organism.
Ribosomes are among the most intricate ribonucleoprotein complexes. They consist of 4
ribosomal RNAs and over 70 ribosomal proteins. For synthesis of eukaryotic ribosomes,
more than 100 non-ribosomal proteins and over 70 snoRNPs are needed. Studying ribosome
biogenesis in yeast can therefore reveal general functions and mechanisms of RNP
production. The coordinated binding and subsequent incorporation of r-proteins into the
nascent subunits is crucial to generate functional ribosomes. Other important steps in
eukaryotic ribosome biogenesis are the trimming of precursor sequences of ribosomal RNAs
and nucleo-cytoplasmic transport of nascent ribosomes. Individual r-protein assembly events
were previously shown to be required for specific rRNA processing steps and/or nuclear
export of pre-ribosomes. Yet, the molecular functions of r-proteins in these processes
remained unclear.

A main objective of this work was to create and identify partially functional r-protein variants.
A previously established genetic system that allows to conditionally shutdown the expression
of a specific r-protein (Ferreira-Cerca et al., 2005) was used to assay these variant r-proteins.
Decoupling of functional aspects of a r-protein could consequently help to characterize its
molecular functions in a specific process. Furthermore, bypassing the first essential role of
the particular ribosomal protein might elucidate potential additional functions in the complex
process of ribosome biogenesis.

One of the approaches used to create variant r-proteins was based on the primary sequence
conservation of r-proteins in the three evolutionary kingdoms. Particularly Archaea share a
large set of homologous ribosomal proteins with Eukarya. Due to the non-perfect sequence
match and often missing, eukaryotic specific protein parts, archaeal r-proteins can be
considered as variants of eukaryotic r-proteins. Archaeal r-proteins should be expressed and
functionally characterized in the conditional yeast r-protein knockout strains. This might allow
the identification of conserved or eukaryotic specific features of the respective eukaryotic
ribosomal protein. In the light of this screen, it is for example of interest, whether prokaryotic
ribosomal proteins are able to promote nuclear export of precursor subunits, as was
observed for their eukaryotic counterparts.

In a parallel approach, eukaryotic ribosomal proteins should be modified, either by site
directed mutagenesis or partial truncation. To determine, which regions should be modified,
current atomic structure models of ribosomal subunits were used. In order to ascertain the
significance and function of individual protein parts and reveal possible further roles of the
respective r-protein, its variants should be assayed in several ways. In particular, (pre-) rRNA
interaction, promotion of nuclear export, impact on pre-rRNA maturation and on protein
compositions of several RNPs involved in ribosome biogenesis should be analyzed.
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2 Results

2.1 General strategies to design variant r-protein alleles for
functional studies in S. cerevisiae

2.1.1 General considerations

The primary aim of this work was to elucidate the molecular functions of small ribosomal
subunit r-proteins in ribosome biogenesis. The depletion phenotypes of most ribosomal
proteins are well studied in yeast (Ferreira-Cerca et al., 2005; Poll et al., 2009), but partially
also known in humans (Robledo et al., 2008). Nevertheless, the molecular functions of the
respective r-protein in the affected steps of ribosome biogenesis are hardly, if at all known
(see 1.5.2). It is also easily imaginable that many r-proteins might have additional functions in
other steps of ribosome biogenesis or ribosome function, different from their first, essential
one. To reveal these potential second functions and to characterize the known contribution of
r-proteins to different ribosome biogenesis steps in detail, it is necessary to create and
analyze variants with partial functionality. Thus it might be possible to uncouple e.g.
(pre-) rRNA assembly of the r-protein variant from processing, transport of precursors,
interaction with biogenesis factors, etc., which could lead to a molecular understanding of the
r-protein's function.

In this work r-protein variants were created using basically two approaches: creation of
variants based on evolutionary conservation or diversification of primary structure elements
of r-proteins or creation of mutants based on tertiary structure features of r-proteins.

In the first approach, the large number of conserved r-proteins between the evolutionary
kingdoms (see Figure 1) was used to study gain or loss of r-protein functions during the
course of evolution. Ribosomal proteins, which are derived from evolutionary distant species
(see 2.1.2), were expressed in the eukaryotic model organism S. cerevisiae. Characterization
of these r-proteins could lead to identification of evolutionary gained tasks, which the
eukaryotic r-protein is able to overtake, yet the prokaryotic is not. Nevertheless, due to a
certain sequence conservation, they might still be able to conduct the basal, “old” r-protein
functions. In the light of this partial conservation of function, it is of special interest, whether
prokaryotic r-proteins are perhaps able to participate in eukaryotic specific processes, like for
example nucleo-cytoplasmic transport. Taking advantage of bioinformatic tools, like multiple
sequence alignments, which are a fast way to analyze the primary structure diversification of
proteins, it is evident that many eukaryotic r-proteins gained additional sequences in
comparison to their prokaryotic counterparts. Deletion of these extended protein parts might
again result in a loss of function if deleted, or when fused to a prokaryotic homologue, in a
gain of function (see 2.1.3).
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In the second approach, the growing number of (pseudo-) atomic structures of ribosomes
was used to explicitly characterize certain r-protein parts, possibly even pinpointing the
function of one specific amino acid. Attenuation of protein-protein or protein-RNA interfaces,
by mutating the amino acids predicted to be required for the interaction, led to another set of
r-protein variants. Such mutations might be subtle and hence result as well in partially
functional r-proteins variants, which are defective in performing certain tasks in ribosome
biogenesis (see 2.1.4). Localization of the mutation in regard to the ribosome bound r-protein
could shed light on the molecular function of the mutated part. For example, predicted
rRNA-interacting parts are maybe required to establish a certain assembly state, while
protein parts on the surface side of the ribosome are more likely required for recruitment of
biogenesis factors.

In the course of the systematic analyses of r-protein depletion phenotypes (Ferreira-Cerca et
al., 2005; Pall et al., 2009), yeast strains were created, in which the genomic copies of most
r-proteins are replaced by a heterologous marker and the respective ribosomal protein is
expressed under control of a galactose inducible promoter (pGAL-RPSX, Figure 20). The
r-protein variants created in this work were constitutive expressed (FLAG/HA-variant, Figure
20) and transformed into the respective conditional r-protein knockout strain. After shutdown
of wildtype r-protein expression on glucose, the variants were characterized, concerning their
function in pre-rRNA processing, transport of precursor particles and biogenesis factor
recruitment/release.

pGAL-RPSX
FLAG/HA-variant

Figure 20. The genetic system used to analyze the r-protein variants

The genomic copies of the respective r-protein are knocked out. The strains contain in addition an ectopically
expressed, galactose inducible copy of the wildtype r-protein and a constitutive expressed, FLAG- or HA-epitope
tagged copy of the r-protein variant
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2.1.2 Expression of archaeal homologues of r-proteins in S. cerevisiae

Thermoplasma acidophilum and Sulfolobus acidocaldarius are both thermophilic archaeons,
which live in extremely acidic environments at a pH of 2 to 3 (Darland et al., 1970; Brock et
al., 1972). Both genomes have already been sequenced (Ruepp et al., 2000; Chen et al.,
2005). S. acidocaldarius is one of the archeal model organisms. Similarities between the

eukaryotic and archeal
o ) o Archaea — Euryarchaeota — Thermoplasmata —
transcription machinery (Zillig T. acidophilum Thermoplasmatales — Thermoplasmataceae —
et al., 1979; Prangishuvilli et al., Thermoplasma
1982: Schnabel et al., 1984: . . Archaea — Crenarchaeota — Thermoprotei —
8. acidocaldarius Sulfolobales — Sulfolobaceae — Sulfolobus

Langer et al., 1995), as well as
DNA repair mechanisms
(Koulis et al., 1996; Jacobs and Grogan, 1997; Wood et al., 1997; Skorvaga et al., 1998) and
cell cylce control (Bernander and Poplawski, 1997; Hjort and Bernander, 2001), have been
extensively studied in S. acidocaldarius. Sequencing of T. acidophilum showed many
homologies to members of the genus Sulfolobus, which might be due to extensive lateral
gene transfer between the different species, which live in the same habitate (Ruepp et al.,
2000). A histone-like molecule, actin- and myosin-like proteins, a primitive respiration
machinery and possibly the facility of endocytosis, turned T. acidophilum into good candidate
for the “ancestor” of a eukaryotic cell (Searcy et al., 1978; Stein and Searcy, 1978; Wolf et al.,
1993; Roeben et al., 2006), nonetheless this is controversial discussed (Ruepp et al., 2000).
A very unique feature of T. acidophilum is its rDNA organization. The rDNA is not clustered as
in most other organisms, but there is only a single copy of each gene coding for 5S, 16S and
23S rRNA spread in the genome (Tu and Zillig, 1982; Ree et al., 1989; Ree and
Zimmermann, 1990). In most archeons, as well as in S. acidocaldarius, the precursor
transcript of the rDNA operon is multiply processed and modified by snoRNPs ((Durovic and
Dennis, 1994b; Potter, Durovic, and Dennis, 1995; Potter, Durovic, Russell, et al., 1995;
Omer et al., 2000b), see also 1.4). Since the rRNA species of T. acidophilum are transcribed
separately, only final trimming of 5' and 3' extended 23S occurs (Ree et al., 1990).

Table 5. Taxonomy of 7. acidophilum and S. acidocaldarius

Ribosomal proteins from both species exhibit a broad primary sequence conservation, when
compared to yeast r-proteins. The full length alleles of 18 r-proteins from the small subunit of
T. acidophilum (TAS) and 11 r-proteins from the small subunit of S. acidocaldarius (SAS)
were cloned into ectopic multicopy yeast vectors. These archaeal r-proteins were tested first,
whether they can fully substitute their yeast homologue in the corresponding conditional
r-protein knockout strains. Surprisingly one, out of the 29 archaeal r-proteins tested, was able
to fully overtake all essential functions of its eukaryotic counterpart (see 2.2.6). Many TAS
and SAS were, despite a lack of some necessary functions, able to interact with pre-rRNA in
yeast (data not shown, see diploma thesis of the author) and some could at least partially
complement the loss of their eukaryotic homologue (see also 2.2.1, 2.2.2, 2.2.6).
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2.1.3 Truncation and fusion mutants of yeast r-proteins

Based on multiple sequence alignments, yeast r-proteins have been analyzed for any
non-conserved primary sequence parts. As described before, these parts might have
eukaryotic specific functions. The truncated alleles of these r-proteins were cloned into
ectopic multicopy yeast vectors and analyzed in the corresponding conditional r-protein
knockout strains.

The remaining, evolutionary conserved parts are homologous to the archaeal r-proteins. A
fusion of the archaeal r-protein with the non-conserved eukaryotic specific sequence might
result in a variant similar to the eukaryotic r-protein. These fusion proteins were created using
the splicing by overlap extension (SOE) PCR method (see 5.2.4.1). In the first PCR step
each part is separately amplified with a certain overlap to the other part. In the second PCR
step the amplicons from the first step are used as templates and the full length fusion allele is
created. These alleles were also cloned into ectopic multicopy yeast vectors and analyzed in
the corresponding conditional r-protein knockout strains.

2.1.4 Amino acid substitution mutants of yeast r-proteins

Point mutations were introduced in r-proteins to weaken protein-protein or protein-RNA
interactions. Pseudo atomic structures of eukaryotic ribosomes or crystal structures of
prokaryotic ribosomes were used as basis for determination of the (predicted) amino acids,
involved in the interface (see 1.2.1). Only hydrogen bond and electrostatic mediated
interactions were considered in this work, since the predicted hydrophobic interactions are
hardly accurate due to the non-atomic resolution of the available structures (see 1.2.4).
Especially arginine and lysine residues in r-proteins were mutated, because they possess
conformational flexible side chains, which are in addition capable of interacting with RNA.
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2.1.5 Table of described variant r-proteins in this work

For detailed description of the variants see the appropriate chapter.

variant of name background

rpS2-AN deletion of eukaryotic specific N-terminus
rpS2-Aloop attenuation of predicted head-body interaction

rpS2 rpS2-short-loop attenuation of predicted head-body interaction

(2.2.3) | rpS2-loop::APA  |attenuation of predicted head-body interaction
rpS2-RRAA attenuation of predicted head-body interaction
rpS2-KRRAAA attenuation of predicted head-body interaction
rpS5-AN deletion of eukaryotic specific N-terminus

rpS5 rpS5-AC deletion of highly conserved C-terminus

(2.2.4) rpS5-Aloop alteration of r-protein fold; only globular domain left
rpS5-short-loop alteration of r-protein fold; only globular domain left

rpS14 | rPS14-KKRAAA  attenuation of possible rpS14-ITS1 interaction

(2.2.5) | rpS14-KKAA attenuation of possible rpS14-ITS1 interaction

rpS15 | TAS15 archaeal homologue of rpS15 (T. acidophilum)

(221) |sAs15 archaeal homologue of rpS15 (S. acidocaldarius)
rpS17-AC deletion of eukaryotic specific C-terminus

{582127) TAS17 archaeal homologue of rpS17 (T. acidophilum)
rpS17-chimera fusion protein of archaeal TAS17 and C-terminus of yeast rpS17
TAS20 archaeal homologue of rpS20 (T. acidophilum)
SAS20 archaeal homologue of rpS20 (S. acidocaldarius)
SAS20-chimeral |partial exchange of TAS20 and SAS20 primary sequences
SAS20-chimera2 |partial exchange of TAS20 and SAS20 primary sequences

{522(?) SAS20-chimera3 |partial exchange of TAS20 and SAS20 primary sequences

SAS20-KKTT point mutations in the tip of the SAS20 hairpin
SAS20-K59S point mutations in the tip of the SAS20 hairpin
SAS20-K59T point mutations in the tip of the SAS20 hairpin
SAS20-K61T point mutations in the tip of the SAS20 hairpin

Table 6. Overview of described variant r-proteins in this work
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2.2 Characterization of r-protein variants in S. cerevisiae

2.2.1 rpS15 and its variants

RpS15 and rpS18 are the only known r-proteins in the head domain of the small subunit that
bind at the interface site of SSU and LSU (see Figure 8 A and Figure 21 A). Many of the
rRNA interacting amino acids of rpS15 are well conserved in all three evolutionary kingdoms
(e.g S. cerevisiae H79, R81, Y97, G99 or K100, Figure 21 C).

In vivo depletion of rpS15 results in a block of 18S rRNA processing at site D (see 1.4.3.1)
and accumulation of 20S pre-rRNA (Léger-Silvestre et al., 2004; Ferreira-Cerca et al., 2005)
(see also Figure 22 C, compare lanes 1 and 2). In addition nucleo-cytoplasmic transport of
precursor subunits is strongly delayed (Léger-Silvestre et al., 2004; Ferreira-Cerca et al.,
2005) (see also Figure 23, vector).

A

Figure 21. RpS1S5 localization, structure and protein sequence conservation

(A) Localization of rpS15 on the 40S subunit (Chandramouli et al., 2008; pdb:2ZKQ), inter-subunit view (see also
Figure 8). (B) Ribbon representation of rpS15 structure with the calculated surface laid underneath. Amino acids 43
to 130 of 145 in total are modeled. (C) Multiple sequence alignment of yeast rpS15 primary structure (AlignX,
Vector NTI, Invitrogen, ClustalW algorithm and blosum score-matrix). Protein sequences of representative
organisms from all three evolutionary kingdoms are shown (sequences were obtained from NCBI
(http://www.ncbi.nlm.nih.gov/protein)). The color code illustrates amino acid conservation: identical - purple;
conserved — gray; block of similar — dark-gray. The numbers give the positions of S. cerevisiae amino acids.
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name | background mutation database (ToP)
rpS15 | S. cerevisiae full length allele (wildtype) -/- II:III:ELAAG 1?%1'
TAS15 |archaeal homologue of rpS15 (T. acidophilum) -/- EE:EI"A\AG ?? $ 4
SAS15 |archaeal homologue of rpS15 (S. acidocaldarius) | -/- EI:E'LA\AG 3?35

Table 7. List of rpS15 variants

2.2.1.1 The archaeal homologues of rpS15 partially complemented the loss of
their eukaryotic counterpart in S. cerevisiae

S19, the prokaryotic homologue of yeast rpS15, from T. acidophilum (hereafter termed
TAS15) exhibits about 32% of identical amino acids with yeast rpS15 (47% of amino acids
with side chains of the same chemical properties). S19 from S. acidocaldarius (hereafter
termed SAS15) exhibits about 35% identical amino acids (50% of amino acids with side
chains of the same chemical properties). Both proteins were ectopically expressed as FLAG-
or HA-epitope fusion proteins under the control of a constitutive promoter in the conditional
rpS15 knockout strains.

While none of the archaeal alleles was able to fully complement the loss of rpS15 at the
normal yeast cultivation temperature of 30°C or below, the expression of SAS15 — and at a
very low level also the expression of TAS15 — restored partial growth at 37°C (Figure 22 A).
The complementation effect could be dependent on protein expression levels, since either
the expression level of SAS15 goes up, or the protein is stabilized at 37°C (Figure 22 B,
compare lanes 4 and 8).

2.2.1.2 The archaeal homologues of rpS15 were efficiently incorporated into
SSU precursors

Both, FLAG-tagged TAS15 and SAS15 efficiently co-precipitated SSU precursor rRNA
species (Figure 22 D, see probe ITS1) at 30°C and 37°C. The interaction of SAS15 with
pre-40S precursors was in addition quite salt resistant, the interaction of TAS15 with 40S
precursors on the other side was weakened upon salt increase (Figure 22 D and E, compare
20S co-precipitation). The rather high co-precipitation of 27S (precursor rRNA of 25S and
5.8S, see 1.4.3.1) by TAS15 could be eliminated with higher salt conditions (Figure 22 D and
E, compare probe E/C2). The incorporation of both variants in mature ribosomes was more
stable at 37°C, than at 30°C (Figure 22 D and E, compare 25S and 18S, input vs. IP),
although to an overall lesser extent compared to lower salt concentrations (Figure 22 D and
E, compare probes 25S and 18S). At more physiological salt concentrations of 200 mM KCI
(Alberts et al., 1989), SAS15 was far better assembled into mature subunits at 37°C (Figure
22 D, see probe ITS1), which might correlate with its ability to partially complement the
growth defect due to loss of rpS15 (Figure 22 A).
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Figure 22. Growth phenotypes of rpS15 variants, expression levels, pre-rRNA processing
analyses and incorporation into SSU precursors

(A)-(E) All experiments were performed in yeast strain pGAL-RPS15 (ToY89), in which full length rpS15 is
encoded under the control of the galactose inducible GAL1 promoter. The strain was either transformed with an
empty vector (YEplac195) or vectors coding for FLAG-tagged full length rpS15 (ToP1004), TAS15 (ToP506) or
SAS15 (ToP708) under the control of a constitutive promoter. (A) Serial dilutions of the indicated transformants on
galactose (YPG) or glucose (YPD) containing plates. Plates were incubated for 3 days. (B)-(E) Cells were grown
overnight in selective media containing galactose, diluted in YP-galactose and subsequently expression of
pGAL-RPS15 was shut down for 2 hours in YP-glucose medium. The cultures were cultivated at the respective
temperature of the later experiment. (B) Western blot analysis of the indicated transformants, using a monoclonal
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anti FLAG antibody. Tubulin was used as loading control. (C) 5°,6’-[’H] uracil metabolic labeling of newly
synthesized RNA. Cells were pulsed for 30 minutes at 30°C or 37°C. Total RNA was extracted and separated by gel
electrophoresis, radio-labeled RNA was visualized by fluorography as indicated in Materials and Methods. (D) and
(E) Northern blot analysis of RNA co-purified with the indicated FLAG-tagged rpS15 variants. RNA was extracted
from Input (In) and immuno-purified (IP) fractions. Wildtype strain BY4742 served as background control for
immuno-purification. Probes used for detection of (pre-) rRNA species are depicted right-hand. In (D) 200 mM salt
(KCl, see 5.2.5.3) was used for cell breakage, binding and washing of the immunoprecipitations. In (E) 400 mM salt
(KCI) was used.

2.2.1.3 Expression of the archaeal homologues of rpS15 could not rescue the
pre-rRNA processing defects caused by rpS15 depletion

At both temperatures used, depletion of rpS15 led to inhibited D-site cut processing and
accumulation of 20S pre-rRNA (Figure 22 C, vector). 20S pre-rRNA still accumulated when
the archaeal homologues TAS15 and SAS15 were expressed (Figure 22 C, 20S).
Nevertheless, the expression of both archaeal r-proteins promoted production of some 18S
rRNA (Figure 22 C, 18S). Although 18S rRNA was produced only on a small scale, the
amount, at least at 37°C, seems to be enough to allow growth. On the other hand, 20S
pre-rRNA might be able to form translation competent ribosomes (see discussion in 3.3).
Upon expression of the archaeal rpS15 variants, 20S pre-rRNA never reached the levels of
mature 18S rRNA (compare 20S to 18S levels with probe 18S in Figure 22 C or D, lanes 13,
15 and 17), contradicting this hypothesis under these conditions.

2.2.1.4 Expression of the archaeal homologues of rpS15 enhanced nuclear
export of SSU precursor particles

As already reported (Léger-Silvestre et al., 2004; Ferreira-Cerca et al., 2005), depletion of
rpS15 caused a very strong delay in nucleo-cytoplasmic transport of pre-40S subunits (see
also Figure 23 A and B, vector). Remarkably this export defect was cured by the expression
of each of the two archaeal variants. FISH analysis clearly showed a bright cytoplasmic
signal for ITS1 containing particles when expressing TAS15 or SAS15 (Figure 23 A, TAS15,
SAS15). Confirming this result, 20S pre-rRNA appeared in substantial amounts in the
cytoplasmic fractions in the strains expressing any archaeal r-protein (Figure 23 A, TAS15
and SAS15). The elevated levels of 20S (in the strains expressing TAS15 or SAS15,
compared to rpS15), which was visible in the sub-cellular fractionation, correspond to higher
ITS1 signal levels in FISH analysis (compare Figure 23 A and B) and accumulation of 20S
pre-rRNA in pulse experiments (compare Figure 22 C, 20S).

Most interestingly, prokaryotic r-proteins, evolved in cells having no nucleo-cytoplasmic
compartmentalisation, are able to substitute an eukaryotic r-protein in its role in nuclear
export of small subunit precursors. The properties of rpS15, which support nuclear export of
pre-40S particles, are apparently evolutionary conserved. Since any interactions of archaeal
r-proteins with the eukaryotic export machinery seem unlikely, yet can not be directly ruled
out, most probably rpS15 assembly itself renders the precursors export competent (for
discussion see 3.3).
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Figure 23. Analyses of nuclear export of SSU precursors containing rpS15 variants

(A)-(B) All experiments were performed in yeast strain pGAL-RPS15 (ToY89), in which full length rpS15 is
encoded under the control of the galactose inducible GAL1 promoter. The strain was either transformed with an
empty vector (YEplac195) or vectors coding for FLAG-tagged full length rpS15 (ToP1004), TAS15 (ToP506) or
SAS15 (ToP708) under the control of a constitutive promoter. (A) FISH analysis of steady state distribution of
precursor subunits. Cells were grown overnight in selective media containing galactose, diluted in YP-galactose and
expression of pGAL-RPS15 was shut down for 2 hours in YP-glucose medium. Total DNA (DAPI) and rRNA
precursors containing ITS1-sequences between site D and A2 (ITS1-Cy3) were detected as described in 5.2.6.2. (B)
Steady state analysis of pre-rRNA in sub-cellular fractions. Cells were grown for 1.5 hours in YPD before
nucleo-cytoplasmic fractionation (see 5.2.5.5). Cells were spheroplasted and subsequently fractionated in nuclei (N)
and cytoplasm (C). RNA was extracted and 2.4 times more volume of nuclear than cytoplasmic fractions were
separated by gel electrophoresis and analyzed by northern blotting. Probes for detection of rRNA species are
depicted right-hand.

2.2.1.5 Expression of the archaeal homologues of rpS15 improved the in vivo
assembly state of some head domain r-proteins

Most likely r-protein assembly events, following rpS15 assembly, are a prerequisite for
nuclear export of SSU precursors (Ferreira-Cerca et al., 2005, 2007). In vivo assembly of
rpS15 was found to be required for stable incorporation of a subset of head domain r-proteins
(Ferreira-Cerca et al., 2007). The two r-proteins, whose binding was mostly destabilized are
rpS3 and rpS19.

Interaction of these two proteins with (pre-) rRNA was analyzed in strains expressing
HA-tagged TAS15 and SAS15 or no rpS15 (vector) after shutdown of rpS15 expression (for
verification of the phenotype of HA-tagged archaeal rpS15 variants see Supplemental Figure
3). Confirming the published results, the dependency of stable incorporation of rpS3 and
rpS19 on the presence of rpS15 could be shown (Figure 24 A and B, vector). Expression of
TAS15, as well as SAS15, clearly improved the stable assembly of rpS3 and rpS19 into
pre-SSU particles (Figure 24, compare 20S co-precipitation levels, see also quantification
below).
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Figure 24. Analysis of r-protein interactions with SSU precursors containing rpS15 variants

(A) and (B) All experiments were performed in yeast strain ToY 1217, in which full length rpS15 is encoded under
the control of the galactose inducible GAL1 promoter. The strain was transformed with vectors supporting the
constitutive expression of FLAG-tagged rpS3 (ToP994) and rpS19 (ToP1008) and in addition, with an empty vector
(YEplac181) or vectors coding for HA-tagged TAS15 (ToP1171) or SAS15 (ToP1172) under the control of a
constitutive promoter. Transformants were grown overnight in selective media containing galactose and on the next
day diluted in YP-galactose medium. The cultures were split, one half was further grown in YP-galactose
(on, wildtype rpS15 is expressed ), in the other half of the culture expression of pGAL-RPS15 was shut down for 3
hours in YP-glucose medium (off). 200 mM salt (KCl, see 5.2.5.3) was used for cell breakage, binding and washing
of the immunoprecipitations. (A) Northern blot analysis of SSU (pre-) RNA co-purified with FLAG-tagged rpS3 in
cells expressing TAS15, SAS1S5 or no rpS15 (vector). RNA was extracted from Input (In) and immuno -purified (IP)
fractions. Probes used for detection of (pre-) rRNA species are depicted right-hand. (B) Same as (A) but the IP was
done by purifying FLAG-rpS19. (A) and (B) The factor of reduced 20S co-precipitation was calculated as
follows: (%IP20S / %IP18S)on / (%IP20S / %IP18S)off. Quantification was done, using LAS3000, FLA3000 and
MultiGauge software (FujiFilm).

Deduced from these results, the expression of any archaeal homologue of rpS15 might be
sufficient to promote the subsequent assembly of other head domain r-proteins and thus
allow nuclear export of precursor subunits. The main role of rpS15 in nuclear export of SSU
precursors might therefore be to facilitate assembly of other head domain r-proteins. These in
turn possibly interact directly with the export machinery, create binding sites for biogenesis
factors, or are themselves required for assembly of other r-proteins (see 1.4.5 and 3.3).
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2.2.2 rpS17 and its variants

Eukaryotic ribosomal protein rpS17 is only conserved in Archaea (see Table 1), whereby it
has not been mapped in any cryo-EM based eukaryotic ribosome structure (see 1.2.3). In
2008 a solution structure of rpS17 from Methanobacterium thermoautotrophicum was solved
(Wu et al., 2008). The structure showed rpS17 as a three-helix bundle protein with a novel
phosphopeptide-binding fold (Figure 25 A). Only the N-terminal primary sequence of rpS17 is
conserved (Figure 25 C), the C-terminal half is eukaryotic specific. Using the web-based
secondary structure prediction program PHYRE (Kelley and Sternberg, 2009), the complete
sequence of rpS17 was analyzed (Figure 25 B). The prediction stated that the C-terminus of
rpS17 is composed of two helices and three beta sheets and maybe contains a hairpin (aa 85
to 105). Based on the secondary structure predictions, the C-terminus might fold similar to an
inverse classical RNP fold of the spliceosomal protein U1A (Orengo and Thornton, 1993;
Nagai, Oubridge, Ito, Jessen, et al., 1995; Nagai, Oubridge, Ito, Avis, et al., 1995) and is
therefore possibly involved in RNA binding.

MMR structure

H.sapiens  -B=NRTS VER-S

Cfomllans

5. cerevisiae

. Tharmoautafrophicum  MEH
T acinnphium

8 acidocalianius

S solfalancus

Figure 25. RpS17 structure and protein sequence conservation

(A) Ribbon representation of five rpS17 solution structures from Methanobacterium thermoautotrophicum
(pdb:1RQ6; Wu et al., 2008) with the calculated surface laid underneath (color code: N-terminus - red, C-terminus -
blue). Amino acids 1 to 62 of 136 in total are modeled. (B) Secondary structure prediction for yeast rpS17 protein
sequence. The calculation was done with the PHYRE 2.0 — Protein Homology/analogY Recognition Engine (Kelley
and Sternberg, 2009), a web based interface to predict secondary structure elements from primary sequences. Query
sequence is the rpS17 primary sequence; psipred, jnet, sspro are prediction programs (c stands for coil, h for helices
and e for beta strands); cons prob gives the probability of a secondary structure element at the corresponding
position. On top, the sequence used for NMR solution structure by Wu et al., is indicated. (C) Multiple sequence
alignment of yeast rpS17 primary structure (AlignX, Vector NTI, Invitrogen, ClustalW algorithm and blosum
score-matrix). Protein sequences of representative organisms from Eukarya and Archaea are shown (sequences were
obtained from NCBI (http://www.ncbi.nlm.nih.gov/protein)). The color code illustrates amino acid conservation:
identical - purple; conserved — gray; block of similar — dark-gray. The numbers give the positions of S. cerevisiae
amino acids. RpS17 is not conserved in Bacteria and therefore not modeled into any Cryo EM based structure (see
Figure 8).
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RpS17 depletion mirrors the phenotype of rpS19 depletion in a human cell line and both are
needed for processing of nuclear pre-18S rRNA species (Robledo et al., 2008). RpS17
deletion has not been analyzed in yeast before.

2.2.2.1 The depletion phenotype of rpS17

RpS17 is encoded by two almost identical, interchangeable gene copies in yeast (Abovich
and Rosbash, 1984; Abovich et al., 1985). Expression of at least one gene copy is required,
so the single knockouts of RPS17A or RPS17B, respectively, are viable, the double knockout
is lethal (Figure 26 A, vector). All the experiments were performed in yeast strain ToY566, in
which both copies of RPS17 are knocked out and RPS17A is ectopically encoded under
control of the GAL1-promoter (ToP479). Upon rpS17 depletion, D-site cut processing (see
1.4.3.1) was blocked and 20S pre-rRNA was slightly accumulating (Figure 26 C, vector).
FISH signals of this 20S rRNA containing precursor were highly concentrated in the nucleus,
arguing for a very strong nuclear export delay (Figure 27, vector). All of the these described
phenotypes could be rescued by expression of a rpS17 wildtype copy in strain ToY566
(Figure 26 and Figure 27, RPS17).

name background mutation database (ToP)
rpS17 S. cerevisiae full length allele (wildtype) -/- Nt-FLAG: 1006
rpS17-AC | deletion of eukaryotic specific C-terminus AE75-V136 |Nt-FLAG: 517
TAS17 archaeal homologue of rpS17 (T. acidophilum) -/- Nt-FLAG: 551
, fusion protein of archaeal TAS17 and C-terminus i
rpS17-chimera (E75-V136) of yeast rpS17 -/- Nt-FLAG: 575

Table 8. List of rpS17 variants
Amino acid positions are given, according to the primary sequence of RPS17A gene product

2.2.2.2 All analyzed rpS17 variants were efficiently incorporated into SSU
precursors

As described before (2.1.1), eukaryotic specific protein parts might have gained additional
functions during the course of evolution. A C-terminal truncated version of rpS17 (rpS17-AC),
in which amino acids E75 to V136 were deleted (see Figure 25 C), was still able to interact
with SSU precursors (Figure 26 D, probe ITS1). This interaction was in addition fairly stable,
since rpS17-AC still precipitated 20S pre-rRNA fairly well under high salt conditions (Figure
26 D and E, compare always 20S levels in lanes 5 and 6). The archaeal homologue of rpS17
from T. acidophilum (TAS17) co-precipitated 20S pre-rRNA, but this interaction was not salt
resistant (Figure 26 D and E, compare always 20S levels in lanes 7 and 8). TAS17 is one
example which illustrates the fact that expression level (under detection limit, see Figure 26
B, lane 4) and rRNA interaction are not directly related (for another example see 2.2.6.2).
Most probably all other variants are highly over-expressed due to the multicopy vector
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Figure 26. Growth phenotypes of rpS17 variants, expression levels, pre-rRNA processing
analyses and incorporation into SSU precursors

(A)-(E) All experiments were performed in yeast strain pGAL-RPS17 (ToY566), in which full length rpS17 is
encoded under the control of the galactose inducible GAL1 promoter. The strain was either transformed with an
empty vector (YEplac195) or vectors coding for FLAG-tagged full length rpS17 (ToP1006), rpS17-AC (ToP517),
TAS17 (ToP551) or rpS17-chimera (ToP575) under the control of a constitutive promoter. (A) Serial dilutions of the
indicated transformants on galactose (YPG) or glucose (YPD) containing plates. Plates were incubated for 3 days.
(B)-(E) Cells were grown overnight in selective media containing galactose, diluted in YP-galactose and
subsequently expression of pGAL-RPS17 was shut down for 2 hours in YP-glucose medium. (B) Western blot
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analysis of the indicated transformants, using a monoclonal anti FLAG antibody. Tubulin was used as loading
control. (C) 5°,6’-[*H] uracil metabolic labeling of newly synthesized RNA. Cells were pulsed for 30 minutes at
30°C. Total RNA was extracted and separated by gel electrophoresis, radio-labeled RNA was visualized by
fluorography. (D) and (E) Northern blot analysis of RNA co-purified with the indicated FLAG-tagged rpS17
variants. RNA was extracted from Input (In) and immuno-purified (IP) fractions. Wildtype strain BY4741 served as
background control for immuno-purification. Probes used for detection of (pre-) rRNA species are depicted
right-hand. In (D) 200 mM salt (KCI, see 5.2.5.3) was used for cell breakage, binding and washing of the
immunoprecipitations. In (E) 400 mM salt (KCI) was used.

system and only a sub-population of the proteins is incorporated into precursor subunits
(compare Figure 26 B and D). A chimeric protein of TAS17, whose part resembles the
N-terminal portion of rpS17 and the C-terminus of rpS17, which is missing in the rpS17-AC
variant, artificially restores a full length rpS17-like protein (rpS17-chimera). This variant
strongly interacted with SSU precursor rRNAs (Figure 26 D and E, compare always 20S
levels in lanes 9 and 10). In addition the chimeric protein, in comparison to TAS17 alone, was
more salt stable incorporated into 20S pre-rRNA containing precursors (Figure 26 E,
compare 20S in lanes 8 and 10), indicating actually RNA binding ability of rpS17's C-terminal
part (see 2.2.2).

Expression of neither of the rpS17 variants abrogated the pre-rRNA processing phenotypes,
observed upon rpS17 depletion. In all variants 3'-18S rRNA maturation was hindered (Figure
26 C, lanes 3 to 5). Only full length rpS17 expression restored wildtype like pre-rRNA
maturation (Figure 26 C, lane 2).

2.2.2.3 The C-terminal part of rpS17 is required for stable incorporation into
mature ribosomes

Both, the archaeal rpS17 variant TAS17 and rpS17-AC, which consists only of the conserved
N-terminal part of rpS17, were incorporated into mature ribosomes with clearly lower
efficiency than yeast full length rpS17 (Figure 26 D and E, compare always 25S and 18S
levels in lanes 3 and 4 versus 5 and 6). The fusion of TAS17 and the C-terminus of rpS17
(rpS17-chimera) improved the salt stable incorporation of the variant into precursors (see
before), but surprisingly not into mature ribosomes (Figure 26 D and E, compare 25S and
18S co-precipitations of the different variants). In conclusion, non-conserved features of the
N-terminal part of rpS17 seem to be required for incorporation of rpS17 into mature
ribosomes. The C-terminus, on the other hand, enhances salt resistant interaction with SSU
precursors and is required for 18S 3'-end processing.
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Figure 27. Analyses of nuclear export of SSU precursors containing rpS17 variants

FISH analysis was performed in yeast strain pGAL-RPS17 (ToY566), in which full length rpS17 is encoded under
the control of the galactose inducible GAL1 promoter. The strain was either transformed with an empty vector
(YEplac195) or vectors coding for FLAG-tagged full length rpS17 (ToP1006), rpS17-AC (ToP517), TAS17
(ToP551) or rpS17-chimera (ToP575) under the control of a constitutive promoter. Cells were grown overnight in
selective media containing galactose, diluted in YP-galactose and subsequently expression of pGAL-RPS17 was
shut down for 2 hours in YP-glucose medium. Total DNA (DAPI) and rRNA precursors containing ITS1-sequences
between site D and A2 (ITS1-Cy3) were detected as described in 5.2.6.2.

2.2.2.4 The conserved N-terminal part of rpS17 is sufficient to allow nuclear
export of SSU precursor particles

Depletion of rpS17 caused a strong accumulation of ITS1-containing precursors in the
nucleus (Figure 27, vector, see ITS1-Cy3). Expression of full length rpS17 or the C-terminal
truncated variant rpS17-AC restored nucleo-cytoplasmic transport (Figure 27, RPS17 and
rps17-AC). TAS17, the archaeal homologue of rpS17, which lacks the eukaryote specific
C-terminal domain of yeast rpS17, led to an intermediate phenotype. Here, a stronger ITS1
signal was visible in the cytoplasm, compared to the rpS17 depletion situation (compare
vectorand TAS17 in Figure 27). The same was true for the chimeric rpS17 variant (Figure 27,
rps17-chimera). Expression of both, rpS17 or rpS17-AC resulted in readily detectable
ITS1-signals in the cytoplasm (Figure 27, rpS17 and rpS17-AC).
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TAS17 is another example for a prokaryotic r-protein (see also rpS15 variants, 2.2.1.4),
whose expression is sufficient to enhance nuclear export of pre-40S subunits. It remains
again unclear, whether this prokaryotic protein can interact with the eukaryotic export
machinery, “shield” the pre-SSUs during passage of the nuclear pore complex, or the “old”
protein core is sufficient to stabilize assembly of other r-proteins and by this promote nuclear
export of precursor particles.

Taken together, these results suggest that the evolutionary conserved N-terminal part of
rpS17 is sufficient to allow stable incorporation into pre-SSUs and promote nuclear export of
these precursor particles. The C-terminal part of rpS17 is required for stable assembly into
mature ribosomes and for final cytoplasmic 18S rRNA 3'-end maturation.
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2.2.3 rpS2 and its variants

The head domain helices h35 and h36 pack against the body/head transition helix h28 and
thereby build the neck region of the small subunit (see Figure 4). The two ribosomal proteins
which bind in this area are rpS0 and rpS2 (see Figure 8). The main part of rpS2 is localized in
the body domain, but it forms extensive contacts to the head domain with a hairpin,
especially with helices h34, h35 and h36, which build the lower part of the head domain
(Figure 28 A and B, see also Figure 5). Deduced from current pseudo-atomic structures,
three candidate amino acids in the hairpin of rpS2 have been identified, which are in the right
3D conformation to be capable of interacting with rRNA (Figure 28 B and C). The two
arginines R91 and R95 of yeast rpS2 are only conserved in eukaryotes. Lysin K88 on the
other hand is highly conserved in all evolutionary kingdoms (Figure 28 C).

Figure 28. RpS2 localization, structure and protein sequence conservation

(A) Localization of rpS2 on the 40S subunit (Chandramouli et al., 2008; pdb:2ZKQ), cytoplasmic view (see also ).
The 40S rRNA 3'-major domain is colored in blue, other 40S rRNA sequences in gray (B) Ribbon representation of
pS2 structure with the calculated surface laid underneath. Amino acids 9 to 157 of 179 in total are modeled. Three
amino acids, capable of interacting with RNA are highlighted. The position is given according to the C. familiaris
nomenclature with S. cerevisiae position in brackets. (C) Multiple sequence alignment of yeast rpS2 primary
structure (AlignX, Vector NTI, Invitrogen, ClustalW algorithm and blosum score-matrix). Protein sequences of
representative organisms from all three evolutionary kingdoms are shown (sequences were obtained from NCBI
(http://www.ncbi.nlm.nih.gov/protein)). ~ The  color code  illustrates amino  acid  conservation:
identical - purple; conserved — gray; block of similar — dark-gray. The numbers give the positions of S. cerevisiae
amino acids. The asterisks show the amino acids highlighted in (B), which are located in a predicted hairpin
(Chandramouli et al., 2008) (blue arrows indicate part of a beta sheet, green triangles are residues in an isolated
beta-bridge).
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In vivo depletion of rpS2 in S. cerevisiae resulted in block of 18S rRNA processing at site D
and slight accumulation of 20S pre-rRNA. While the steady state distribution of pre-40S
particles after shutdown of rpS2 showed no strong nuclear export defect, newly synthesized
pre-SSUs were exported with delayed kinetics (Ferreira-Cerca et al., 2005).

name background mutation database (ToP)
rpS2 S. cerevisiae full length allele (wildtype) -/- Nt-FLAG: 993
rpS2-AN deletion of eukaryotic specific N-terminus AM1-E31 Nt-FLAG: 515

attenuation of predicted head-body interaction;

. - AK84-F98 Nt-FLAG: 1104
deletion of complete hairpin

rpS2-Aloop

attenuation of predicted head-body interaction; |AP85-Q87 and
shortening of the hairpin AT96-R97

attenuation of predicted head-body interaction;
deletion of complete hairpin by insertion of APA

rpS2-RRAA | attenuation of predicted head-body interaction |R91A, R95A Nt-FLAG: 1070

K88A, R91A,
R95A

rpS2-short-loop Nt-FLAG: 1106

rpS2-loop::APA K84-F98::APA | Nt-FLAG: 1105

Nt-FLAG: 1107

rpS2-KRRAAA | attenuation of predicted head-body interaction

Table 9. List of rpS2 variants

2.2.3.1 A N-terminal truncation of rpS2 impaired growth under sub-optimal
conditions

Some N-terminal arginines of rpS2 are methylated by Rmt1p/PRMT3 in Eukarya (Bachand
and Silver, 2004; Lipson et al., 2010). It was supposed that “[...] the methylation of the 40S
ribosomal protein S2 could potentially regulate the translationability of specific cellular
transcripts in a temporal fashion” ((Bachand et al., 2004), see also “ribosome filter
hypothesis”, 3.1).

Roughly the first 65 amino acids of rpS2 are conserved between Eukarya and Archaea.
Nearly the first 30 amino acids are eukaryotic specific. Deletion of the first 31 amino acids of
the primary sequence of yeast rpS2 in a strain, solely depending on this truncated rpS2 allele
(rpS2-AN, yeast strain ToY1501), led to no obvious phenotype under optimal growth
conditions (Figure 29 A, 30°C, YPD). Changes of carbon source or growth temperature
resulted in minor (temperature) or major (galactose vs. glucose) impairments of cell growth,
compared to wildtype rpS2 expression (Figure 29 A, compare RPS2 and rps2-AN). The
truncated variant was well expressed (Figure 29 B), incorporated into pre- and mature
ribosomal 40S subunits (Figure 29 C) and leads to no major (pre-) rRNA processing
phenotype (Figure 29 D).

Taken together, these results imply that the growth impairments under non-optimal conditions
due to expression of a N-terminally truncated rpS2 variant, are not caused by a ribosome
biogenesis defect. Since rpS2 is most probably involved in formation of the mRNA entry pore
(see 1.5.1), the growth defects are likely a result of a negative impact by the truncation on
translation fidelity.
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Figure 29. Growth phenotypes of rpS2 variants, expression levels, pre-rRNA processing
analyses and incorporation into SSU precursors

(A)-(D) All experiments were performed in yeast strain pGAL-RPS2 (ToY286), in which full length rpS2 is
encoded under the control of the galactose inducible GAL1 promoter. The strain was either transformed with an
empty vector (YEplac195) or vectors coding for FLAG-tagged full length rpS2 (ToP993), rpS2-AN (ToP515),
rpS2-Aloop (ToP1104), rpS2-short-loop (ToP1106), rpS2-loop::APA (ToP1105), rpS2-RRAA (ToP1070) or
rpS2-KRRAAA (ToP1107) under the control of a constitutive promoter. (A) Serial dilutions of the indicated
transformants on galactose (YPGQG) or glucose (YPD) containing plates. Plates were incubated for 3 days. The strain
expressing FLAG-rpS2-AN is ToY 1501, which solely depends on the FLAG-rpS2-AN variant to support growth.
(B)-(D) Cells were grown overnight in selective media containing galactose, diluted in YP-galactose and
subsequently expression of pGAL-RPS2 was shut down for 2 hours in YP-glucose medium. (B) Western blot
analysis of the indicated transformants, using a monoclonal anti FLAG antibody. Anti-A43 antibodies, detecting
A43 subunit of RNA polymerase I, were used as loading control. (C) Northern blot analysis of RNA co-purified
with the indicated FLAG-tagged rpS2 variants. RNA was extracted from Input (In) and immuno-purified (IP)
fractions. Wildtype strain BY4741 served as background control for immuno-purification. Probes used for detection
of (pre-) rRNA species are depicted right-hand. 200 mM salt (KCI, see ) was used for cell breakage, binding and
washing of the immunoprecipitations. (D) 5°,6’-[3H] uracil metabolic labeling of newly synthesized RNA. Cells
were pulsed for 30 minutes at 30°C. Total RNA was extracted and separated by gel electrophoresis, radio-labeled
RNA was visualized by fluorography.
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2.2.3.2 The interaction of rpS2 with the head domain is required for efficient
final 3'-end maturation of 18S rRNA precursors

A deletion of the complete hairpin (hereafter hairpin and loop are used as synonyms) of rpS2
(rpS2-Aloop), or replacement by an artificial sequence (rpS2-loop::APA) led to strongly
reduced steady state levels of the variants (Figure 29 B). Expression of both variants didn't
support growth (Figure 29 A). They were not incorporated into any ribosomal particle, nor
rescued the processing phenotype defects upon rpS2 deletion (Figure 29 C and D). In the
rpS2 variant termed rpS2-short-loop, two (AT96-R97), respectively three residues
(AP85-Q87) between the beta sheet and the beta bridge in the hairpin were deleted (see
Figure 28 C), leading to a smaller hairpin, shortened by about 5 A. This contraction possibly
affects some of the predicted interactions of rpS2, especially the ones of K88 and R95 with
rRNA, by simply moving them out of reach. Although the expression of this variant supported
growth after shutdown of rpS2 expression (Figure 29 A and B) and the variant was well
incorporated into SSU precursors and mature ribosomes (Figure 29 C), final 3'-end
maturation of 18S rRNA precursors was delayed (Figure 29 D, compare 20S to 18S in lanes
2 and 5). Mutation of the arginines R91 and R95 to alanines (rpS2-RRAA) had no effect
whatsoever (Figure 29 A-D). If, based on this variant, in addition lysine K88 was mutated to
alanine (rpS2-KRRAAA), meaning all potential rpS2 hairpin-rRNA contacts were mutated,
20S pre-rRNA processing was impeded (Figure 29 D, compare 20S to 18S in lanes 2 and 8)
and the cells grew in a cold-sensitive manner (Figure 29 A). Nonetheless the variant was
expressed and incorporated into ribosomal particles (Figure 29 B and C).

These results suggest that the interaction of the rpS2 hairpin with the head domain rRNA is
important to allow efficient final 3'-end processing of 18S rRNA. A mechanism, by which the
conformation of rpS2 is communicated, will be subsequently discussed (see 3.2).

2.2.3.3 Steady state distribution of SSU precursors was not altered upon
expression of rpS2 variants

In vivo depletion of rpS2 impairs export of newly made pre SSUs, but doesn't alter the steady
state distribution of pre-40S particles (Ferreira-Cerca et al., 2005). All of the just mentioned
rpS2 variants displayed no dominant negative effect on steady state distribution of 20S
containing precursor particles after shutdown of rpS2 expression. In each strain, ITS-Cy3
signals could be detected in the cytoplasm (Figure 30). Sub-cellular fractionation after
metabolic labeling, which usually gives indication of export rates of newly synthesized
subunits, was not conclusive with already published results, since even the expression of
wildtype rpS2, due to unknown reasons, could not restore 18S production (data not shown).
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Figure 30. Analyses of nuclear export of SSU precursors containing rpS2 variants

All experiments were performed in yeast strain pGAL-RPS2 (ToY286), in which full length rpS2 is encoded under
the control of the galactose inducible GAL1 promoter. The strain was either transformed with an empty vector
(YEplac195) or vectors coding for FLAG-tagged full length rpS2 (ToP993), rpS2-Aloop (ToP1104), rpS2-short-loop
(ToP1106), rpS2-RRAA (ToP1070) or rpS2-KRRAAA (ToP1107) under the control of a constitutive promoter.

FISH analysis of steady state distribution of precursor subunits. Cells were grown overnight in selective media
containing galactose, diluted in YP-galactose and expression of pGAL-RPS2 was shut down for 2 hours in
YP-glucose medium. Total DNA (DAPI) and rRNA precursors containing ITS1-sequences between site D and A2
(ITS1-Cy3) were detected as described in 5.2.6.2.
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RPS2

rps2-Aloop

rps2-short-loop

rps2-RRAA
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2.2.4 rpS5 and its variants

The prokaryotic homologue of rpS5 (S7) is the primary in vitro binder of the head domain
(see 1.4.4). Consistently, in vivo assembly of yeast rpS5 is required for stable incorporation of
other head r-proteins into precursor subunits (Ferreira-Cerca et al., 2007). Its binding site is
opposite of the platform component rpS14 (see Figure 8 A and Figure 39 and discussion in
3.2). The protein itself is comprised of a triangular shaped helical domain and a long
protruding hairpin. The C-terminus is pointing towards rpS14, but is not in the right
conformation, according to current structure models, to interact with mature 18S rRNA
(Figure 31 Aand B).
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Figure 31. RpSS5 localization, structure and protein sequence conservation

(A) Localization of rpS5 on the 40S subunit (Chandramouli et al., 2008; pdb:2ZKQ), cytoplasmic view (see also
Figure 8). (B) Ribbon representation of rpS5 structure with the calculated surface laid underneath. Amino acids 17
to 40 and 63 to 204 of 204 in total are modeled. The highly conserved last 7 C-terminal amino acids are shown with
their side chains. The position is given according to the C. familiaris nomenclature with S. cerevisiae position in
brackets. (C) Multiple sequence alignment of yeast rpS5 primary structure (AlignX, Vector NTI, Invitrogen,
ClustalW algorithm and blosum score-matrix). Protein sequences of representative eukaryotic organisms are shown
(sequences were obtained from NCBI (http://www.ncbi.nlm.nih.gov/protein)). The predicted secondary structure
elements (Chandramouli et al., 2008) are shown on top (blue arrows indicate part of a beta sheet; green triangles are
residues in an isolated beta-bridge; brown rectangle indicate an alpha helix; black semicircles are hydrogen bonded
turns). (D) Multiple sequence alignment of yeast rpS5 primary structure with representative archaeal homologues.
(E) Multiple sequence alignment of yeast rpS5 primary structure with representative bacterial homologues.
(C)-(E) The color code illustrates amino acid conservation: identical - purple; conserved — gray; block of similar —
dark-gray. The numbers give the positions of S. cerevisiae amino acids.
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As known from analyses of S7, the prokaryotic homologue of rpS5, most of the protein-rRNA
interactions are mediated by the triangular shaped helical domain, while the protruding
hairpin is mainly required for tRNA orientation at the E-site (Doring et al., 1994). Crosslinking
studies suggested that both, S7 and rpS5 are part of the mRNA channel (Dontsova et al.,
1991; Brandt and Gualerzi, 1992; Pisarev et al., 2006, 2008a). The primary sequence of rpS5
is well conserved in Archaea (Figure 31 D). When compared to bacteria (Figure 31 E), it is
obvious that the N-terminus of rpS5 is specific to eukaryotes and only to some extent
conserved in Archaea (see Figure 31 D). A characteristic C-terminal extension of varying
length is only found in Bacteria (Figure 31 E, starting after yeast R225). It was proposed that
this C-terminal extension stabilizes the orientation of the S7 hairpin towards the helical
domain (Brodersen et al., 2002) and that this extension in addition contacts S11 (rpS14) in
Bacteria (Robert et al., 2003).

In vivo depletion of yeast rpS5 results in a very strong Ao, A+, Az processing delay and hardly
any detectable newly synthesized 20S pre-rRNA. Pre-40S subunit precursor become trapped
in the nucleus (Ferreira-Cerca et al., 2005). In addition, as mentioned above, stable head
domain assembly of other r-proteins is massively perturbed upon rpS5 depletion (Ferreira-
Cerca et al., 2007).

name background mutation database (ToP)
rpS5 S. cerevisiae full length allele (wildtype) -/- “:EIAAG ??gz
rpS5-AN deletion of eukaryotic specific N-terminus AM1-K41 Nt-FLAG: 572
rpS5-AC deletion of highly conserved C-terminus AR219-R225 “::E;AG Hg;
alteration of r-protein fold; only globular Nt-FLAG: 1098
rpS5-Aloop domain left by deletion of hairpin AR143-V162 Nt-HA : 1157
r0S5-short-loo alteration of r-protein fold; only globular AR143-G151 and |Nt-FLAG: 1099
P P domain left by shortening of hairpin AA154-V162 Nt-HA : 1158

Table 10. List of rpS5 variants

2.2.4.1 Deletion of the eukaryotic specific N-terminal part did not affect
essential functions of rpS5 in vivo

RpS5 was N-terminally truncated by 41 amino acids (M1 to K41, rpS5-AN), to create a
variant in which only the conserved part between Archaea and Eukarya is left (Figure 31 C
and D). This truncated protein was still able to adopt all the essential roles of full length rpS5
in ribosome biogenesis and function (Figure 32 A). The variant was well expressed (Figure
32 B), efficiently incorporated into precursor and mature ribosomes (Figure 32 C) and its
expression led to no major rRNA processing defect (Figure 32 D, compare lanes 2 and 3).
Since the N-terminal part is only weakly conserved, even between eukaryotes (Figure 31 C),
it is therefore hardly surprising that it has no essential function. A recent report argues that
some other N-terminally truncated rpS5 variants, although able to complement all essential
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functions of full length rpS5, have minor effects on translation, in particular translation
initiation and initiation factor binding (Lumsden et al., 2009).
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Figure 32. Growth phenotypes of rpS5 variants, expression levels, pre-rRNA processing
analyses and incorporation into SSU precursors

(A)-(D) All experiments were performed in yeast strain pGAL-RPS5 (ToY323), in which full length rpSS5 is
encoded under the control of the galactose inducible GAL1 promoter. The strain was either transformed with an
empty vector (YEplac195) or vectors coding for FLAG-tagged full length rpS5 (ToP996), rpS5-AN (ToP572),
pS5-AC (ToP1101), rpS5-Aloop (ToP1098) or rpS5-short-loop (ToP1099) under the control of a constitutive
promoter. (A) Serial dilutions of the indicated transformants on galactose (YPG) or glucose (YPD) containing
plates. Plates were incubated for 3 days. (B)-(D) Cells were grown overnight in selective media containing
galactose, diluted in YP-galactose and subsequently expression of pGAL-RPS5 was shut down for 2 hours in
YP-glucose medium. (B) Western blot analysis of the indicated transformants, using a monoclonal anti FLAG
antibody. Anti-A43 antibodies, detecting A43 subunit of RNA polymerase I, were used as loading control.
(C) Northern blot analysis of RNA co-purified with the indicated FLAG-tagged rpS5 variants. RNA was extracted
from Input (In) and immuno-purified (IP) fractions. Wildtype strain BY4741 served as background control for
immuno-purification. Probes used for detection of (pre-) rRNA species are depicted right-hand. 200 mM salt (KCI,
see 5.2.5.3) was used for cell breakage, binding and washing of the immunoprecipitations. (D) 5°,6’-[*'H] uracil
metabolic labeling of newly synthesized RNA. Cells were pulsed for 30 minutes at 30°C. Total RNA was extracted
and separated by gel electrophoresis, radio-labeled RNA was visualized by fluorography.
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2.2.4.2 The molecular structure of the rpS5 hairpin is essential for stable
incorporation of rpS5 into pre-40S subunits

As previously mentioned, rpS5 is composed of a globular folded domain and a long
protruding hairpin (see Figure 31 A and B) (hereafter hairpin and loop are used as
synonyms). A variant lacking this loop (rpS5-Aloop) was not able to complement the growth
phenotype of the conditional pGAL-RPSS5 strain (Figure 32 A). The steady state protein levels
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of this variant were below the detection limit (Figure 32 B, lane 5). Thus rpS5-Aloop mimicked
the depletion phenotype of rpS5 regarding rRNA processing defects (Figure 32 D, compare
lanes 1 and 5) and RNA co-immunoprecipitation showed only minor interaction of rpS5-Aloop
with 20S pre-rRNA containing SSU precursors (Figure 32 C, see lane 12).

In contrast to the complete deletion of the hairpin, a deletion of the hairpin's branches (see
Table 10, rpS5-short-loop), possibly better preserving the overall protein structure, resulted in
slight production of 20S pre-rRNA (Figure 32 D, lane 6) and higher accumulation of steady
state 20S pre-rRNA levels (Figure 32 C, lanes 11 and 13). The variant rpS5-short-loop was
poorly expressed (Figure 32 B), yet it precipitated 20S pre-rRNA in good amounts (Figure 32
C). Although the variant was incorporated into pre-40S particles, it didn't assemble into
mature ribosomes (Figure 32 C, compare 25S and 18S vs. 20S co-precipitation).

2.2.4.3 The C-terminal seven amino acids of rpS5 are specifically required for
efficient final 3" end maturation of 18S rRNA precursors

A highly conserved part of rpS5 is its C-terminal helix (see Figure 31 C). Truncation of the
seven C-terminal amino acids (R219 to R225, rpS5-AC) moderately decreased the
expression level of the variant (Figure 32 B) and the variant was still efficiently incorporated
into 40S precursor particles at almost the same level as the full length protein (Figure 32 C,
see ITS1 probe, compare lanes 6 and 10). But rpS5-AC was apparently less well
incorporated into 18S rRNA containing mature ribosomes than full length rpS5 (Figure 32 C,
compare 18S and 25S levels in lanes 6 and 10). Expression of the rpS5-AC variant led to
efficient production of 20S pre-rRNA after shutdown of full length rpS5 expression (Figure 32
D), clearly abrogating the Ao, A1, A, processing defects seen when wildtype rpS5 is missing.
On the other hand, the newly produced 20S pre-rRNA was not efficiently converted into
mature 18S rRNA (Figure 32 D, compare lanes 2 and 4, 20S and 18S).

In addition, steady state levels of 20S pre-rRNA, which was produced upon rpS5-AC
expression, slightly accumulated compared to 20S levels in wildtype situation (see Figure 31
C, lanes 5 and 9, 20S and Figure 32 D, lanes 2 and 4, 20S). Accordingly, the C-terminal 7
amino acids of rpS5 seem to be required for the efficient endonucleolytic cleavage at site D,
converting 20S pre-rRNA into mature 18S rRNA.

2.2.4.4 Nuclear export of SSU precursor particles was partially restored upon
expression of some rpS5 variants

In cells depleted for rpS5, a probe against the ITS1 sequences, hybridizing with 20S
pre-rRNA and its precursors, detected strictly nucleolar and nuclear signals indicating nuclear
retention of SSU precursors (Figure 33 A, vector). Steady state analysis of (pre-) rRNA
distribution in sub-cellular fractionation indicated the same strong nuclear export delay
(Figure 33 B, vector). The 20S pre-rRNA amount in the cytoplasmic fraction was at the same
level as the 35S pre-rRNA amounts (Figure 33 B, lane 2), both most probably derived from
nuclei broken up during the experimental procedure. Expression of the variant rpS5-Aloop led
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to no obvious nuclear export of precursor subunits (Figure 33, rpS5-Aloop), resembling the
phenotype observed upon rpS5 depletion.

Expression of full length rpS5 and its variants rpS5-AC as well as rpS5-short-loop resulted in
readily detectable additional cytoplasmic ITS1 signals (Figure 33 A), indicating that SSU
precursors reach the cytoplasmic compartment in these strains. Expression of rpS5-AC led to
an even stronger cytoplasmic ITS1 signal than expression of full length rpS5 (Figure 33 A,
see also 20S levels in Figure 32 C, lanes 5 and 9), which might correlate with a reduced rate
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Figure 33. Analyses of nuclear export of SSU precursors containing rpSS variants

(A)-(C) All experiments were performed in yeast strain pGAL-RPS5 (ToY323), in which full length rpS5 is
encoded under the control of the galactose inducible GAL1 promoter. The strain was either transformed with an
empty vector (YEplac195) or vectors coding for FLAG-tagged full length rpS5 (ToP996), rpS5-AC (ToP1101),
pS5-Aloop (ToP1098) or rpS5-short-loop (ToP1099) under the control of a constitutive promoter. (A) FISH
analysis of steady state distribution of precursor subunits. Cells were grown overnight in selective media containing
galactose, diluted in YP-galactose and expression of pGAL-RPS5 was shut down for 2 hours in YP-glucose
medium. Total DNA (DAPI) and rRNA precursors containing ITS1-sequences between site D and A2 (ITS1-Cy3)
were detected as described in 5.2.6.2. (B) Steady state analysis of pre-rRNA in sub-cellular fractions. Cells were
grown overnight in selective media containing galactose, diluted in YP-galactose (YPG) and expression of
pGAL-RPS5 was shut down for 1.5 hours in YPD before starting with the fractionation protocol (see 5.2.5.5). Cells
were spheroplasted and subsequently fractionated in nuclei (N) and cytoplasm (C). RNA was extracted and
2.4 times more volume of nuclear than cytoplasmic fractions were separated by gel electrophoresis and analyzed by
northern blotting. Probes for detection of rRNA species are depicted right-hand. (C) Cell fractionation after
metabolic RNA labeling. Cells were grown overnight in in YP-galactose media, diluted in YP-galactose,
spheroplasted and expression of pGAL-RPS5 was shut down. Newly synthesized RNA was labeled with
5',6'-[*H] uracil for 20 minutes. Nuclear (N) and cytoplasmic (C) cellular fractions were subsequently separated,
RNA was extracted, separated by gel electrophoresis and newly synthesized RNA was visualized by fluorography.
Same volume percentage of nuclear and cytoplasmic fractions were loaded on the gel.
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in the conversion of 20S pre-rRNA to mature 18S rRNA. The cytoplasmic signal intensity for
ITS1 containing precursor particles in the strain expressing rpS5-short-loop rather resembles
those of full length rpS5 (Figure 33 A), reflecting also the minor production or degradation of
20S pre-rRNA (Figure 32 C, compare 20S levels in lanes 5, 9 and 13). Steady state analysis
of (pre-) rRNA distribution in sub-cellular fractions confirmed these results (Figure 32 B).

Expression of the variant rpS5-AC led to increased amounts of 20S pre-rRNA in the
cytoplasmic fraction, compared to those of full length rpS5, in which processing of 20S to 18S
was still going on (Figure 33 B, compare lanes 4 and 6). Expression of the variant
rpS5-short-loop displayed an intermediate pre-SSU distribution in nuclear and cytoplasmic
fractions (Figure 33 B, compare lanes 4, 6 and 10).

Cell fractionation after metabolic RNA labeling was used to more directly assess the
dynamics of nuclear export of newly synthesized SSU precursors. In agreement with the
FISH analyses and sub-cellular fractionation experiments, no cytoplasmic accumulation of
newly synthesized 18S rRNA or its precursors was detectable, when full length rpS5 was
depleted. Only negligible amounts of nascent nuclear 20S pre-rRNA could be detected
(Figure 33 D, vector). In contrast, in both strains expressing either rpS5 or its variant
rpS5-AC, newly synthesized 20S-pre-rRNA reached the cytoplasm (Figure 33 D, lanes 4 and
6). In agreement with the previous pulse experiments (see Figure 32 D), newly synthesized
cytoplasmic 20S pre-rRNA was only efficiently converted into 18S rRNA when rpS5, however
not rpS5-AC was expressed. In addition, while rpS5-AC clearly supported nuclear export of
newly synthesized SSU precursors, the low ratio of nascent cytoplasmic versus nuclear SSU
(pre-) rRNAs argues that its incorporation in SSU precursors leads either to a delay in
nucleo-cytoplasmic transport or to a distinct cytoplasmic destabilization of SSU precursors.
This delay/destabilization was even more evident in the strain expressing the variant
rpS5-short-loop. While newly synthesized nuclear 20S pre-rRNA could be observed, 20S was
hardly detectable in the cytoplasmic fraction (Figure 33 D, lanes 9 and 10).

RpS5 without its shortened hairpin was sufficient to allow slight production of 20S pre-rRNA
and minor nuclear export of pre-40S particles (Figure 32 and Figure 33, rpS5-short-loop).
The last seven amino acids of rpS5 were not strictly required to form export competent
precursor SSUs, containing 20S pre-rRNA. Instead their absence only slightly decelerated
the export kinetics of nuclear-cytoplasmic transport, but almost completely blocked 18S rRNA
3'-end maturation (Figure 32 and Figure 33, rpS5-AC).

2.2.4.5 The correct molecular structure of the rpS5 hairpin is required for
stable assembly of some head domain r-proteins

Similar to what was previously observed in in vitro reconstitution experiments with prokaryotic
SSU components, in S. cerevisiae, rpS5 is required for stable incorporation of many
ribosomal proteins located in the SSU head domain (Ferreira-Cerca et al., 2007).
Establishment of a robust head domain assembly status correlated with efficient cytoplasmic
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accumulation of SSU precursors, at the same time several r-proteins of the head domain are
specifically required for cytoplasmic conversion of 20S pre-rRNA into 18S rRNA.

Expression of the rpS5-short-loop variant resulted in a 20S pre-rRNA containing precursor
particles, which further on were exported, though with apparently strongly reduced efficiency
(see 2.2.4.2 and 2.2.4.4). It was speculated before that a well assembled SSU head domain
is a prerequisite for efficient nuclear export. To analyze the assembly status of nascent SSUs,
FLAG-epitope affinity purifications of ectopically co-expressed functional FLAG-fusion alleles
of various small ribosomal subunit proteins, in the absence of rpS5 or presence of rpS5
variants, were performed. The amount of pre-rRNA co-purifying with FLAG-tagged ribosomal
proteins was compared before or after shut down of GAL1-promoter driven RPS5 expression
for two hours.

As previously observed (Figure 32 C, lane 3), in vivo depletion of rpS5 led to some
accumulation of 23S rRNA and to a reduction of 20S pre-rRNA steady state levels, caused by
a delay, but not complete block of endonucleolytic cleavages at sites Ao, A1 and A; (Figure 34
A, vector, compare input lanes in “on” and “off” conditions). Flag-tagged r-proteins co-purified
20S pre-rRNA with similar efficiency as mature 18S rRNA when rpS5 was present (Figure 34
A, vector, compare input and IP in “on” condition). Upon rpS5 depletion the ratio of 20S
pre-rRNA to 18S rRNA co-purifying with Flag-tagged SSU head domain r-proteins (rpS3,
rpS15, rpS16, rpS19, rpS20 and rpS29) including rpS10 and rpS28, which presumably bind
in the head domain, strongly decreased (Figure 34 A, vector; quantified in Figure 34 B,
vector). This decrease confirmed the dependencies of stable incorporation into nascent SSU
of these r-proteins on the in vivo assembly of rpS5. On the other hand, the stable assembly
of the platform component rpS14 was independent on the presence of rpS5 (Figure 34).

Expression of the variant rpS5-short-loop led to stabilized incorporation of a subset of
r-proteins (Figure 34, rpS10, rpS19, rpS20 and rpS29) into pre-SSUs. The incorporation of
the other analyzed r-proteins remained largely destabilized (Figure 34, rpS3, rpS15, rpS16
and rpS28). All in all, the full length hairpin of rpS5 is not strictly required for production of
20S pre-rRNA or nuclear export of SSU precursor particles, but through the deletion, both
processes occur with strongly decreased efficiency.

2.2.4.6 The C-terminal seven amino acids of rpS5 have minor impact on the
SSU head domain r-protein assembly status

Remarkably, the assembly phenotypes of most of the r-proteins observed upon depletion of
rpS5 were largely relieved by expression of rpS5-AC (Figure 34 A, rpS5-AC; quantified in
Figure 34 B, rpS5-AC). Interestingly, the assembly phenotype of Flag-tagged rpS28 was only
slightly suppressed. In conclusion, the last C-terminal seven amino acids of rpS5 seem to
have minor impact on global SSU head domain assembly events. They are not strictly
required for rpS5 function in nuclear export of SSU precursors, but are crucial for final
cytoplasmic 3’ maturation of pre-18S rRNAs.
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Figure 34. Analysis of r-protein interactions with SSU precursors containing rpSS variants

(A) Northern blot analysis of SSU (pre-) RNA co-purifying with the FLAG-tagged r-proteins in precursors
containing rpS5 variants. All experiments were performed in yeast strain ToY1659, in which full length rpS5 is
encoded under the control of the galactose inducible GAL1 promoter. The strain was transformed with vectors
supporting the constitutive expression of indicated FLAG-tagged r-proteins and in addition, with an empty vector
(YEplac181) or vectors coding for HA-tagged rpS5-AC (ToP1156) or rpS5-short-loop (ToP1158) under the control
of a constitutive promoter. Transformants were grown overnight in selective media containing galactose and on the
next day diluted in YP-galactose medium. The cultures were split, one half was further grown in YP-galactose (on,
wildtype rpS5 is expressed), in the other half of the culture expression of pGAL-RPS5 was shut down for 2 hours in
YP-glucose medium (off). 200 mM salt (KCI, see 5.2.5.3) was used for cell breakage, binding and washing of the
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immunoprecipitations. RNA was extracted from Input (In) and immuno-purified (IP) fractions. Probes used for
detection of (pre-) rRNA species are depicted right-hand. (B) Quantification of r-protein interaction with SSU
precursors containing rpS5-AC, rpS5-short-loop or no rpS5 (vector). Each data point was derived from 2 biological
replicates (representative Northern blot shown in (A)). The factor of reduced 20S pre-rRNA co-precipitation was
calculated as follows: (%IP20S / %IP18S)on / (%IP20S / %IP18S)off. Quantification was done, using LAS3000,
FLA3000 and MultiGauge software (FujiFilm).

2.2.4.7 Noblp and other factors required for final 3'-end maturation of
pre-18S rRNA were present in SSU precursor particles containing rpS5-AC
or rpS5-short-loop

Many r-proteins and several biogenesis factors, including Nob1p, the putative endonuclease,
mediating final 3'-end 18S maturation, are needed to allow cytoplasmic 18S rRNA 3'-end
maturation (see 1.4.2). Since both rpS5 variants, rpS5-AC and rpS5-short-loop gave rise to
cytoplasmic, 20S pre-rRNA containing pre-SSU particles, the question arose, whether Nob1p
and other ribosome biogenesis factors are still incorporated into these nascent 40S subunits.

By precipitation of the FLAG-tagged rpS5 variants, it was possible to purify associated RNPs
and to analyze the protein content of these particles. The associated proteins were eluted,
digested with trypsin and identified by mass spectrometry (see 5.2.7.1 and 5.2.7.2). The
identified SSU biogenesis factors are listed in Table 11 and Table 12 (for the complete list,
including factor description see Fehler: Referenz nicht gefunden and Supplemental Table 2).
Many biogenesis factors, which are specifically required for late cytoplasmic maturation of
pre-40S subunits, in particular Nob1p, the putative endonuclease mediating the 18S rRNA
3’-end processing, were identified in the affinity purified particles.

To compare the protein contents of SSU precursor particles, which incorporated either
wildtype rpS5 or one of its variants, a quantitative mass spectrometry approach was used
(iITRAQ®, Applied Biosystems). The pre-SSUs were purified via TAP-tagged Rio2p in the
corresponding yeast strains. Rio2p is a component of cytoplasmic pre-40S subunits
(Vanrobays et al., 2003), and still strongly interacted with 20S pre-rRNA after shutdown of
rpSS expression, in the yeast strains constitutive expressing HA-tagged rpS5, rpS5-AC or
rpS5-short-loop (Figure 35 B, for detailed analysis and verification of the phenotypes of the
HA-tagged variants, see Supplemental Figure 1). The associated proteins were digested with
trypsin, labeled with the iTRAQ reagents and analyzed by mass spectrometry (MALDI
TOF/TOF).

Early acting biogenesis factors, like components of the SSU processome (Nop58p, Nop1p,
Utp6p, Krr1p, Snu13p) and a H/ACA-type snoRNP associated protein (Nop10p), were highly
enriched in the Rio2p-TAP purification in the strain expressing rpS5-AC compared to the
purification in the strain expressing rpS5 (Figure 35 A). These data suggest that due to
truncation of the last seven amino acids of rpS5, a larger population of Rio2p-TAP associated
RNPs is decorated with early biogenesis factors, probably because of delayed pre-rRNA
processing or nuclear export kinetics.
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protein peptides total ion score % protein peptides total ion score %
Arb1p 3 100 Arb1p 1 100
Bfr2p 1 79.4 Enp1p 7 100
Bms1p 2 100 Ltv1p 4 100
Dbp2p 9 100 Nob1p 3 100
Dim1p 1 99.8 Nop58p (Nop5p) 1 99.5
Ecm16p (Dhr1p) 1 94 .4 Rio2p 3 100
Enp1p 2 100 Tsr1p 4 100
Kre33p 2 100 Table 12. FLAG-rpS5-short-loop associated
Kri1p 1 92.5 SSU biogenesis factors
Krrip 2 100
Ltv1p 5 100
Mrt4p 2 100
Nob1p 2 100
Nop1p 1 96.1
Nop56p (Sik1p) 1 90
Nop58p (Nop5p) 1 100
Pno1p (Dim2p) 2 100
Prp43p 2 100
Rio2p 2 100
Sof1p 1 100
Tsr1p 4 100
Utp2p (Noc5p) 1 100
Utp12p (Dip2p) 1 96.7
Utp14p 1 100
Utp15p 1 95.5
Utp21p 1 100
Utp22p 2 100

Table 11. FLAG-rpS5-AC associated SSU
biogenesis factors

Nevertheless the majority of co-purified particles was by all means of cytoplasmic nature
(compare peptide numbers in Figure 35 A). Virtually all known late biogenesis factors, which
are required for late pre-SSU maturation, were identified in the strain expressing rpS5-AC
(Figure 35 A), confirming the analysis of FLAG-purified RNPs (see Table 11). Only relatively
minor (less than 50%) differences in the amounts of individual tryptic peptides of Nob1p and
other ribosome biogenesis factors co-purifying with Rio2p-RNPs could be observed.

Altogether these data indicate that the analyzed biogenesis factors, in particular Nob1p, can
interact with rpS5-AC containing SSU precursors. As mentioned before, yeast Nob1p harbors
presumably the endonuclease activity converting 20S pre-rRNA into 18S rRNA. Accordingly,
these results support the assumption that the poor efficiency of pre-18S rRNA maturation in
rpS5-AC containing SSU precursors is not due to the absence of the endonuclease Nob1p.
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Figure 35. Analyses of the protein composition of SSU precursors containing rpS5-AC

(A) and (B) All experiments were performed in yeast strain ToY 1739, in which full length rpS5 is encoded under
the control of the galactose inducible GAL1 promoter and Rio2p is TAP-tagged. The strain was transformed with
vectors supporting the constitutive expression of HA-tagged full length rpS5 (ToP1162) or rpS5-AC (ToP1156) and
in (B) additional with an empty vector (YEplac181) and HA-tagged, constitutive expressed rpS5-Aloop (ToP1157)
or rpS5-short-loop (ToP1158). Cells were grown overnight in selective media, diluted in YP-galactose and
expression of pGAL-RPS5 was shut down for 2 hours in YP-glucose medium. (A) Analysis of biogenesis factors
co-purified with Rio2p-TAP associated SSU precursors. Rio2p-TAP associated SSU precursors were affinity
purified from both transformants and their protein composition was compared in a semi-quantitative way using the
iTRAQ method as described in 5.2.7.1 and 5.2.7.3. The mean values (normalized to the Rio2p iTRAQ ratio) and
standard deviations of three independent biological replicates (five technical replicates) are shown. The number of
tryptic peptides for each protein is given in brackets after the protein name. Color code: magenta — Rio2p-TAP bait
protein; dark-blue — biogenesis factors involved in 20S pre-rRNA containing precursor maturation. (B) Rio2p-TAP
was affinity purified and SSU pre-rRNA contained in Input (In) and immuno-purified (IP) fractions was analyzed by
Northern blotting. Probes used for detection of (pre-) rRNA species are depicted right-hand.

The same observations were true for the rpS5-short-loop containing pre-40S subunits.
Rio2p-TAP purifications in this strain showed enrichment of a SSU processome component,
compared to the Rio2p-TAP purification in the strain expressing rpS5 (Figure 36, Krr1p). This
again argues for a larger nuclear population of Rio2p-TAP containing RNPs. Many late acting
biogenesis factors, including Nob1p, were purified with similar efficiencies (less than 50%
difference) in both strains (Figure 36).

Both variants, rpS5-short-loop and in particular rpS5-AC support the formation of a
cytoplasmic 20S pre-rRNA containing particle, which is mostly assembled with head domain
r-proteins and late acting biogenesis factors. Possible explanations, why final 18S 3'-end
maturation after all is not occurring in both strains, will be discussed later (see 3.2).
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Figure 36. Analyses of the protein composition of SSU precursors containing rpSS-short-loop

All experiments were performed in yeast strain ToY 1739, in which full length rpS5 is encoded under the control of
the galactose inducible GAL1 promoter and Rio2p is TAP-tagged. The strain was transformed with vectors
supporting the constitutive expression of HA-tagged full length rpS5 (ToP1162) or rpS5-short-loop (ToP1158). Cells
were grown overnight in selective media, diluted in YP-galactose and expression of pGAL-RPSS5 was shut down for
2 hours in YP-glucose medium. Rio2p-TAP associated SSU precursors were affinity purified from both
transformants and their protein composition was compared in a semi-quantitative way using the iTRAQ method as
described in 5.2.7.1 and 5.2.7.3. The mean values (normalized to the Rio2p iTRAQ ratio) and standard deviations of
two independent biological replicates are shown. The number of tryptic peptides for each protein is given in
brackets after the protein name. Color code: magenta — Rio2p-TAP bait protein; dark-blue — biogenesis factors
involved in 20S pre-rRNA containing precursor maturation.

2.2.4.8 Polysome profiles of strains expressing rpS5-AC, full length rpS5 or no
rpS5

A recent publication suggested that “immature small ribosomal subunits can engage in
translation initiation in Saccharomyces cerevisiae”. It was shown that a sub-population of 20S
pre-rRNA containing pre-40S subunits co-sedimented with translating ribosomes, even in
wildtype conditions. Inhibition of D-site cut processing led to a shift of the major population of
cytoplasmic 20S pre-rRNA, now co-sedimenting mainly with 80S ribosomes, but also with
polysomes (Soudet et al., 2010).

Expression of full length rpS5 after 2 hours shutdown of pGAL-RPS5 rescued the 60S
accumulation seen upon rpS5 depletion (Figure 37 A), but still a relatively large amount of
free subunits was visible when compared to wildtype (Figure 37 B and data not shown). In
addition 20S pre-rRNA co-sedimented in large amounts in the range of 60S to 80S particles
(Figure 37 B, 20S in fractions 5 to 10).

Depletion of rpS5 resulted in strongly decreased levels of nuclear restricted 20S pre-rRNA.
This in conclusion led to a drastic drop of mature 40S subunits and therefore to a relative
accumulation of free 60S subunits (Ferreira-Cerca et al., 2005) (see also Figure 37 A). The
remaining 20S pre-rRNA peaked at fraction 7, which is about the size of a 60S or 70S particle
(Figure 37 A).
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Figure 37. Polysome profiles of strains expressing rpS5 variants

(A)-(C) Polysome profiles were performed as described in 5.2.5.6. RNA and Proteins were extracted from the
fractions, same volume percentage of fractions was loaded on the gels and analyzed by Northern or Western
blotting. Probes used for detection of (pre-) rRNA species are depicted left-hand. Cycloheximide was added in all
experiments. Yeast strain pGAL-RPS5 (ToY323), in which full length rpS5 is encoded under the control of the
galactose inducible GAL1 promoter was either transformed with an empty vector (YEplac195) or vectors coding for
FLAG-tagged full length rpS5 (ToP996) or rpS5-AC (ToP1101) under the control of a constitutive promoter. Cells
were grown overnight in selective media containing galactose, diluted in YP-galactose and expression of
pGAL-RPSS5 was shut down for 2 hours in YP-glucose medium.

This particle might be a transition state from 90S to 43S pre-ribosomes, a 20S pre-rRNA
trapped by a degradation machinery like e.g. the TRAMP-complex and the exosome (see
1.4.6) or a 43S pre-ribosome dimer, which might form under the salt conditions used.

Upon expression of the rpS5-AC variant, 20S pre-rRNA was accumulating and a large portion
of this precursor rRNA was co-sedimenting with 80S ribosomes (Figure 37 C), like it was
reported for other mutants blocking D-site cut processing (Soudet et al., 2010). In addition a
40S/43S peak was visible (Figure 37 C, fractions 2 to 4). The 20S pre-rRNA was not only
peaking at a 70S to 80S particle size, but also co-sedimented with polysomes (Figure 37 C,
fractions 11 to 20), again confirming recent findings (Soudet et al., 2010). It would be
interesting to see, whether the 20S pre-rRNA in the polysomal fractions disappears if
cycloheximide is omitted and elongating ribosomes can run off the mRNAs (Soudet et al.,
2010). This would be an additional hint that 20S pre-rRNA is really associated with
polysomes and possibly engages in translation under these conditions.
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2.2.5 rpS14 and its variants

RpS14 is one of the primary binders of the central 18S rRNA domain and is localized at the
platform next to the 18S 3'-end, opposite of rpS5 (see Figure 8, Figure 16 and Figure 38 A).
The protein itself consists of a a/B-sandwich domain and a protruding C-terminus (Figure 38
B), whose positively charged residues are responsible for interactions with helix h45 in the
3'-minor 18S rRNA domain (see Figure 39 C). RpS14 is well conserved in all three
evolutionary kingdoms, especially the two arginines (R132, R133) at the C-terminus,
contacting h45 (Figure 38 C).

RpS14, together with rpS5 (see also 2.2.4), possibly forms an interface, which probably binds
rRNA, since both r-proteins exhibit positively residues in this region, capable of building a
RNA binding pocket (Figure 38 B and Figure 39 B). This interface might be additionally
stabilized by a direct protein-protein contact of rpS14 and rpS5 (Figure 39 A, see also
discussion in 3.2).

A

Figure 38. RpS14 localization, structure and protein sequence conservation

(A) Localization of rpS14 on the 40S subunit (Chandramouli et al., 2008; pdb:2ZKQ), cytoplasmic view (see also
Figure 8). (B) Ribbon representation of rpS14 structure with the calculated surface laid underneath. Amino acids 23
to 147 of 151 in total are modeled. Seven amino acids, capable of interacting with RNA are highlighted. The
position is given according to the C. familiaris nomenclature with S. cerevisiae position in brackets. (C) Multiple
sequence alignment of yeast rpS14 primary structure (AlignX, Vector NTI, Invitrogen, ClustalW algorithm and
blosum score-matrix). Protein sequences of representative organisms from all three evolutionary kingdoms are
shown (sequences were obtained from NCBI (http:/www.ncbi.nlm.nih.gov/protein)). (D) Multiple sequence
alignment of yeast rpS14, encoded either by RPS14A or RPS14B. (C) and (D) The color code illustrates amino acid
conservation: identical - purple; conserved — gray; block of similar — dark-gray. The numbers give the positions of
S. cerevisiae amino acids.
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Figure 39. The local environment of rpSS and rpS14

(A) and (B) All structures are taken from pdb:2ZKQ (Chandramouli et al., 2008). The position of amino acids is
given according to the C. familiaris nomenclature with S. cerevisiae position (RPS14A) in brackets. (A)
Cytoplasmic view of the rpS5 — rpS14 protein interface. RpS5 is colored in yellow, rpS14 in light blue, the last
3'-18S rRNA nucleotides with red dots and other 18S rRNA in gray. The last seven amino acids, which are missing
in rpS5-AC (see 2.2.4) and R52 of rpS14 are shown with their side chains. The possible interaction site of rpS5 and
rpS14 is magnified. (B) Same view as in (A), but proteins are shown with their calculated surfaces. The surface is
colored according to partial charges: blue surfaces — partial positive charge, red surface — partial negative charge.
Mutated amino acids of rpS14 variants are highlighted.

name background mutation database (ToP)
rpS14 S. cerevisiae full length allele (wildtype) -/- Nt-FLAG: 1003
rpS14-KKRAAA | attenuation of possible rpS14-ITS1 interaction g‘ggﬁ' K49A, | Nt-FLAG: 1109
rpS14-KKAA | attenuation of possible rpS14-ITS1 interaction K70A, K72A |Nt-FLAG: 1110

Table 13. List of rpS14 variants

Amino acid positions are given, according to the primary sequence of RPS14A gene product

In vivo depletion of yeast rpS14 results in a block of processing at sites Ao, A1, A, and
nucleolar accumulation of pre-SSU particles (Ferreira-Cerca et al., 2005) (see also Figure 40
and Figure 41, vector).

A rps14 variant, in which lysines K70 and K72 were mutated to alanines (rpS14-KKAA), both
located in the interface between rpS14 and rpS5, showed no obvious phenotype (Figure 40).
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Figure 40. Growth phenotypes of rpS14 variants, expression levels, pre-rRNA processing
analyses and incorporation into SSU precursors

(A)-(D) All experiments were performed in yeast strain pGAL-RPS14A (ToY399), in which full length rpS14 is
encoded under the control of the galactose inducible GAL1 promoter. The strain was either transformed with an
empty vector (YEplacl195) or vectors coding for FLAG-tagged full length rpS14 (ToP1003), rpS14-KKRAAA
(ToP1109) or rpS14-KKAA (ToP1110) under the control of a constitutive promoter. All RPS14 alleles were based on
the sequence of RPS14A, whose gene product is 1 amino acid smaller than RPS14B. (A) Serial dilutions of the
indicated transformants on galactose (YPG) or glucose (YPD) containing plates. Plates were incubated for 3 days.
(B)-(D) Cells were grown overnight in selective media containing galactose, diluted in YP-galactose and
subsequently expression of pGAL-RPS14 was shut down for 2 hours in YP-glucose medium. (B) Western blot
analysis of the indicated transformants, using a monoclonal anti FLAG antibody. Anti-A43 antibodies, detecting
A43 subunit of RNA polymerase I, were used as loading control. (C) Northern blot analysis of RNA co-purified
with the indicated FLAG-tagged rpS14 variants. RNA was extracted from Input (In) and immuno-purified (IP)
fractions. Probes used for detection of (pre-) rRNA species are depicted right-hand.
200 mM salt (KCI, see 5.2.5.3) was used for cell breakage, binding and washing of the immunoprecipitations.
(D) 5°,6’-[*H] uracil metabolic labeling of newly synthesized RNA. Cells were pulsed for 30 minutes at 30°C. Total
RNA was extracted and separated by gel electrophoresis, radio-labeled RNA was visualized by fluorography.

In contrast, a variant in which lysines K47, K49 and arginine R52 were mutated to alanines
(rpS14-KKRAAA), could not complement the loss of rpS14 (Figure 40 A). Although the variant
was well expressed (Figure 40 B) and incorporated into pre- and mature ribosomes, albeit
with reduced stability (Figure 40 C, compare 18S input vs. IP levels for rpS2 and
rpS2-KRRAAA), 18S rRNA 3'-end maturation was clearly delayed (Figure 40 D, lane 4). 20S
pre-rRNA containing pre-40S subunits seem to be of cytoplasmic nature, as FISH analysis
displayed cytoplasmic localization of ITS1 containing precursor particles (Figure 41).
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Figure 41. Analyses of nuclear export of SSU precursors containing rpS14 variants

FISH analysis was performed in yeast strain pGAL-RPS14 (ToY399), in which full length rpS14 is encoded under
the control of the galactose inducible GAL1 promoter. The strain was either transformed with an empty vector
(YEplac195) or vectors coding for FLAG-tagged full length rpS14 (ToP1003) or rpS14-KKRAAA (ToP1109) under
the control of a constitutive promoter. Cells were grown overnight in selective media containing galactose, diluted in
YP-galactose and subsequently expression of pGAL-RPS14 was shut down for 2 hours in YP-glucose medium.
Total DNA (DAPI) and rRNA precursors containing ITS1-sequences between site D and A2 (ITS1-Cy3) were
detected as described in 5.2.6.2.

Taken together, some of the positively charged amino acids in the interface region of rpS14
and rpS5 are specifically required for efficient late cytoplasmic 20S pre-rRNA processing.
Probably destabilized rRNA binding in this rpS14 variant, through reduction of its interaction
sites, can only establishes a suboptimal conformation of the precursor particle, required for
efficient processing (see discussion in 3.2). This effect could be further enhanced by the
deletion of the potential protein-protein contact site of rpS14 and rpS5 (see Figure 39 A).

77



Results

2.2.6 rpS20 and its variants

RpS20 is binding in the head domain, next to the beak (Figure 42 A) and it features the
typical r-protein fold, namely a globular structure with a protruding hairpin (Figure 42 B).
Amino acids located in such hairpins are very often responsible for protein-RNA interactions.
The globular domain of S10 builds one side of a groove, in which helix h39 is tightly bound
(Clemons et al., 1999; Brodersen et al., 2002; Chandramouli et al., 2008; Taylor et al., 2009).
The other side of the groove is built by S9 (rpS16 in eukaryotes) (see also Figure 8 A).
Helices h31, h34, h41 and h43 are contacted through the protruding loop, while especially
the tip of the loop is responsible for many interactions. RpS29 and rpS3, both involved in the
beak formation (see (Schéafer et al., 2006) and Figures 8 and 16), are in close vicinity to
rpS20 and very likely interact with each other (Figure 42 C). The primary sequence of rpS20
is well conserved in all evolutionary kingdoms and shows no large eukaryotic specific parts
(Figure 42 D and E).

In vivo depletion of rpS20 results in a block of 18S rRNA processing at site D and
accumulation of 20S pre-rRNA ((Ferreira-Cerca et al., 2005), see also Figure 43 D, compare
lanes 1 and 2). Effects on nucleo cytoplasmic transport of precursor subunits lacking rpS20
could not be detected ((Ferreira-Cerca et al., 2005), see also Figure 44, vector).

name background mutation database (ToP)
rpS20 S. cerevisiae full length allele (wildtype) -/- Nt-FLAG: 1009
archaeal homologue of rpS20 Nt-FLAG: 510
TAS20 | T acidophilum) - HA - 1278
SAS20 archaeal homologue of rpS20 i Nt-FLAG: 664
(S. acidocaldarius) HA : 1279
SAS20-chim | partial exchange of TAS20 and SAS20 primary |(SAS20 M1-N18) :: NL-ELAG: 752
eral sequences (ultimate N-terminus) (TAS20 M1-D19) ’
SAS20-chim | partial exchange of TAS20 and SAS20 primary | (SAS20 M1-L53) :: Nt-FLAG: 753
era2 sequences (N-terminus) (TAS20 M1-S54) |
SAS20-chim | partial exchange of TAS20 and SAS20 primary | (SAS20 T44-K68) :: Nt-ELAG: 754
era3 sequences (hairpin) (TAS20 K45-R69) ’
SAS20-KKTT | point mutations in the tip of the SAS20 hairpin | K59T, K61T Nt-FLAG: 1177
SAS20-K59S | point mutations in the tip of the SAS20 hairpin | K59S Nt-FLAG: 1178
SAS20-K59T | point mutations in the tip of the SAS20 hairpin  |K59T Nt-FLAG: 1179
SAS20-K61T | point mutations in the tip of the SAS20 hairpin |K61T Nt-FLAG: 1180

Table 14. List of rpS20 variants
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Figure 42. RpS20 localization, structure and protein sequence conservation

(A) Localization of rpS20 on the 40S subunit (Chandramouli et al., 2008; pdb:2ZKQ), cytoplasmic side view (see
also Figure 8). (B) Ribbon representation of rpS20 structure with the calculated surface laid underneath. Amino
acids 19 to 115 of 119 in total are modeled. Two amino acids in the tip of the hairpin are highlighted. The position is
given according to the C. familiaris nomenclature with S. cerevisiae position in brackets. (C) The rpS3, rpS20,
pS29 protein cluster. (D) Multiple sequence alignment of yeast rpS20 primary structure (AlignX, Vector NTI,
Invitrogen, ClustalW algorithm and blosum score-matrix). Protein sequences of representative organisms from all
three evolutionary kingdoms are shown (sequences were obtained from NCBI
(http://www.ncbi.nlm.nih.gov/protein)). (E) Multiple sequence alignment of yeast rpS20 primary structure with S10
(prokaryotic homologue of rpS20) from Thermoplasma acidophilum (TAS20) and Sulfolobus solfataricus (SAS20).
The predicted secondary structure of the rpS20 hairpin (Chandramouli et al., 2008) is shown on top (blue arrows
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indicate part of a beta sheet; black semicircles are hydrogen bonded turns). Asterisks indicate the position of the in
(B) highlighted amino acids. (D) and (E) The color code illustrates amino acid conservation: identical - purple;
conserved — gray; block of similar — dark-gray. The numbers give the positions of S. cerevisiae amino acids.

2.2.6.1 The archaeal r-protein S10 from T. acidophilum is able to substitute
rpS20 in vivo in yeast

The archaeal homologues of rpS20 from T. acidophilum (TAS20) and S. acidocaldarius
(SAS20) share around 32% respectively 25% of identical amino acids (49% respectively 43%
of amino acids with side chains of the same chemical properties) (Figure 42 E). The only
archaeal r-protein out of 29 tested (see 2.1.2), which was able to fully complement the loss of
its eukaryotic counterpart, was TAS20, the rpS20 homologue of T. acidophilum (Figure 43 A,
TAS20). In contrast, expression SAS20, the rpS20 homologue of S. acidocaldarius in yeast
could not rescue the lethal phenotype of rpS20 deletion (Figure 43 A, SAS20). Expression
levels of both proteins particular differed greatly from each other. TAS20 was highly
expressed, while SAS20 expression was very low (Figure 43 B, compare lanes 3 and 4).
Nevertheless SAS20 was, as well as yeast rpS20 or TAS20, incorporated into SSU precursor
particles (Figure 43 C, compare input and IP lanes 20S), but hardly co-precipitated mature
subunits (Figure 43 C, compare input and IP lanes 25S and 18S). A special phenomenon of
rpS20 (and some variants) was the great amount of co-purified 27S pre-rRNA (Figure 43 C,
probe E/C2). This precipitation is an indication for relatively high unspecific binding under the
salt conditions used. This strong precipitation of 27S might be due to the fact that about 25%
of rpS20's surface area contributes to RNA binding (Brodersen et al., 2002), or 27S pre-rRNA
exhibits a RNA fold that resembles the binding site of rpS20. Furthermore, expression of
TAS20 in yeast promoted to a large extent restoration of mature 18S production (Figure 43 D,
lanes 2 and 3), while expression of SAS20 did not (Figure 43 D, lanes 1 and 4).

RpS20 depletion didn't detectably affect nucleo-cytoplasmic trafficking ((Ferreira-Cerca et al.,
2005) and Figure 44, vector). Neither TAS20, nor SAS20 expression indicated a dominant
negative effect on nuclear export after shutdown of rpS20 (Figure 44). In both strains, the
20S pre-rRNA containing pre-SSU particles were most likely localized in the cytoplasm.

TAS20 and SAS20 share about 48% of identical amino acids (67% of amino acids with side
chains of the same chemical properties), so the question arose, why can TAS20 complement
the functions of rpS20 and SAS20 can not?
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2.2.6.2 Exchange of two amino acids in the hairpin of S. acidocaldarius rpS20
homologue rendered the variant functional in yeast 18S rRNA 3'-end
maturation

To answer this, chimeric proteins were constructed in which parts of SAS20 were exchanged
with TAS20 sequences. In neither case exchange of N-terminal parts could rescue the loss of
yeast rpS20 (Figure 43 SAS20-chimeral and SAS20-chimera2). Nevertheless, these variants
were efficiently incorporated into SSU precursors (Figure 43 C, probe ITS1).

However an exchange of the SAS20 hairpin with the one from TAS20 allowed production of
mature 18S rRNA and this variant was furthermore incorporated into mature ribosomes
(Figure 43, SAS20-chimerad).

In-depth analysis of multiple sequence alignments of the rpS20 hairpin sequence revealed
two additional positively charged amino acids in the primary sequence of SAS20, located in
the tip of the hairpin (Figure 42 E). K59 and K61 of SAS20 are not conserved in eukaryotes
(K59 is S76 and K61 is T78 in yeast, Figure 42 B and E). A variant, in which both lysines of
SAS20 were mutated to threonines (situation in TAS20), again complemented the essential
functions of yeast rpS20 (Figure 43, SAS20-KKTT).

Variants, in which only a single amino acid was mutated at a time, could only partially
substitute yeast rpS20 (Figure 43, SAS20-K59S, SAS20-K59T and SAS20-K61T). These
variants were well incorporated into SSU precursors, but poorly into mature ribosomes
(Figure 43 D, lanes 13-16) and allowed only very low new synthesis of 18S rRNA at 30°C
(Figure 43 D, lanes 8 and 9).

Taken together these variants imply that the hairpin of rpS20, in particular its tip is required
for proper rpS20 function in final 18S 3'-end maturation. A possible mechanism by which the
subtle changes in the hairpin are communicated, to allow or block D-site cut processing
(distance of rpS20 hairpin to 18S 3'-end is more than 50A), will be discussed later (see 3.2).
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Figure 43. Growth phenotypes of rpS20 variants, expression levels, pre-rRNA processing
analyses and incorporation into SSU precursors
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(A) Yeast strain pGAL-RPS20 (ToY262), in which full length rpS20 is encoded under the control of the galactose
inducible GAL1 promoter. The strain was either transformed with an empty vector (YEplac195) or vectors coding
for FLAG-tagged full length rpS20 (ToP1009), TAS20 (ToP510), SAS20 (ToP664), SAS20-chimeral (ToP752),
SAS20-chimera2 (ToP753), SAS20-chimera3 (ToP754), SAS20-KKTT (ToP1177), SAS20-K59S (ToP1178),
SAS20-K59T (ToP1179), SAS20-K61T (ToP1180) or rpS20-S76K (ToP1181) under the control of a constitutive
promoter. Serial dilutions of the indicated transformants on galactose (YPG) or glucose (YPD) containing plates
were incubated for 3 days at the respective temperature. (B)-(D) All experiments were performed in yeast strain
pGAL-RPS20 (ToY845), in which full length rpS20 is encoded under the control of the galactose inducible GAL1
promoter. The strain was either transformed with an empty vector (YEplac195) or vectors coding for constitutive
expressed FLAG-tagged rpS20 variants as described in (A). Cells were grown overnight in selective media
containing galactose, diluted in YP-galactose and subsequently expression of pGAL-RPS20 was shut down for 4
hours in YP-glucose medium. (B) Western blot analysis of the indicated transformants, using a monoclonal anti
FLAG antibody. Tubulin was used as loading control. (C) Northern blot analysis of RNA co-purified with the
indicated FLAG-tagged rpS20 variants. RNA was extracted from Input (In) and immuno-purified (IP) fractions.
Wildtype strain BY4741 served as background control for immuno-purification. Probes used for detection of (pre-)
rRNA species are depicted right-hand. 200 mM salt (KCl, see 5.2.5.3) was used for cell breakage, binding and
washing of the immunoprecipitations. (D) 5°,6’-[*'H] uracil metabolic labeling of newly synthesized RNA. Cells
were pulsed for 30 minutes at 30°C. Total RNA was extracted and separated by gel electrophoresis, radio-labeled
RNA was visualized by fluorography.
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Figure 44. Analyses of nuclear export of SSU precursors containing rpS20 variants

FISH analysis was performed in yeast strain pGAL-RPS20 (ToY845), in which full length rpS20 is encoded under
the control of the galactose inducible GAL1 promoter. The strain was either transformed with an empty vector
(YEplac195) or vectors coding for FLAG-tagged TAS20 (ToP510), SAS20 (ToP664) under the control of a
constitutive promoter. Cells were grown overnight in selective media containing galactose, diluted in YP-galactose
and subsequently expression of pGAL-RPS20 was shut down for 4 hours in YP-glucose medium. Total DNA
(DAPI) and rRNA precursors containing ITS1-sequences between site D and A2 (ITS1-Cy3) were detected as
described in 5.2.6.2.
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2.2.6.3 Depletion of rpS20 caused only slight changes in the r-protein
assembly state of the SSU head domain

In vitro reconstitution experiments of prokaryotic ribosomes demonstrated that S10, the
homologue of rpS20, is a tertiary binder (see Figure 16). Yet its incorporation into nascent
SSUs is required for proper assembly of S14 (rpS29) and S3 (rpS3) (Mizushima et al., 1970)
(see also Figure 16).

S & & © © N & & &
A 5 o 5 QY & £ &5 oF &F
< ) b & % ¢l el o
¥ < oy o 2 g™ o S &
K K K { N K Ny & ®
PGAL-RPS20 on  off  oan_ _off an_ _off on_ _off on_ _off on_ _off on off on _off on_ _off
In IF In 1P In IP InIPF InIF In IP In IF In IF In IF In IF In IP In IF InIP InIF InIP In IP In IP In IF
225 8 - < oy -
ITs1
pre-55U
rRMA
734 (] “ L] ey [T -
I...nmﬁ.-.- -M-O--l-ln-ﬂ nm
T2 34 s o8 '?'.8 310 11 72 13014 1516 1718 19 20 21 22 23 2 25 25 7 18 39 I 3 32 33 3 35 38
& € & &3
‘(VY‘ Q\S’\ <<\’?‘ Q\’Q‘
Q& o & o
g;\« c,;\« c;\’ (,J'\« B
\Q \‘Q \Q \Q 25
DGAL—RPSEO on off on off on off on off
In IP In IF In IF In IF In 1P In IP In IP In [P

355 E ]
3257335

ITS1
pre 550
rRMA

435

times reduced co-precipitation of 208
=]

18
10
;
205 --ul - .— -... -M
A ]

R rpSY-FLAG
37 38 39 40 41 42 43 44 45 48 47 48 4 30 31 52

=

Figure 45. Analysis of r-protein interactions with SSU precursors before and after rpS20
depletion

(A) Northern blot analysis of SSU (pre-) RNA co-purifying with the indicated FLAG-tagged r-proteins before and
after rpS20 depletion. The experiments were performed in yeast strain ToY262 or ToY845, in which full length
pS20 is encoded under the control of the galactose inducible GAL1 promoter. The strain was transformed with
vectors supporting the constitutive expression of indicated FLAG-tagged r-proteins. Transformants were grown
overnight in selective media containing galactose and on the next day diluted in YP-galactose medium. The cultures
were split, one half was further grown in YP-galactose (on, wildtype rpS20 is expressed), in the other half of the
culture expression of pGAL-RPS20 was shut down for 2 hours (ToY262) or 4 hours (ToY845) in YP-glucose
medium (off). 200 mM salt (KCl, see 5.2.5.3) was used for cell breakage, binding and washing of the
immunoprecipitations. RNA was extracted from Input (In) and immuno-purified (IP) fractions. Probes used for
detection of (pre-) rRNA species are depicted right-hand. (B) Quantification of r-protein interaction with SSU
precursors before and after rpS20 depletion. Each data point was derived from at least 2 biological replicates
(representative Northern blot shown in (A)). The factor of reduced 20S co-precipitation was calculated as follows:
(%IP20S / %IP18S)on / (%IP20S / %IP18S)off. Quantification was done, using LAS3000, FLA3000 and
MultiGauge software (FujiFilm).
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To elucidate the in vivo dependencies of stable incorporation of r-proteins with nascent
subunits on the presence of rpS20, FLAG-tagged r-proteins were immuno-purified and the
co-precipitated (pre-) rRNA was analyzed. To summarize the experiments, in contrast to what
was found after in vivo depletion of the primary binder rpS5, no strong impact on the r-protein
assembly state of nascent SSUs lacking rpS20 could be detected by this approach (compare
Y-axis scales in Figure 45 B and Figure 34 B).

In particular a major destabilization of binding of rps3 and rpS29, the homologues of S3 and
S14 (see before), was not visible (Figure 45 A, quantification in B). On the other hand,
recently obtained data of mass spectrometric analyses of purified SSU precursor particles
indicated small changes in the r-protein assembly state of yeast cells depleted of rpS20 (see
2.2.6.4 and data not shown).

In summary, the changes in the r-protein assembly state of SSU precursors upon depletion of
the tertiary binder rpS20 are relatively low, compared to the changes caused by depletion of
the primary binder rpS5. Nevertheless, small changes in the stable incorporation of some late
binding r-proteins can not be ruled out.

2.2.6.4 Characterization of nascent SSUs that contained SAS20 showed no
major interference in r-protein and biogenesis factors assembly state

Only slight changes in r-protein assembly state of nascent SSUs were induced by in vivo
depletion of rpS20 (see 2.2.6.3). The r-protein assembly state of SSU precursors containing
SAS20 was analyzed in a semi-quantitative way by using a mass spectrometric approach,
comparing their protein composition to SSU precursors containing the rpS5-AC variant. The
assembly state of the latter one was analyzed in detail and showed no major impairment in
r-protein binding (see 2.2.4.6).

Pre-ribosomal particles that incorporated the FLAG-tagged variants were affinity purified via
the FLAG-epitope of the variants, the associated proteins were digested with trypsin, labeled
with the iTRAQ reagents (iTRAQ®, Applied Biosystems) and analyzed by mass spectrometry
(MALDI TOF/TOF).

In this case, the enrichment of rpS20 and SAS20 could be used as an internal control for
assessment of the obtained data (Figure 46, light blue bars). SAS20 was not present in the
purification of the rpS5-AC containing particles and rpS20 was depleted in the strain
expressing SAS20. Thus, the enrichment of rpS20 was very high in the purification of
FLAG-tagged rpS5-AC compared to FLAG-tagged SAS20 (Figure 46, left side) and
accordingly, SAS20 was highly depleted (Figure 46, right side). With the exception of rpS29,
all analyzed SSU r-proteins seem to be incorporated in precursors containing SAS20. The
stable incorporation of rpS29 into SAS20 containing particles might be affected, but this
observation needs to be confirmed by repetition of the experiment (see the very high
standard deviation of rpS29 iTRAQ ratio in Figure 46).
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Figure 46. Analyses of r-protein composition of SSU precursors containing rpS5-AC or SAS20

The experiment was performed in yeast strains ToY323 and ToY845, in which full length rpS5 or rpS20 is encoded
under the control of the galactose inducible GAL1 promoter. The strains were transformed with vectors supporting
the constitutive expression of FLAG-tagged rpS5-AC (ToP1101 in ToY323) or SAS20 (ToP664 in ToY845). Cells
were grown overnight in selective media, diluted in YP-galactose and expression of pGAL-RPS5 or pGAL-RPS20
was shut down for 2, respectively 4 hours in YP-glucose medium. FLAG-tagged variants were affinity purified from
both transformants and their protein composition was compared in a semi-quantitative way using the iTRAQ method
as described in 5.2.7.1 and 5.2.7.3. The mean values and standard deviations are shown. The number of tryptic
peptides for each protein is given in brackets after the protein name. Color code: magenta — SSU r-proteins; light blue

—1pS20 or SAS20.

Next to Nob1p, the putative endonuclease, mediating final 18S 3'-end maturation several
other biogenesis factors are needed to allow cytoplasmic D-site processing (see 1.4.2).

To analyze the protein content of precursor
particles, (pre-) SSUs were purified by
precipitation of FLAG-tagged SAS20. The
associated proteins were eluted, digested
with trypsin and identified by mass
spectrometry (see 5.2.7.1 and 5.2.7.2).
The identified SSU biogenesis factors are
listed in Table 15 (for the complete list,
including factor description see
Supplemental Table 3). Many biogenesis
factors, emphasizing the co-purification of
Nob1p, which are specifically required for
late cytoplasmic maturation of pre-40S
subunits were found in the SAS20-FLAG
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protein peptides total ion score %
Arb1p 7 100
Bfr2p 1 100
Dbp2p 6 100
Ecm16p (Dhr1p) 1 97.5
Enp1p 10 100
Garlp 1 100
Kre33p 3 100
Ltv1p 6 100
Nob1p 9 100
Nop58p (Nop5p) 1 100
Pno1p (Dim2p) 4 100
Rio2p 8 100
Rrp3p 2 100
Rrp8p 1 100
Rrp12p 2 100
Tsrip 9 100

Table 15. FLAG-SAS20 associated SSU

biogenesis factors
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containing SSU precursors (46 peptides vs. 25 peptides of other proteins).

TAS20 could complement all essential functions of yeast rpS20, while SAS20 was unable to
overtake its role in 18S rRNA 3'-end maturation (see 2.2.6.1). To get a more quantitative
picture of the protein content of SSUs, which contained TAS20 or SAS20, TAP-tag
purifications of Rio2p in the corresponding yeast strains were performed. The associated
proteins were digested with trypsin, labeled with the iTRAQ reagents (iTRAQ®, Applied
Biosystems) and analyzed by mass spectrometry (MALDI TOF/TOF).

TAP-tagged Rio2p, a component of cytoplasmic pre-40S subunits (Vanrobays et al., 2003),
still strongly interacted with 20S pre-rRNA after shutdown of rpS20 expression, in both yeast
strains expressing HA-tagged TAS20 or SAS20 (Figure 47 B, for growth phenotype of
HA-tagged TAS20 and SAS20 see Supplemental Figure 2).

Only six peptides of SSU components were found (Figure 47 A, Krr1p, Nop1p, Snu13p,
Nop58p). Enp1p and Pno1p are components of 90S pre-ribosomes, but most probably stay
longer associated, since both precipitate high amounts of 20S pre-rRNA (Chen et al., 2003;
Vanrobays et al., 2004) and at least Enp1p can be also localized in the cytoplasm (Léger-
Silvestre et al., 2004). The majority of peptides was derived from biogenesis factors, acting at
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Figure 47. Analyses of the protein composition of SSU precursors containing TAS20 or SAS20
(A) and (B) All experiments were performed in yeast strain ToY 845, in which full length rpS20 is encoded under the
control of the galactose inducible GAL1 promoter and Rio2p is TAP-tagged. The strain was transformed with
vectors supporting the constitutive expression of HA-tagged TAS20 (ToP1278) or SAS20 (ToP1279). Cells were
grown overnight in selective media, diluted in YP-galactose and expression of pGAL-RPS20 was shut down for 4
hours in YP-glucose medium. (A) Analysis of biogenesis factors co-purified with Rio2p-TAP associated SSU
precursors. Rio2p-TAP associated SSU precursors were affinity purified from both transformants and their protein
composition was compared in a semi-quantitative way using the iTRAQ method as described in 5.2.7.1 and 5.2.7.3.
The mean values (normalized to the Rio2p iTRAQ ratio) and standard deviations of two technical replicates are
shown. The number of tryptic peptides for each protein is given in brackets after the protein name. Color code:
magenta — Rio2p-TAP bait protein; dark-blue — biogenesis factors involved in 20S pre-rRNA containing precursor
maturation. (B) Rio2p-TAP was affinity purified and SSU pre-rRNA contained in Input (In) and immuno-purified
(IP) fractions was analyzed by Northern blotting. Probes used for detection of (pre-) rRNA species are depicted
right-hand.
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a later stage of pre-40S subunit maturation, which is consistent with the unaffected export of
pre-SSUs after rpS20 depletion (see Figure 44). All of these biogenesis factors (see also
2.2.4.7), in particular Nob1p, remain associated with the Rio2p-RNP after rpS20 shutdown
(Figure 47 A).

Both kinds of purifying (pre-) SSUs, by FLAG-tagged SAS20 or TAP-tagged Rio2p, indicate
that none of the biogenesis factors required for D-site cut processing is missing in nascent
SSUs containing SAS20. Supporting this hypothesis, the identified crucial amino acids in the
SAS20 variant are localized in the tip of its hairpin and not on the surface side of SAS20 (see
Figure 42). Thus it is unlikely that interaction with any factor is disturbed.

Taken together, the data suggest that the strong delay in 20S pre-rRNA processing, observed
in the strain expressing SAS20, is not due to missing r-proteins or biogenesis factors, but
rather based on conformational changes in subunit structure, which in turn leads to
suboptimal processing (see also discussion in 3.2).

88



Results

2.3 Noblp interaction with precursor subunits

2.3.1 Noblp co-purified pre-SSU rRNA independent of the in vivo assembly of
some platform or head domain r-proteins

As previously mentioned, yeast Nob1p presumably harbors the endonuclease activity
converting 20S pre-rRNA into mature 18S rRNA. To directly address the association of
Nob1p after shutdown of various r-proteins of the small subunit, pre-rRNAs co-purifying with
TAP-tagged Nob1p in the corresponding pGAL-RPSX strains were analyzed (Figure 48 A-E).

The C-terminal fusion of Nob1p with the TAP-epitope obviously resulted in a phenotype itself.
Either by indirect or direct influence of the TAP-tag, final 18S rRNA maturation was slowed
down and 20S pre-RNA was heavily accumulating (Figure 48 F and G, compare always lane
1 and 5). This observation might be the reason that TAP-tagged Nob1p in the pGAL-RPS5
strain led to roughly 20% lowered doubling times (Supplemental Figure 1 A). Upon in vivo
depletion of rpS5 or rpS14 for at least 2 hours, only strongly reduced levels of 20S pre-rRNA
were detectable (Figure 48 F and G, compare 20S in lanes 1 to 4). TAP-fusion of Nob1p in
these strain delayed occurrence of the depletion phenotype by more than twice the normal
time (Figure 48 F and G, compare always 20S in lanes 2 and 6, 3 and 7, etc.).

In summary, TAP-tagged Nob1p still co-purified very efficiently 20S pre-rRNA after shutdown
of rpS2, rpS5, rpS14 and rpS20 (Figure 48 A-D). Additionally, the immunoprecipitation
efficiencies suggest that Nob1p exists only sub-stoichiometrically amounts in yeast. A high
level of 20S pre-rRNA in the input fractions did not correlate with an elevated rate of
co-precipitation. The IP ratio rather looks like Nob1p-TAP could be saturated with 20S
pre-rRNA and could only co-precipitate a certain amount of 20S pre-rRNA (Figure 48 A-D,
compare 20S levels in IP lanes).

To further characterize the interaction of Nob1p with precursor subunits after shutdown of
rpS5, Nob1p-TAP associated pre-rRNAs were purified in a yeast strain expressing HA-tagged
alleles of rpS5, rpS5-AC, rpS5-Aloop or rpS5-short-loop (Figure 48 E). As shown before,
Nob1p was able to interact with pre-SSU rRNA independent of in vivo assembly of rpS5
(Figure 48 B). Co-expression of the HA-tagged variants didn't alter this co-precipitation
pattern (Figure 48 E).

These results support the data obtained by mass spectrometry (see 2.2.4.7 and 2.2.6.4),
namely that the virtually blocked conversion of 20S pre-rRNA to mature 18S rRNA in the
rpS5-AC (and rpS5-short-loop) as well as SAS20 containing SSU precursors is not due to the
absence of the putative endonuclease Nob1p.
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Figure 48. Analysis of Nob1p-TAP interactions with SSU precursors after depletion of various
r-proteins of the small subunit

(A)-(E) Northern blot analysis of RNA co-purified with TAP-tagged Noblp. RNA was extracted from Input (In) and
immuno-purified (IP) fractions. Probes used for detection of (pre-) rRNA species are depicted right-hand. 200 mM
salt (KCl, see 5.2.7.1) was used for cell breakage, binding and washing of the immunoprecipitations. Cells were
grown overnight in YP-galactose, diluted in YP-galactose and subsequently expression of pGAL-RPSX was shut
down in YP-glucose medium for the time indicated. (A) Yeast strain ToY2065, in which RPS2 is under control of
the GAL1 promoter and Noblp is TAP-tagged. (B) Yeast strain ToY 1765, in which RPSS5 is under control of the
GALL1 promoter and Noblp is TAP-tagged. (C) Yeast strain ToY2067, in which RPS14 is under control of the
GALI promoter and Noblp is TAP-tagged. (D) Yeast strain ToY2066, in which RPS20 is under control of the
GAL1 promoter and Noblp is TAP-tagged. (E) Yeast strain ToY 1765, in which RPS5 is under control of the GAL1
promoter and Noblp is TAP-tagged was transformed either with an empty vector (YEplac181) or vectors coding for
HA-tagged full length rpS5 (ToP1162), rpS5-AC (ToP1156), rpS5-Aloop (ToP1157) or rpS5-short-loop (ToP1158)
under the control of a constitutive promoter. Cells were grown overnight in selective media containing galactose,
diluted in YP-galactose and subsequently expression of pGAL-RPSS5 was shut down for 3 hours in YP-glucose
medium. Noblp-TAP associated SSU precursors were purified from these strains as described before.
(F) and (G) Steady state (pre-) rTRNA processing analyses of pGAL-RPS5 or pGAL-RPS14 with or without
TAP-tagged NOBI1. Cells were grown overnight in YP-galactose, diluted in YP-galactose and subsequently
expression of pGAL-RPSX was shut down in YP-glucose medium for the time indicated. At each time point
1 OD(600) of cells was harvested, RNA was extracted and analyzed by Northern blotting. Probes used for detection
of (pre-) rRNA species are depicted right-hand. (F) Yeast strains pGAL-RPS5 (ToY1659) and pGAL-RPS5 +
NOBI1-TAP (ToY1765). (G) pGAL-RPS14 (ToY1658) and pGAL-RPS14 + NOB1-TAP (ToY2067).
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2.3.2 20S pre-rRNA might be stabilized through TAP-tag fusion of Nob1lp

In strains depleted for rpS5 or rpS14, a potential 20S pre-rRNA processing delay or
protection of this pre-rRNA species from degradation was already visible on steady state
rRNA analysis (Figure 48 F and G, see also 2.3.1). Several generation times after depletion
of GAL1-promoter driven rpS14 expression this effect is plainest visible, since a small
amount of 20S pre-rRNA could still be detected (Figure 48 G, lane 8).

A possible explanation for the higher ratio of newly synthesized 20S to 18S rRNA when full
length rpS5 was expressed (compare 20S to 18S ratio in Figure 49 A and B, lanes 5 to 8)
might be reduced endonucleolytic activity of TAP-tagged Nob1p. If one compares the levels
of newly made 20S pre-rRNA over time, in the strains expressing rpS5-AC with or without
TAP-tagged Nob1p, while in both no final pre-18S rRNA maturation occurred, 20S pre-rRNA
accumulated in the Nob1p-TAP strain (compare 20S levels in Figure 49 A and B, lanes 9 to
12).

It is tempting to speculate that Nob1p mediated D-site processing still occurs in all these
cases, but maybe due to misfolded rRNAs or unstable assembly of r-proteins, the immature
subunits become degraded. TAP-tag fusion of Nob1p may lead to reduced nuclease activity
and thereby to an apparent stabilization of precursor subunits (see also discussion in 3.3).
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Figure 49. Pulse-chase analysis of newly synthesized rRNA in pGAL-RPSS with or without
NOBI1-TAP

(A) and (B) The subsequently described strains were transformed with an empty vector (YEplac181) or vectors
coding for HA-tagged full length rpS5 (ToP1162) or rps5-AC (ToP1156) under the control of a constitutive
promoter. Cells were grown overnight in selective media, diluted in YP-galactose and expression of pGAL-RPS5
was shut down for 2 hours in YP-glucose medium. The cells were pulsed with 5°,6°-[*H] uracil for 5 minutes at
30°C and chased with non-marked uracil for the time indicated. Total RNA was extracted and separated by gel
electrophoresis, radio-labeled RNA was visualized by fluorography (see also 5.2.5.4). (A) Yeast strain ToY 1659
(pGAL-RPS5) was transformed with the above described HA-tagged alleles and analyzed by pulse-chase labeling.
(B) Yeast strain ToY 1765 (pGAL-RPS5 + NOB1-TAP) was transformed with the above described HA-tagged alleles
and analyzed by pulse-chase labeling.
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3 Discussion and perspective

3.1 Conservation of r-protein - rRNA interactions between
Eukarya and Archaea

Eukarya and Archaea share a large set of ribosomal proteins (see 1.2.1). 28 out of 32
r-proteins of the small subunit have homologues in the other evolutionary kingdom. Taking
advantage of this vast overlap, various archaeal r-proteins were tested in this work, whether
they are able to substitute their eukaryotic counterparts in some functions during ribosome
biogenesis. In a broad screen, ribosomal proteins of the small subunits from T. acidophilum
and S. acidocaldarius, both model organisms of Euryarcheota and Crenarchaeota,
respectively, were examined for their ability to interact with (pre-) rRNA species in
S. cerevisiae. To quite a surprise, many of the archaeal r-proteins were indeed able to
co-precipitate (pre-) rRNAs when expressed in yeast (see Supplemental Table 4).

The archaeal homologue of rpS20 from T. acidophilum (TAS20) could actually completely
substitute yeast rpS20 in vivo, accordingly expression of TAS20 in S. cerevisiae restored new
synthesis of mature 18S rRNA (see 2.2.6). In contrast, the corresponding r-protein from
S. acidocaldarius (SAS20) didn't promote 18S 3'-end maturation, yet it was stably
incorporated into nascent subunits. Variants of both archaeal r-proteins also efficiently
co-precipitated pre-18S rRNAs (see 2.2.6).

Two further examples of archaeal r-proteins, which strongly interacted with pre-40S subunits
are the homologues of rpS15 from T. acidophilum — TAS15 and S. acidocaldarius — SAS15
(see 2.2.1.2). These variants were not only efficiently incorporated into precursor subunits,
but also into mature ribosomes. At elevated temperatures the rpS15 variant from
S. acidocaldarius complemented near-complete all the essential functions of eukaryotic
rpS15 (see 2.2.1.1). A tempting explanation for this observation is that these r-proteins,
derived from thermophilic organisms, are more correctly folded at higher temperatures. Of
course it can not be ruled out that this effect is mediated by expression of any (RNA)
chaperones, or slight mis-folding is compensated due to higher flexibility of rRNA structure.
RpS15 depletion in yeast results in destabilized assembly of a subset of head domain binding
r-proteins (Ferreira-Cerca et al., 2007). Two of the most affected r-proteins, rpS3 and rpS19
were again stably incorporated into 20S pre-rRNA containing precursor subunits upon
expression of both archaeal r-proteins. In vivo assembly of the two variants apparently
structures the pre-rRNA in a way that the binding sites of the missing head domain r-proteins
are created or become accessible. Since rpS15 is localized at the subunit interface and in
very close proximity to the mRNA channel (Bulygin et al., 2002; Chandramouli et al., 2008;
Taylor et al., 2009), there is a high probability that it is also directly involved in translation.
TAS15, even more than SAS15, promoted production of a small population of newly
synthesized 18S rRNA at 37°C (see 2.2.1.3). First of all, a low level of 18S rRNA synthesis
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conclusively is sufficient to produce functional ribosomes in adequate numbers. Maybe the
de novo emergence of about 2000 ribosomes per minute in a logarithmically growing yeast
cell is not reached (Warner, 1999), but ribosome biogenesis is fast enough to allow constant
growth. Secondly, TAS15 copied the phenotype of SAS15 regarding incorporation into
(pre-) 40S subunits, rRNA processing and new synthesis of 18S rRNA, but nevertheless it
didn't support growth after shutdown of rpS15 (see 2.2.1.1). Hence SAS15 is most probably
able to overtake additional role(s) in ribosome function.

Another approach to study conserved functions of ribosomal proteins was based on
truncation of eukaryotic specific extended primary sequence parts. Deletion of the N-termini
of rpS2 (see 2.2.3.1), rpS5 (see 2.2.4.1) and rpS11 (rpS11-AN (AM1-R33)) or the C-termini of
rpSO (rpS0-AC (AA216-W252)) and rpS24 (rpS24-AC (AA103-D135)) caused no lethal
phenotypes. In some cases the truncated protein was slightly less incorporated into pre-40S
subunits or mature ribosomes (rpS11-AN and rpS24-AC, see Supplemental Figure 4) or
comprised some minor growth defects (rpS2-AN, see 2.2.3.1). Some truncated r-proteins
showed reduced resistance to anisomycin or rapamycin (see Supplemental Figure 5).
Anisomycin is a bacterial antibiotic from Streptomyces griseolus and, next to other effects,
inhibits peptidyl-transferase activity by mimicking the amino acid chain of aminoacyl tRNAs at
the A-site (Hansen et al., 2003). Rapamycin, a macrolide antibiotic from Streptomyces
hygroscopicus, inhibits TOR (target of rapamycin) kinases and by this, among others,
ribosome biogenesis (Sabatini et al., 1994; Mayer and Grummt, 2006). So very likely the
eukaryotic specific protein parts, even if they are not absolute required for growth, provide
yeast cells with some advantages under non-optimal growth conditions.

Interestingly, eukaryotic rpS2 is post-translational covalently modified by an arginine
methyltransferase (PRMT3, homologues in function to yeast Rmt1p), which blocks
ubiquitination and following degradation (Bachand et al., 2004; Lipson et al., 2010). Deletion
of some of the modification sites (see Figure 29 B, rpS2-AN or rpS2-RRAA) resulted in
appearance of a C-terminal degradation product. Covalent modifications of r-proteins
(Mangiarotti, 2002; Mazumder et al., 2003) are supposed to contribute to ribosomal pools
with varying cellular functions, as proposed by the “ribosome filter hypothesis”. This
hypothesis states that gene expression is as well regulated by mRNA-specific translation of
heterogeneous ribosomes (Mauro and Edelman, 2002). This heterogeneity can be achieved
e.g. by differences in the rRNA itself (differences in rRNA species (5.8SS or 5.8SL rRNA),
nucleotide polymorphism, base modification), modifications of r-proteins, the existence of
non-identical r-protein paralogs or ribosomal protein composition (non-essential r-proteins)
(for recent review see (Mauro and Edelman, 2007)).

On the other hand, deletion of the vast eukaryotic specific C-termini of rpS6 (rpS6-AC
(AK131-A236), see Supplemental Figure 4) and rpS17 (see 2.2.2.3) resulted in a lethal
phenotype and strong pre-rRNA processing defects. Both truncated r-proteins, however,
efficiently co-precipitated pre-18S rRNAs (see 2.2.2.3 and Supplemental Figure 4).
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Furthermore, it could be demonstrated that the C-terminus of rpS17 is specifically required
for 3'-end maturation of 18S rRNA and enhances incorporation of rpS17 into mature subunits
(see 2.2.2.2 and 2.2.2.3).

Some interesting conclusions can be drawn due to the fact that archaeal r-proteins or the
evolutionary conserved eukaryotic r-protein parts are solitary able to bind and structure
eukaryotic ribosomal RNAs: The way of folding of the 18S rRNA core structure, meaning the
part which is related to prokaryotic 16S rRNA, seems to be conserved. Apart from this, extra
sequences of 18S rRNA, the so-called expansion segments, might be structured through
binding of eukaryotic specific r-proteins. Yeast SSU precursor subunits which incorporated
archaeal ribosomes are mostly able to leave the nucleus (see also 3.3), but are not finally
matured in the cytoplasm, speaking for a very tight control of final cytoplasmic SSU
maturation (see also 3.2).

3.2 The influence of ribosomal proteins on final pre-18S rRNA
maturation

Previous work suggested that some SSU r-proteins assemble at a later stage of 40S
biogenesis in yeast (Ferreira-Cerca et al., 2005, 2007). Strikingly, depletion of one of these
r-proteins very often resulted in a 20S pre-rRNA maturation defect. This observation was an
indication that these r-proteins are required for this specific processing step, yet their exact
molecular function is still obscure. Ribosomal proteins, which are required for 20S pre-rRNA
processing are localized all over the head domain and include the two r-proteins binding in
the neck region (rpS0, rpS2) (see Figure 8). Therefore it is very unlikely that a direct contact
of one of these r-proteins regulates e.g. the enzyme activity of the nuclease mediating the
D-site cut. Furthermore, no one knows how their binding/absence is communicated and
translated to allow/block 20S pre-rRNA processing. The variants created in this work are an
ideal basis to test different hypotheses, how final pre-18S rRNA maturation might be
regulated.

The two ribosomal proteins binding in the neck region — rpS0 and rpS2 — are both needed for
D-site cut processing (Tabb-Massey et al., 2003; Ferreira-Cerca et al., 2005). As the analogy
of SSU structure already connotes, these “neck region” r-proteins might help to stabilize the
head — body orientation. And indeed mutations in the hairpin of rpS2, which interacts with
head domain rRNA, attenuated the efficiency of D-site cut processing (see 2.2.3.2).
Exchange of arginine and lysine residues to alanines most probably destroys the rpS2-rRNA
interactions, thus rendering the 20S pre-rRNA containing particles more flexible and less
defined as a substrate for processing.

Like the wobbly neck, due to mutations in the hairpin of rpS2, the consequences caused by
rpS20 depletion or expression of one of its variants, likewise need to be forwarded to the

95



Discussion and perspective

spatial distant 18S 3'-end. As already discussed, the archaeal homologue from
T. acidophilum (TAS20) could substitute rpS20 in vivo (see 2.2.6.1). SAS20, the homologue
from S. acidocaldarius could not rescue the loss of eukaryotic rpS20 (see 2.2.6.1). These two
variants therefore offered the possibility for detailed analysis of rpS20 function(s) in ribosome
biogenesis, in particular its role in 18S 3'-end maturation. Through exchange of large protein
parts among themselves, it could be demonstrated that the correct molecular structure of the
hairpin of rpS20 is required for efficient D-site cut processing (see 2.2.6.2). The amino acid
composition at the tip of this hairpin is of special interest for r-protein function. The
non-complementing variant SAS20 displays two additional positive charges at the tip (SAS20
K59 and K61). An exchange of this lysines with the corresponding residues of TAS20 and
rpS20, respectively, resulted in a partly suppressed rpS20 depletion phenotype (see 2.2.6.2,
SAS20-KKTT, SAS20-K59T, SAS20-K61T). Head domain assembly state remained largely
unaffected upon depletion of rpS20 (see 2.2.6.3). What's more, mass spectrometric analysis
of r-protein composition showed no major disturbance in precursor particles containing
SAS20 (see 2.2.6.4). The difference in functional complementation of TAS20 and SAS20 is
also not due to changed association of ribosome biogenesis factors. In both strains, 40S
precursor particles, purified via Rio2p or the FLAG-tagged variant, were well associated with
virtually all late acting biogenesis factors, including Nob1p (see 2.2.6.4). Thus most probably
rpS20 is needed for formation of the correct head domain structure, thereby influencing the
efficiency of D-site cut processing.

Tiny changes in r-protein structure, as well as of course absence of a r-protein are mirrored in
changes of (pre-) rRNA folding and might be passed over to a “SSU defectiveness sensor”.
As mentioned before, it is very unlikely that spatial distant effects (e.g. rpS20 is localized
about 50A away on the other side of the head domain in respect to the 18S 3'-end; see
Figure 42), directly influence the activity of the nuclease mediating the D-site cut. Therefore a
read-out mechanism has to exist, which senses the maturation state of pre-40S subunits and
by this allows or blocks 18S 3'-end processing. Such a potential read-out for the maturation
state of 40S precursors is the local environment around the 18S 3'-end, comprised of rpS5
and rpS14 (maybe additional other eukaryotic specific r-proteins) and several ribosome
biogenesis factors.

Depletion of the platform component rpS14 leads to a strong block of sites Ag, A1, Az
processing and nuclear accumulation of 40S precursor subunits (Moritz et al., 1990;
Jakovljevic et al., 2004; Ferreira-Cerca et al., 2005). The protein binds in close proximity to
the 18S 3'-end and amino acid substitutions of positively charged C-terminal residues
resulted in accumulation of cytoplasmic 20S pre-rRNA, apparently abrogating the early
processing defects seen upon rpS14 depletion (Jakovljevic et al., 2004). Similar mutations of
positively charged residues at the surface of rpS14 strongly delayed 20S pre-rRNA
processing (see 2.2.5). These amino acids might contribute to a stable head-body orientation
through direct contact with rpS5 or could help to position precursor rRNA sequences in a way
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to generate a suitable substrate for processing. Although rpS14 is one of the primary binders
of the 18S central domain and is required to build the platform, it is also required for D -site
cut processing. In this case physical proximity correlates directly with function in pre-rRNA
processing.

Ribosomal proteins for which this correlation might as well be true are other potential
components of the local environment around the 18S 3'-end. One of these could be rpS26,
which is predicted to bind next to rpS14 at the platform (Malygin et al., 2009). Interestingly
rpS26, as a platform binding r-protein, is not required for early pre-rRNA processing steps
and nuclear export of pre-SSUs, giving another argument for late assembly (Ferreira-Cerca
et al., 2005). A further possible constituent is rpS28, whose stable assembly with SSU
precursors depends to some extent on the presence of the C-terminus of rpS5 (see 2.2.4.6).
Site directed cross-linking of individual mRNA nucleotides in translation initiation complexes
with ribosomal proteins and rRNA suggested that both proteins bind in the neighborhood of
rpS5 and rpS14 (Pisarev et al., 2008a).

The first essential role of rpS5, the primary binder of the SSU head domain, is nucleation of
head domain folding and thereby stabilizing the incorporation of other head domain
r-proteins, which leads to efficient 20S pre-rRNA production and nuclear export competence
of pre-SSUs (Ferreira-Cerca et al., 2005, 2007). In this work, a second role for rpS5 as a
component of the local environment around the 18S 3'-end could be shown. Both, shortening
of the rpS5 hairpin (rpS5-short-loop) and its highly conserved C-terminal helix (rpS5-AC)
resulted in restoration of new synthesis of 20S pre-rRNA (see 2.2.4.2 and 2.2.4.3). While the
hairpin of rpS5 was required for stable incorporation into mature subunits (see 2.2.4.2), its
C-terminal part was negligible for stable incorporation into (pre-) 40S subunits (see 2.2.4.3).
What's more, the 20S pre-rRNA containing precursor particles were exported when
expressing the rpS5-AC or rpS5-short-loop variant, though with delayed kinetics (see
2.24.4). This delay is maybe due to destabilization of stable incorporation of certain
r-proteins into nascent SSUs when expressing the rpS5-short-loop variant, in particular the
secondary binders rpS15 and rpS16 (see 2.2.4.5). The truncation of the seven C-terminal
amino acids had only mild effects on the SSU assembly status, i.e. rpS28 was the only head
domain r-protein, whose binding remained largely destabilized (see 2.2.4.6). Taken together,
the results suggest that the globular domain of rpS5 is sufficient for incorporation into nascent
ribosomes and formation of a crude head domain assembly, as well as to allow a basal level
of nuclear export and new synthesis of 20S pre-rRNA. The C-terminus of rpS5, on the other
hand, is specifically required for processing of 20S pre-rRNA in the cytoplasm.

The question remains, which prerequisite for proceeding 18S 3'-end maturation is missing?
One possible explanation would be absence of non-ribosomal factors that are required for
this particular pre-rRNA processing step. The kinase Rio2p (Vanrobays et al., 2003), together
with other ribosome biogenesis factors, many of them required for efficient 20S pre-rRNA
processing, is part of a cytoplasmic protein complex (Merl et al.,, 2010). This complex
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includes another kinase Hrr25p (Schafer et al., 2006), the snoRNA binding protein Enp1p
(Chen et al., 2003), the rRNA interacting factors Krrip (Sasaki et al., 2000) and Tsri1p
(Gelperin et al., 2001), the methyltransferase Dim1p (Lafontaine et al., 1994, 1995) and the
non-essential protein Ltv1p (Seiser et al., 2006a; Fassio et al., 2010b). It was suggested that
this protein complex forms independently of pre-rRNA synthesis (Merl et al., 2010). Nob1p, a
PIN-domain containing nuclease (Fatica et al., 2003, 2004) and its interacting factor
Pno1p/Dim2p (Vanrobays et al., 2004) were as well associated with the Rio2p complex, but
in a pre-rRNA dependent manner (Merl et al., 2010). Purification of Rio2p-TAP associated
RNPs in yeast strains expressing different r-protein variants and comparison of their protein
contents indicated that all just mentioned biogenesis factors are more or less quantitative
associated with precursor particles containing the variant r-proteins (see 2.2.4.7 and 2.2.6.4).
FLAG-tag purifications of r-protein variants fully support these observations (see Table 11,
Table 12 and Table 15).

Biogenesis factors that are possible constituents of the local environment around the 18S
3'-end are Nob1p and its co-factor Pno1p/Dim2p. Nob1p protects rRNA sequence around the
D-site from chemical modification and is believed to be the endonuclease for D-site cut
processing (Fatica et al., 2003, 2004; Lamanna et al., 2009; Pertschy et al., 2009a). Dim1p,
whose putative bacterial orthologue KsgA crosslinks nearby with SSU rRNA (Xu et al., 2008),
is another possible component. Furthermore, the transient interaction of rpS14 and Fap7p
suggests binding of the latter one in proximity to the 18S 3'-end (Granneman et al., 2005). It
was postulated that D-site cut processing is happening concurrent with a larger
conformational change of 3'-18S rRNA and ITS1 pre-rRNA sequences, maybe mediated by
the helicase Prp43p, which in addition shows genetic interactions with Nob1p (Lebaron et al.,
2005; Pertschy et al., 2009b; Bohnsack et al., 2009).

To summarize, transient binding of all these components might protect the head-platform
interface in a chaperone-like way from non-productive interactions with abundant cytoplasmic
(translation related) factors, thereby opening a time window for final folding and assembly
events. Remarkably, also in prokaryotes, final in vivo maturation of SSUs was suggested to
depend on factor mediated assembly and/or folding events in the head-platform interface
(Sharma et al., 2005).

The interaction of Nob1p, the nuclease presumably responsible for final 18S rRNA
maturation, with nascent SSUs seems to be independent of platform or head domain
r-protein assembly state. RNA co-immunoprecipitation experiments showed that after
depletion of rpS5 or rpS14, both primary binders of their respective domain, TAP-tagged
Nob1p still very efficiently interacted with the remaining 20S pre-rRNA (see 2.3.1).
Interestingly, the co-immunoprecipitation experiments suggested that Nob1p exists in only
sub-stoichiometrically amounts and that binding could be saturated with 20S pre-rRNA (see
2.3.1). Depletion of other head domain r-proteins (see 2.3.1, rpS2 and rpS20) or expression
of rpS5 variants (see 2.3.1, E) seem not to interfere with pre-SSU binding of Nob1p. In
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agreement with this, Nob1p solely binds in vitro with certain specificity pre-rRNA model
substrates, while its endonucleolytic activity appears to be rather weak under these
conditions (Lamanna et al., 2009; Pertschy et al., 2009a).

Taken these results into account, the simple presence of the putative nuclease does not
mandatory lead to processing of pre-rRNA. The activity of the processing enzyme is in all
probabilities modulated by the correct substrate conformation, rather than by regulating the
enzyme itself. Such a mechanism was proposed for the maturation of 5S rRNA by RNase M5
(Pace et al., 1984, Stahl et al., 1984) and 23S rRNA by RNase Mini-Ill (Redko et al., 2009) in
Bacillus subtilis. Binding of the r-proteins L18 and L3, respectively, is the prerequisite for
establishment of a RNP conformation, appropriate for processing.

Most probably, a correctly formed head-platform interface, comprised of several r-proteins
(rpS5, rpS14, rpS26, rpS28) and biogenesis factors (Nob1p, Pno1p/Dim2p, Dim1p),
generates a local environment around the 18S 3'-end so that final conformational changes,
possibly mediated by the helicase Prp43p, can take place and pre-rRNA cleavage by Nob1p
is triggered. Since the formation of the head-platform interface will depend on the general
assembly and folding state of the SSU head domain, the pre-rRNA processing phenotypes
observed in many head domain assembly mutants can be explained hereby.

3.3 The role of ribosomal proteins in nuclear export and
surveillance of nascent eukaryotic ribosomes

Previous observations already proposed that a well assembled head domain is one major
prerequisite for efficient nuclear export of precursor subunits (Léger-Silvestre et al., 2004;
Ferreira-Cerca et al., 2005, 2007). In vivo depletion of rpS5, the primary binder of the head
domain, or the depletion of the secondary binder rpS15 results in a huge destabilization of
binding of other head domain r-proteins (Ferreira-Cerca et al., 2007). Strikingly, none of the
head domain r-proteins is absolutely required for early pre-rRNA cleavage events, leading to
20S pre-rRNA. New synthesis of 20S pre-rRNA is strongly delayed in strains depleted of
rpS5 and rpS16, but a small amount of residual 20S pre-rRNA is still visible after depletion of
both. On the other hand, the stable incorporation of r-proteins binding in the 5'- or central
domain is not dependent on an assembled head domain (Ferreira-Cerca et al., 2007), while
they are strictly required for generation of 20S pre-rRNA (Ferreira-Cerca et al., 2005). Yet
these analyses have not shown, whether assembly of all or only a subset of head domain
r-proteins are required for nuclear export of pre-40S subunits.

Many r-protein variants described in this work promoted the synthesis of 20S pre-rRNA.
Although it became apparent that SSU precursors, which contained this 20S pre-rRNA, often
reached the cytoplasm, they were rarely matured into final 40S subunits. These r-protein
variants offered the possibility to investigate the prerequisites for nuclear export of SSU
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precursors in more detail. Recent advances in mass spectrometric analyses and protein/RNP
purification methods allowed comparative analyses of the protein content of different
purifications. Exploiting this techniques and using RNA co-immunoprecipitation experiments
of FLAG-tagged r-proteins as a complementary method, it was possible to characterize
different pre-40S particles regarding their r-protein composition. Pre-SSUs which
incorporated the rpS5-short-loop variant were exported, though with strongly delayed kinetics
(see 2.2.4.4). In contrast, pre-SSUs which incorporated the rpS5-AC variant were very
efficiently exported (see 2.2.4.4). Comparison of RNA co-precipitation by FLAG-epitope fused
r-proteins showed that the head domain secondary binders rpS15 and rpS16 were less
stable assembled in the strain expressing rpS5-short-loop (see 2.2.4.5 and 2.2.4.6). The
destabilization of rpS3 binding might be an indirect effect, since its stable incorporation highly
depends in the in vivo assembly of rpS15 (Ferreira-Cerca et al., 2007). RpS28 assembly on
the other hands seems to be dispensable for ongoing nucleo-cytoplasmic transport of
pre-SSUs (see 2.2.4.4 and 2.2.4.6). Mass spectrometric analyses of r-proteins, co-purified
with TAP-tagged Rio2p, in the strains expressing either rpS5-AC or rpS5-short-loop were not
reflecting the differences between both variants, which were observed in the RNA
co-immunoprecipitations (see 2.2.4.7). A reason for this discrepancy could be that mature
ribosomes often unspecific co-purify in TAP-tag purifications, thus decreasing the signal to
noise ratio in the mass spectrometric analyses. In addition, it might be possible that Rio2p
containing RNPs represent only a sub-population of all SSU precursor and one is selecting
for example on export competent particles.

One interesting finding in this work was the observation that assembly of archaeal r-proteins
promoted nuclear export of pre-40S subunits in the eukaryote S. cerevisiae. TAS15 and
SAS15, both homologues of yeast rpS15 strongly interacted with 20S pre-rRNA and
apparently structure SSU precursor particles in a way to restore efficient nucleo-cytoplasmic
transport (see 2.2.1.4). It was shown that the stable incorporation of rpS3 and rpS19 into
pre-SSUs was severely weakened upon in vivo depletion of rpS15 (Ferreira-Cerca et al.,
2007). Expression of both archaeal variants restored stable assembly of these two most
affected r-proteins, so most probably other head domain r-proteins can assemble as well
(see 2.2.1.5). It is very unlikely that archaeal r-proteins can communicate directly with any
parts of the eukaryotic import or export machinery. Therefore, upon re-establishment of head
domain r-protein assembly status, potential contact sites for the export machinery, apart from
the archaeal r-protein itself, emerge. Alternatively, the archaeal r-protein contributes to spatial
organization of other r-proteins in a way that the hydrophilic rRNA core is shielded from the
hydrophobic nuclear pore complex regions. In any case, the properties of the prokaryotic
r-proteins are sufficient to promote nuclear export of pre-40S particles and no evolutionary
gained functions of eukaryotic r-proteins are needed.

The endosymbiotic theory states that an eubacterial and an archaebacterial cell merged and
the archaeal cell became the nucleus, gathering the advantage of motility through the
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eubacterial cell (Mereschkowsky, 1905; Sagan, 1967). In this line of argumentation,
ribosomes from the archaeal cell are the ancestors of the eukaryotic ones. It is not clear,
which mechanism, until evolution of the nuclear pore complex, was responsible for nuclear
export, in particular of ribosomal subunits. It has been speculated that a set of membrane
associated export adapters, the so-called mREFs (membraneous ribosome export factors)
facilitated export through pores in the nuclear membrane during the first steps of eukaryotic
evolution (Martin and Koonin, 2006; Ohyanagi et al., 2008a, 2008b). Another possibility is
that a form of exocytosis could have been responsible for
nucleo-cytoplasmic/archeal-eubacterial transport. To be able to regulate ribosome biogenesis
independently from other processes and gain the ability of further quality control
mechanisms, maybe also prevent unproductive translation in the nucleus, it might have been
useful to evolve eukaryotic specific additional pre-subunit maturation events. Pre-40S
subunits are finally matured in the cytoplasm (among others (Rouquette et al., 2005; Ferreira-
Cerca et al., 2005)) and there is a large amount of evidence that also the large subunit
undergoes final maturation not till reaching the cytoplasm (among others (Kemmler et al.,
2009; Thomson and Tollervey, 2010; Panse and Johnson, 2010)). Not all of the enzymes
required for these maturation events are conserved between Prokarya and Eukarya, hence
this might be the reason that archaeal r-proteins promote nuclear export, but don't allow
cytoplasmic pre-18S rRNA processing.

Nuclear export competence of pre-SSUs is therefore most likely a consequence of a certain
head domain r-protein assembly status. Depletion of many ribosome biogenesis factors and
r-proteins leads to nuclear retention of pre-ribosomal particles and subsequent degradation
(see 1.4.6). By this, sensing nuclear export competence of precursor ribosomes is one critical
quality control step in ribosome biogenesis.

A further quality control step, if misassembled pre-ribosomes escape nuclear degradation
and reach the cytoplasm, e.g. in case of some head domain r-protein mutants, is the tight
surveillance of cytoplasmic rRNA maturation events. In this work, the high significance of the
head-platform interface in final 18S rRNA maturation was shown (see 3.2). In addition to its
apparent importance in eukaryotic pre-rRNA processing, the head-platform interface is crucial
for ribosome function. The translation initiation factors elF1A, elF1, elF2A, elF3 and elF4G
are thought to bind here (Lomakin et al., 2003; Siridechadilok et al., 2005; Pisarev et al.,
2006; Passmore et al., 2007; Yu et al., 2009), rpS5 and rpS14 seem to contribute to the
MRNA channel (Pisarev et al., 2008a) and rpS5 is one of the key players in IRES (internal
ribosome entry site) dependent translation initiation (Fukushi et al., 2001; Laletina et al.,
2006). The prokaryotic homologue of rpS5, S7 is a functional component of the E-site and
crosslinks to mRNAs and tRNAs (Dontsova et al., 1991; Doéring et al., 1994; Fargo et al.,
2001; Kurkcuoglu et al., 2008b). Accordingly, overexpression of C-terminal mutant alleles of
the prokaryotic homologues of rpS5 and rpS14, S7 respectively S11, leads to perturbed
ribosome function in E. coli (Robert et al., 2003).
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The accurate conformation of the head-platform interface, which mirrors the actual assembly
and folding state of nascent SSUs, seems to be crucial for efficient removal of ITS1 pre-rRNA
sequences and recycling of any late biogenesis factors (see 3.2). This removal in turn
strongly correlates with, or might even improve the capability of pre-SSUs to enter a
productive translation cycle. By this mechanism improperly assembled/folded pre-SSUs are
excluded from the translation process, hence the accuracy and fidelity of translation remain
unimpaired and energy waste through non-productive translation factor interactions is
avoided. In support to this, 20S pre-rRNA is virtually excluded from 80S and polysomal
fractions in logarithmically growing yeast cells (see 2.2.4.8 and among others (Udem and
Warner, 1973; Trapman and Planta, 1976)). In several mutants, which are defective in 20S
pre-rRNA processing, the amount of mature 40S subunits strongly decreases, while the pool
of 60S and translation factors increases (see for example Figure 37 vector). Under these
conditions substantial portions of immature, 20S pre-rRNA containing SSUs seem to
associate with initiation factors, 60S subunits and mRNA (see 2.2.4.8 and (Soudet et al.,
2010)).

Two examples of variant r-proteins, whose expression leads to great amounts of 20S
pre-rRNA accumulating in the cytoplasm, are the archaeal homologue of rpS20 — SAS20
(see 2.2.6.1) and the rpS5 variant — rpS5-AC (see 2.2.4.3). Furthermore, an enzymatic
impaired Nob1p variant led to an apparent stabilization of 20S pre-rRNA (see 2.3.2). If
pre-18S rRNA containing subunits are indeed able to form translation initiation complexes, it
is possible that Nob1p mediated cleavage occurs after mRNA binding and probably even
after subunit joining. In wildtype situation these matured 40S subunits are fully functional and
can go on with elongation. In non-wildtype conditions, especially when pre-SSUs are only
very subtle altered (see 2.2.4.3, 2.2.6.1 and 2.3.2), Nob1p might nevertheless cut, but the
originating 18S containing 40S subunits are defective in switching to elongation mode and
become degraded by pathways, which detect malfunctioning ribosomes (Cole et al., 2009;
Lafontaine, 2010).

In conclusion, cytoplasmic processing of pre-18S rRNA may not be strictly required for
nascent SSUs to engage in translation initiation, but it correlates clearly with full translation
competence of newly synthesized SSUs. In wildtype like states, not yet fully assembled or
folded SSUs are largely excluded from the translation process due to numeric and kinetic
disadvantages in translation initiation when competing with fully matured free 40S subunits.
Defective subunits escaping nuclear degradation pathways (for recent reviews see (Houseley
and Tollervey, 2009; Lafontaine, 2010)) might eventually succeed to engage in translation,
but will then be eliminated by backup pathways detecting abnormal, stalled ribosomal
complexes (Cole et al., 2009; Soudet et al., 2010).

102



Summary — Zusammenfassung

4 Summary - Zusammenfassung

Summary

Single ribosomal proteins are required for specific steps in eukaryotic ribosome biogenesis.
Consequently, depletion of a certain r-protein leads to a block or delay in pre-rRNA
maturation and/or transport of precursor subunits. However, the exact molecular functions of
the r-proteins in these processes are still obscure. To accurately investigate the molecular
functions and to determine possible multiple roles, variant r-proteins with partial functionality
were created and their impact on ribosome biogenesis was analyzed.

One set of variant r-proteins was created based on the conservation of r-proteins between
the evolutionary kingdoms. In this approach, archaeal r-proteins were expressed in yeast and
assayed for conserved functions. The functional characterization of archaeal ribosomal
proteins showed the ability of many of them to assemble in vivo into eukaryotic
pre-ribosomes. This suggests that r-protein — rRNA interactions are widely conserved
between Archaea and Eukarya. Interestingly, incorporation of two archaeal r-proteins into
nascent ribosomal subunits promoted their subsequent nuclear export. Apparently, the role of
the homologous eukaryotic r-protein in nucleo-cytoplasmic transport is based on evolutionary
conserved features and not due to a gain of function in the course of evolution.

In an alternative approach, variant r-proteins were created based on current atomic structure
models of eukaryotic small subunits, possibly giving insights into structure-function
correlation of certain r-proteins. Thorough analysis of rpS5, the primary binder of the head
domain revealed a dual role in ribosome biogenesis: A first one in the global organization of
the SSU head domain. And a second one in establishment of a highly defined spatial
arrangement in the head-platform interface of nascent SSUs that is required for efficient
processing of the 18S rRNA 3'-end. This interface most probably senses the overall
maturation/assembly state of the head domain of pre-SSUs. Thereby, many phenotypes
caused by depletion of other head domain r-proteins can be explained.

Furthermore, functional characterization of several variants of rpS2, rpS14 and rpS20
indicated that final cytoplasmic 3'-end processing of eukaryotic 18S rRNA not only depends
on a certain protein composition of small ribosomal subunit precursors, but also on their
exact conformational state. RNA co-immunoprecipitation experiments and mass
spectrometric analyses showed that the sole assembly of the putative nuclease, mediating
the final maturation step of SSU precursors, is not sufficient to trigger removal of pre-rRNA
sequences. The occurrence of this processing step is therefore consequence of a highly
defined assembly and folding state of nascent small ribosomal subunits and might directly
correlate with their capability to function in translation.
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Zusammenfassung

Einzelne ribosomale Proteine werden fur spezifische Schritte in der Ribosomen Biogenese
von Eukaryonten bendtigt. Demzufolge flhrt das Fehlen eines bestimmten ribosomalen
Proteins zur Verzogerung bzw. Verhinderung von Vorlaufer rRNA Reifungschritten und/oder
dem Transport von Vorlaufer Partikeln. Bis jetzt sind die genauen molekularen Funktionen
der ribosomalen Proteine jedoch noch gréfdtenteils unbekannt. Um diese genauer zu
untersuchen und eventuelle, zusatzliche Funktionen aufzudecken, wurden veranderte
ribosomale Proteine mit nur partieller Funktion hergestellt und der daraus resultierende
Einfluss auf die Ribosomen Biogenese untersucht.

Ein Satz von veranderten ribosomalen Proteinen wurde basierend auf der Konservierung
einiger ribosomaler Proteine in den evolutionaren Konigreichen hergestellt. Hierzu wurden
die archaeellen ribosomalen Proteine in S. cerevisiae exprimiert und auf konservierte
Funktionen hin untersucht. Durch funktionelle Charakterisierung von archaeellen ribosomalen
Proteinen konnte gezeigt werden, dass diese in vivo in Vorlaufer Ribosomen eingebaut
werden. Dies deutet darauf hin, dass die grundlegenden Interaktionen von ribosomalen
Proteinen und ribosomaler RNA weitgehend konserviert sind. Interessanterweise war dieser
Einbau in zwei Fallen ausreichend, um den Kernexport von Vorlaufer Ribosomen zu
unterstitzen. Offensichtlich ist die Funktion des entsprechenden eukaryontischen
ribosomalen Proteins im Kernexport auf evolutionar konservierte Merkmale zurtickzuflhren
und nicht auf erworbene Fahigkeiten im Laufe der Evolution.

In einem parallelen Ansatz wurden Varianten ribosomaler Proteine basierend auf aktuellen
Strukturmodellen erstellt. Dies sollte Hinweise auf Struktur-Funktion Korrelation bestimmter
ribosomaler Protein geben. Detaillierte Analyse von rpS5, dem primaren Binder der
Kopfdomane, zeigte eine doppelte Rolle dieses Proteins in der Ribosomen Biogenese: Zum
einen, in der generellen Organisation der Kopfdomane der kleinen Untereinheit. Zum
anderen, in der Etablierung einer hochgradig definierten raumlichen Anordnung des
Kopfdomanen-Plattform Bereichs, der fir den effizienten Ablauf des letzten Reifungsschritts
der 18S rRNA bendtigt wird. Veranderungen im Reifungs-, oder Assemblierungszustand der
Kopfdomane von Vorlaufer Untereinheiten konnten folglich zu einer Stérung der Anordnung
dieses Bereichs fuhren. Durch diesen Mechanismus lassen sich viele der Phanotypen
erklaren, die durch Fehlen eines ribosomalen Proteins der Kopfdoméane entstehen.

Weiterhin gab die funktionelle Charakterisierung von Varianten der ribosomalen Proteine
rpS2, rpS14, und rpS20 Hinweise darauf, dass die endgultige Reifung der 18S rRNA im
Zytoplasma nicht nur von einer bestimmten Protein Zusammensetzung, sondern auch von
der exakten dreidimensionalen Form der Vorlaufer Ribosomen abhangt. RNA
Ko-Immunprazipitationen und Analysen durch Massenspektrometrie zeigten, dass die
Anwesenheit der mutmallichen Nuklease, die den letzten Reifungsschritt in der Biogenese
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der kleinen Untereinheit katalysiert, alleine nicht ausreichend ist, um den Reifungsschritt
ablaufen zu lassen. Das Ablaufen dieses letzten Reifungsschrittes ist daher Konsequenz
eines im hohen Malde definierten Assemblierungs- und Faltungszustands der Vorlaufer
Partikel. Zusatzlich konnte diese Reifung die Grundlage der vollen Funktionalitat von kleinen
ribosomalen Untereinheiten in der Translation sein.
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5 Materials & Methods

5.1 Materials

5.1.1 Escherichia coli strains

Name Genotype Origin
endAl gyrA96(nalR) thi-1 recAl relAl lac ginV44 F'[ ::Tnl0 proAB+ lacll

XL1-Blue -4 Stratagene
A(lacZ)M15] hsdR1 7(rK my )
F endAl ginV44 thi-1 recAl relAl gyrA96 deoR nupG ®80dlacZAMIS5

DH5a Grant et al., 1990

A(lacZYA-argF)U169, hsdR17(r my ), i

5.1.2 Saccharomyces cerevisiae strains

all strains are haploid

ToY Name

Genotype

Plasmids

Origin

85  RPS15-shuffle

89  pGal-RPSI15

186 RPS2-shuffle

193 RPS20-shuffle

198 RPS5-shuffle

206 BY4741
207 BY4742

256 pGAL-RPSO

257 pGAL-RPS1

258 pGAL-RPS6

259 pGAL-RPS9

260 pGAL-RPS10

261 pGAL-RPS13

262 pGAL-RPS20

263 pGAL-RPS30

286 pGAL-RPS2

106

his3-1,leu2-0,ura3-0,YOL040c::kanM X4
his3-1,leu2-0,ura3-0,YOLO040c::kanM X4
his3-1,leu2-0,ura3-0,met15-0,lys2-0,
YGL123w::kanMX4

his3-1,leu2-0,ura3-0,met15-0,
LYS2,YHLO15w::kanMX4

his3-1,leu2-0,ura3-0,lys2-0,
YJR123w::kanMX4

his3-1,leu2-0,met15-0,ura3-0
his3-1,leu2-0,lys2-0,ura3-0

his3-1,leu2-0,lys2-0,met15-0,ura3-0,
YLRO048w::kanMX4,YGR214w::HIS3

his3-1,leu2-0,met15-0,LY S2,ura3-0,
YML063w::kanMX4,YLR441c::HIS3

his3-1,leu2-0,lys2-0,met15-0,ura3-0,
YBR181c::kanMX4,YPL090c::HIS3

his3-1,leu2-0,lys2-0,met15-0,ura3-0,
YBR189w::kanMX4,YPLO81w::HIS3

his3-1,leu2-0,lys2-0,met15-0,ura3-0,
YMR230w::kanMX4,YOR293w::HIS3

his3-1,leu2-0,ura3-0,
MET15,LYS2,YDR064w::kanM X4

his3-1,leu2-0,met15-0,ura3-0,
LYS2,YHLO15w::kanMX4

his3-1,leu2-0, MET15,LYS2,ura3-0,
YOR182c::kanMX4,YLR287¢c-a::HIS3

his3-1,leu2-0,ura3-0,met15-0,lys2-0,
YGL123w::kanMX4

pFL38-pGalRPS15

pFL36-pGalRPS15

YCplac33-RPS2

YCplac33-RPS20

YCplac33-RPS5

YCplac111pGAL-RPS
0B

YCplac111pGAL-RPS
1A

YCplac111-pGALRPS
6A

YCplac111-pGALRPS
9A

YCplac111-pGALRPS
10A

YCplac111-pGALRPS
13

YCplac111-pGALRPS
20

YCplac111-pGALRPS
30B

YCplacl111-pGAL-RP
S2

Toulouse

Ferreira-Cerca
et.al., 2005

Ferreira-Cerca
et.al., 2005

Ferreira-Cerca
et.al., 2005

Ferreira-Cerca
et.al., 2005

Euroscarf
Euroscarf

Ferreira-Cerca
et.al., 2005

Ferreira-Cerca
et.al., 2005
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ToY Name Genotype Plasmids Origin
his3-1,leu2-0,LYS2,met15-0,ura3-0, YCplac111-pGAL-RP Ferreira-Cerca
288 pGAL-RPS23 YPR132w::kanMX4,YGR118w::HIS3 ~ S23A et.al., 2005
his3-1,leu2-0,met15-0,LYS2,ura3-0, YCplac111-pGAL-RP Ferreira-Cerca
318 pGAL-RPSI6 YDLO83c: kanMX4, YMR143w::HIS3  S16A et.al., 2005
his3-1,leu2-0,ura3-0,lys2-0, YCplac111-pGAL-RP Ferreira-Cerca
323 pGAL-RPSS YIR123w: kanMX4 S5 et.al., 2005
his3-1,leu2-0,lys2-0,met15-0,ura3-0, YCplac111-pGAL-RP Ferreira-Cerca
325 pGAL-RPSI YBRO48w: kanMX4,YDRO25w::HIS3  S1IA et.al., 2005
his31,leu20,ura3-0, YCplac111-pGAL-RP Ferreira-Cerca
326 pGAL-RPS27 YHRO21c::kanMX4,YKL156w::HIS3 S27B et.al., 2005
327 pGAL-RPS3 his3-1, leu2-0, ura3-0, YNL178w:-kanMx4 . Placlll-pGAL-RP - Ferreira-Cerca
S3 et.al., 2005
his3-1,leu2-0,ura3-0,MET15,lys2-0, YCplac111-pGAL-RP Ferreira-Cerca
336 pGAL-RPS3I YLR167w::kanMX4 s31 et.al., 2005
his3-1,leu2-0,ura3-0,
364 pGAL-RPS17 YDR447C::kanMX,Y MLO24W::kanMX pFL38-pGAL-RPS17 Toulouse
his3-1,leu2-0,ura3-0, YCplac111-pGAL-RP Ferreira-Cerca
365 pGAL-RPS24 YIL069¢: :kanMX4,YERO74w::HIS3 S24 et.al., 2005
his3-1,leu2-0,met15-0,lys2-0,ura3-0, Ferreira-Cerca
396 RPSl4-shuffle YCRO31c::HIS3Mx6,YIL191w: kanMX4 ¥ CPIac33-RPSI4A o1 5005
his3-1,leu2-0,met15-0,lys2-0,ura3-0, YCplac111-pGAL-RP Ferreira-Cerca
399 pGAL-RPSI4 YCRO31¢::HIS3Mx6,YJL191w::kanMX4 ~ S14A et.al., 2005
his3-1,leu2-0,ura3-0, YCplac111-pGAL-RP ToY364,
566 pGAL-RPSI7 YDR447C: kanMX,YMLO24W::kanMX  S17A this study
ura3-0,leu2-0,his3-1, YCplac111-pGAL-RP ToY343,
367 pGAL-RPSIO YOL121c::kanMX4,YNL302c::kanM X4 S19A this study
595 pRPS28-FLAG-TAS2  his3-1,leu2-0,ura3-0,met15-0, YEplac195-pRPS28-F ToY262,
0 YHLO15w::kanMX4 LAG-TAS20 this study
his3-1,leu2-0,ura3-0,met15-0, YCplac22-pGAL-RPS ToY193,
845 pGAL-RPS20 (TRP) LYS2,YHLO15w::kanMX4 20 this study
his3-1,leu2-0,ura3-0,met15-0, YCplac111-pGAL-RP ToY193,
1198 pGAL-RPS20_new  1vq) Y HLOTSw:kanMX4 S20 new this study
1217 pGAL-RPS15 (TRP)  his3-1,leu2-0,ura3-0,YOL040c::kanMX4  YCplac22-RPS15 ;{ﬁzsti’dy
pGAL-RPS15 (TRP)  his3-1,leu2-0,ura3-0, E ToY1217,
1420° Tor1-3Mye YOL040c::kanMX4.TSR1::Myc-HIS3 L CPIac22-RPSIS i dy
pGAL-RPS15 (TRP)  his3-1,leu2-0,ura3-0, E ToY1217,
1422 Noc4-HA3 YOL040c::kanMX4.NOC4::HA3-HIS3 L CPIac22-RPSIS i udy
his3-1,leu2-0,ura3-0, YCplac22-pGAL-RPS ToY364,
1497 pGAL-RPSI7 (TRP) YDR447C::kanMX,YML024W::kanMX 17 this study
his3-1,leu2-0,lys2-0,met15-0,ura3-0, YEplac195-pRPS28-F ToY256,
1498 pRPS28-FLAG-RPSO  §y p nagyy- :kanMX4,YGR214w::HIS3 LAG-RPSO this study
1499 pRPS28-FLAG-RPSO  his3-1,leu2-0,lys2-0,met15-0,ura3-0, YEplac195-pRPS28-F ToY256,
deltaC YLR048w::kanMX4,YGR214w::HIS3 LAG-RPSOdeltaC this study
his3-1,leu2-0,ura3-0,met15-0,lys2-0, YEplac195-pRPS28-F ToY286,
1500 pRPS28-FLAG-RPS2 YGL123w::kanMX4 LAG-RPS2 this study
1501 pRPS28-FLAG-RPS2  his3-1,leu2-0,ura3-0,met15-0,lys2-0, YEplac195-pRPS28-F ToY286,
deltaN YGL123w::kanMX4 LAG-RPS2deltaN this study
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ToY Name Genotype Plasmids Origin
his3-1,leu2-0,ura3-0,lys2-0, YEplac195-pRPS28-F ToY323,

1502 pRPS28-FLAG-RPSS  y 12 1934 :kanMX4 LAG-RPS5 this study

1503 pRPS28-FLAG-RPS5  his3-1,leu2-0,ura3-0,lys2-0, YEplac195-pRPS28-F ToY323,

deltaN YJR123w::kanMX4 LAG-RPS5deltaN this study
his3-1,leu2-0,lys2-0,met15-0,ura3-0, YEplac195-pRPS28-F ToY325,

1504 pRPS28-FLAG-RPSII YBR048w::kanMX4,YDR025w::HIS3 LAG-RPS11 this study

1505 pRPS28-FLAG-RPS11 his3-1,leu2-0,lys2-0,met15-0,ura3-0, YEplac195-pRPS28-F ToY325,

deltaN YBRO048w::kanMX4,YDR025w::HIS3 LAG-RPS11deltaN this study

1506 pRPS28-FLAG-RPS2  his3-1,leu2-0,ura3-0, YEplac195-pRPS28-F ToY365,

4 YIL069c::kanMX4,YERO74w::HIS3 LAG-RPS24 this study
1507 pRPS28-FLAG-RPS2  his3-1,leu2-0,ura3-0, YEplac195-pRPS28-F ToY365,
4deltaC YIL069c::kanMX4,YERO74w::HIS3 LAG-RPS24deltaC this study
his3-1,leu2-0,ura3-0,met15-0,lys2-0, YCplac22-pGAL-RPS ToY 186,

1657 pGAL-RPS2 (TRP) YGL123w::kanMX4 2 this study
his3-1,leu2-0,met15-0,lys2-0,ura3-0, YCplac22-pGAL-RPS ToY396,

1658 pGAL-RPS14 (TRP) YCRO31c::HIS3Mx6,YJL191w::kanMX4  14A this study
his3-1,leu2-0,ura3-0,lys2-0, YCplac22-pGAL-RPS ToY198,

1659 pGAL-RPS5 (TRP) YJR123w::kanMX4 5 this study
his3-1,leu2-0,ura3-0,lys2-0,

1739 lﬁ?gz%}lg,ss (TRP) " yJR123w:-kanMX4, YNL207W-TAP ECplaczz'pGAL'RPS ;{ﬁ:sltiff’
(URA3-KL) y
his3-1,leu2-0,ura3-0,lys2-0,

1740 Eﬁ‘;ﬂfs S(TRP)  yyR123w:kanMX4,YBR247C-TAP szlaczz'pGAL'RP S tTh‘gslfff’
(URA3-KL) uay
his3-1,leu2-0,ura3-0,met15-0,

1741 POSLRESZO(IRE)  1yS) YHLOISw:kanMX4, YNL20TW-TA ) PRCZZPOALRPS Tovsis,
P (URA3-KL) uly
his3-1,leu2-0,ura3-0,met15-0,lys2-0,

1742 Iﬁ?&b&isz (TRP) " ¥GL123w::kanMX4,YNL207W-TAP ;{Cplaczz'pGAL'RP S Eﬁ:slff;’

. (URA3-KL) udy
his3-1,leu2-0,ura3-0,lys2-0,

1765 %%%Ll'_gis (TRP) " §JR123w:-kanMX4,YOR056C-TAP ;{Cplaczz'pGAL'RPS ;‘gsltiff’
(URA3-KL) Y
his3-1,leu2-0,ura3-0,met15-0,lys2-0,

2065 %%‘%%‘_%iiz (TRP) " ¥ GL123w::kanMX4,YOR0S6C-TAP ;{Cpla"zz'pGAL'RPS t{ﬁ::ﬁ?
(URA3-KL) Y
his3-1,leu2-0,ura3-0,met15-0,

2066 %%ABLI'_I;SZO (TRP) 1 v$2 YHLO15w::kanMX4,YOR056C-TAP ;(()Cpla"zz'pGAL'RPS Eﬁzsgtﬁ
(URA3-KL) Y
his3-1,leu2-0,met15-0,lys2-0,ura3-0

pGAL-RPS14 (TRP) , Cush : Uras-, YCplac22-pGAL-RPS ToY1658,
2067 NOBI-TAP YCRO31c::HIS3Mx6,YJL191w::kanM X4, 14A this study

YORO56C-TAP (URA3-KL)
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5.1.3 Oligonucleotides

5.1.3.1 Oligonucleotides used for cloning

ToO Name Gene Sequence
700 TASO-BamHI-Start TASO TTTTTTGGATCCATGGATGAAGAGATGCTAATT
701 TASO-Stop-Pstl TASO TTTTTTCTGCAGTTAAATCTGGGCCTCGAAATC
702 TASI1-BamHI-Start-f TASI1 TTTTTTGGATCCATGGCTGGCGAAAAAGCACAG
703 TASI-Stop-Pstl-r TASI TTTTTTCTGCAGTCAGTTCTGGGCTATTGCCTC
704 TAS2-Stop-Pstl-r TAS2 TTTTTTGGATCCATGAGTGAAGAATGGGTTCCA
705 TAS2-BamHI-Start-f TAS2 TTTTTTCTGCAGCTAATCCTTATGACCGCTAAC
706 TAS3-Stop-Pstl-r TAS3 TTTTTTGGATCCATGAAGGAGAGAAAGTTCATT
707 TAS3-BamHI-Start-f TAS3 TTTTTTCTGCAGTTAAGATTCTTCAGCGTTTCC
708 TASS-Stop-HindIII-r TASS5 TTTTTTGGATCCATGCTATTCAACAAATACGAT
709 TASS5-BamHI-Start-f TASS TTTTTTAAGCTTTTACCTTGCGGACTGTGCAAC
742 TAS31-Frame-Pstl-r TAS31 TTTTTTCTGCAGTGATTTACTTTTCTTTGCCTT
743 TAS31-BamHI-Start-f TAS31 TTTTTTGGATCCATGCAGAAGAGAGAACTTTAT
744 TAS27-Stop-Pstl-r TAS27 TTTTTTCTGCAGTCATAGTACCTCTACTACCTC
745 TAS27-BamHI-Start-f TAS27 TTTTTTGGATCCATGGCGGATGTTAAATTCGTA
746 TAS24-Frame-Pstl-r TAS24 TTTTTTCTGCAGTTTTGCCTCTTTCTGCTTCAA
747 TAS24-BamHI-ATGVal-f TAS24 TTTTTTGGATCCATGGTGGATCTGATAATCAAGGAA
748 TAS20-Xbal-Start-f TAS20 TTTTTTTCTAGAATGGTCTCCTATAAGGCAAGG
749 TAS20-Stop-Pstl-r TAS20 TTTTTTCTGCAGTTAACTTTTGATCTGTATCTC
750 TASI19-Stop-Pstl-r TAS19 TTTTTTCTGCAGTCAGATGAATTTCTGGAACGC
751 TAS19-BamHI-Start-f TAS19 TTTTTTGGATCCATGGTTAGTGTCAAATACGTT
752 TAS17-Stop-Pstl-r TAS17 TTTTTTCTGCAGTCAGTTGAGAGAATTCTCCTC
753 TAS17-BamHI-Start-f TAS17 TTTTTTGGATCCATGGGAAGTATCAGACCATTC
754 TAS16-Stop-Pstl-r TAS16 TTTTTTCTGCAGTCACCTGTAGGACTTCTGCTT
755 TAS16-BamHI-Val-f TAS16 TTTTTTGGATCCGTGATAACTACCGGTAAGAGA
756 TAS15-Stop-Pstl-r TAS15 TTTTTTCTGCAGTCACTTCAGCGGCATGAACTT
757 TASI15-BamHI-Start-f TAS15 TTTTTTGGATCCATGGTCGTTAATAAGCAGGGT
758 TASI14-Stop-Pstl-r TAS14 TTTTTTCTGCAGTCAGACCCTTCTCCCTCTCTT
759 TASI14-BamHI-Val-f TAS14 TTTTTTGGATCCGTGAGACAGATGAATAAGACT
760 TAS13-Stop-Pstl-r TAS13 TTTTTTCTGCAGTCATCTCAGAACCTTACTTAG
761 TASI13-BamHI-Start-f TAS13 TTTTTTGGATCCATGGCACGAATGCACACAAGA
762 TASI11-Stop-Pstl-r TAS11 TTTTTTCTGCAGTCATTGATTCACCTTTTCAAC
763 TASI11-BamHI-Start-f TASI11 TTTTTTGGATCCATGTATACGCGTAATATTGGA
764 TAS9-BamHI-Start-f TAS9 TTTTTTGGATCCATGGGAGATCCTAAATTTCAT
765 TASS-Stop-Pstl-r TASS8 TTTTTTCTGCAGTTACTTCAGCAGCTTTGCGTT
766 TASS8-BamHI-Start-f TAS8 TTTTTTGGATCCATGACGATATTTCAGGGTAAA
767 TAS6-BamHI-Start-f TAS6 TTTTTTGGATCCATGGCTAATTCATTGGCAATC
768 TAS6-Flag-HindIII-r TAS6 TTTTTTAAGCTTTTACTTATCGTCGTCATCCTTGTAATCCATAGCTTGC

TGATCATCTTTCTT
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ToO Name Gene Sequence
769 TAS9-Flag-HindIll-r TAS9 EEE"EFE”FAAC/\C%(ZTTCE??CTTATCGTCGTCATCCTTGTAATCCATTTCATCT
848 rpsO_deltaC Pstl RPSO TTACTGCAGTTAGATGGACCATGGTTGA
849 1ps2 deltaN BamHI RPS2 TAAGGATCCATGGAAGAAAAGGGATGGG
850 rpsll deltaN BamHI RPS11 TAAGGATCCATGTGGTACAAGAATGCCG
851 rpsll rev Pstl RPS11 CGCCTGCAGAAGATTCATGACTTTAAA
852 1psl7 _deltaC Pstl RPS17 TTACTGCAGTTATTGCAATTTGAAAGAG
854 rps20_rev Pstl RPS20 GCGCTGCAGGTAAATATGAATAGAA
855 rpsl6_rev Pstl RPS16 GCGCTGCAGAAGTTGAATCGGTTTA
856 TASI17 SOE revers RPS17 TCTCTTTCTTCTTCGTTGAGAGAATTCT
857 TAS17 SOE forward RPS17 AGAATTCTCTCAACGAAGAAGAAAGAGA
858 TASI17+RPS17CTerm_rev_Pstl RPS17 GCGCTGCAGTTAAACTCTCTTTCTGTA
859 K349 PCR Mut for AATGGATTACAAGGATGACGACGATAAGGGTACCGGATCC
860 K349 PCR Mut rev CAGCTATGACCATGATTACGCCAAGCTTGCATGCCTGCAG
871 RPS20 GALF RPS20 CGCCGCGGATCCATGTCTGACTTTCAAAAG
902 RPS5deIN for BamHI RPS5 CGCGGATCCTTGTTCAACAAATGGTC
903 RPS5 rev Pstl RPS5 GCGCTGCAGGTAGAGTGACTTAGAAA
904 RPS6delC rev Pstl RPS6 GCGCTGCAGTGGAACAGTAGTGTCAG
905 RPS24delC rev_Pstl RPS24 GCGCTGCAGCTTTTCAACCTTTTCAGCC
932 SOE TAS6_for RPS6 AAAGATGATCAGCAAGCTAAGAGATTGGGTCCAAAG
933 SOE TAS6 rev RPS6 CTTTGGACCCAATCTCTTAGCTTGCTGATCATCTTT
934 SOE RPS6CT FLAG rev HindIll RPS6 igiﬁg({i({i’glgTACTTATCGTCGTCATCCTTGTAATCCATAGCCTTCAA
1003 RPS6delC+5 rev Pstl RPS6 GCGCTGCAGTGGACCCAATCTCTT
1004 SAS3 for BamHI RPS3 CGCGGATCCATGGTTCTTATAAAG
1005 SAS3 rev Pstl RPS3 GCGCTGCAGTCAACTTCCAGAGGC
1006 SASS for BamHI RPS5 CGCGGATCCATGGTTGAGAATATT
1007 SASS rev_ Pstl RPS5 GCGCTGCAGTTACCTAGAGCTTAA
1008 SAS20 for BamHI RPS20 CGCGGATCCATGCCTACTAAAGCC
1009 SAS20 rev_Pstl RPS20 GCGCTGCAGTCAAATTAGCTCAAT
1010 SAS26 for Bglll RPS26 CGCAGATCTATGTTGCCAAAGAAG
1011 SAS26 rev_ Pstl RPS26 GCGCTGCAGATACAATTTGGCTTT
1012 SAS27 for BamHI RPS27 CGCGGATCCATGAAGGCAAAGTTT
1013 SAS27 rev Pstl RPS27 GCGCTGCAGTTAACCTAGTATTCT
1014 SAS30 for BamHI RPS30 CGCGGATCCATGCCTTCGCACGGT
1015 SAS30 rev_ Pstl RPS30 GCGCTGCAGCCTTGCCACTGCTCT
1037 SOE20 1 for E‘gggg ACAGAGTGGTTGACTTCGTGGTTAATCA
1038 SOE20 1 rev SAS20- 4 ATTAACCACGAAGTCAACCACTCTGT
- RPS20
1039 SOE20_2_N-Term-rev boa) GCGCCATGGGGACTCTTCCTGACAG
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1069 SOE20 2 for E?g;g TCAGGAAGAGTCCTCATGGTGAGGGAAA

1070 SOE20 2 rev ;‘;‘S;g TTTCCCTCACCATGAGGACTCTTCCTGA

1071 RPS3-S6A for BamHI RPS3 CGCGGATCCATGGTCGCTTTAATCGCTAAGAAAAGAAAGC
1072 RPS3-T42+44A for RPS3 GAAGTCCGTGTCGCTCCAGCCAAGACCGAAGTT

1073 RPS3-T42+44A rev RPS3 AACTTCGGTCTTGGCTGGAGCGACACGGACTTC

1074 RPS3-T207A for RPS3 CCAGATGCTGTCGCCATCATTGAACCA

1075 RPS3-T207A_rev RPS3 TGGTTCAATGATGGCGACAGCATCTGG

1076 RPS3-S221A for RPS3 ATTCTTGCTCCAGCTGTCAAGGACTAC

1077 RPS3-S221A rev RPS3 GTAGTCCTTGACAGCTGGAGCAAGAAT

1085 SASI13 for BamHI RPS13 CGCGGATCCTTGAATAAGAAGAGG

1086 SASI13 rev Pstl RPS13  GCGCTGCAGTCAGTAGAGGGAACC

1087 SASI14 for BamHI RPS14 CGCGGATCCATGTCGAGCAGGCGT

1088 SASI14 rev Pstl RPS14 GCGCTGCAGTTATACTCTTCTTCC

1089 SASI5 for BamHI RPS15 CGCGGATCCATGTCACCCGAAATT

1090 SASI5 rev Pstl RPS15 GCGCTGCAGTCATCCCTTCATTGC

1091 SASI16 for BamHI RPS16 CGCGGATCCATGAGTCAGGCTGAA

1092 SASI16 rev Pstl RPS16 GCGCTGCAGTCACCTGTACGCTTT

1099 SOE20 3 #1 RPS20 ATTCCTTTGCCGACAAAGAGGCTGGTGGTA

1100 SOE20 3 #2 RPS20 TACCACCAGCCTCTTTGTCGGCAAAGGAAT

1101 SOE20 3 #3 RPS20 CACTGGGAGATGAGAGTACATAAGAGAATA

1102 SOE20 3 #4 RPS20 TATTCTCTTATGTACTCTCATCTCCCAGTG

1134 SOE15_1 for gﬁg}g ATTTCTAGAGAAGGAAAGCAGAATAAAGTAGTGAAGACACAC
1135 SOE15 1 rev gﬁg}g ATTCTGCTTTCCTTCTCTAGAAATCTTTCTAAGCTTCTCCAT
1179 SAS20 KKTT for SAS20 CCCCATGGTGAGGGAACGAAAACGTGGGAGCATTGGGAA
1180 SAS20 KKTT rev SAS20 TTCCCAATGCTCCCACGTTTTCGTTCCCTCACCATGGGG
1260 SAS20 K59S for SAS20 CCCCATGGTGAGGGATCGAAAAAGTGGGAGCA

1261 SAS20 KS59S rev SAS20 TGCTCCCACTTTTTCGATCCCTCACCATGGGG

1262 rps2 RRAA for RPS2 TTCAAAAGCAAACCGCAGCCGGTCAAGCAACCAGATTTAAGGC
1263 rps2 RRAA rev RPS2 GCCTTAAATCTGGTTGCTTGACCGGCTGCGGTTTGCTTTTGAA
1264 rps9 KKAA for RPS9 TTCGGTTTGAAGAACGCGGCGGAAATTTACAGAATT
1265 rps9 KKAA rev RPS9 AATTCTGTAAATTTCCGCCGCGTTCTTCAAACCGAA
1268 S5 RI11A for RPS5 ATTAAAGGCTGTTGCAATCATCAAGCAC

1269 S5 RI111A rev RPS5 GTGCTTGATGATTGCAACAGCCTTTAAT

1270 S5_RKAA for RPSS GAAGCTGCTTTCGCAAACATCGCGACCATTGCTGAA
1271 S5 RKAA rev RPS5 TTCAGCAATGGTCGCGATGTTTGCGAAAGCAGCTTC
1365 RPS20T78A for RPS20 GGTGAAGGTTCTAAGGCTTGGGAAACCTACG

1366 RPS20T78A rev RPS20 CGTAGGTTTCCCAAGCCTTAGAACCTTCACC
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1367 RPS20T78K for RPS20 GTGAAGGTTCTAAGAAGTGGGAAACCTACGAA

1368 RPS20T78K rev RPS20 TTCGTAGGTTTCCCACTTCTTAGAACCTTCAC

1369 SAS20 K59T for SAS20 CCATGGTGAGGGAACGAAAAAGTGGGAGC

1370 SAS20 KS59T rev SAS20 GCTCCCACTTTTTCGTTCCCTCACCATGG

1371 SAS20 K6IT for SAS20 AGGGAAAGAAAACGTGGGAGCATTG

1372 SAS20 K61T rev SAS20 CAATGCTCCCACGTTTTCTTTCCCT

1377 rps6delC+10 RPS6 GCGCTGCAGGTTGTTAGCTCTCTTT

1378 S2_full del for RPS2 GACGAAGTCATGAACATCAAGGCTGTTGTCGTTGTT

1379 S2 full del rev RPS2 AACAACGACAACAGCCTTGATGTTCATGACTTCGTC

1380 RPS2 APA for RPS2 GACGAAGTCATGAACATCGCTCCAGCTAAGGCTGTTGTCGTTGTT

1381 RPS2_APA rev RPS2 AACAACGACAACAGCCTTAGCTGGAGCGATGTTCATGACTTCGTC

1382 $2_ short_loop. for RPS2 i/é?éTcAc/fCGéAGccGGTCAAAGATTTAAGGCTGTTGTCGTTGTTGGTG

1383 S2_ short_loop. rev RPS2 Zié(é{%rg(é((}:GCTCTGGTTTGCTTCTTGATGTTCATGACTTCGTCTTGCAA

1581 TI15deIN-15 TAS15 CGCGGATCCATGGCCAGGAAATCAAAG

1582 T15deIN-30 TAS15 CGCGGATCCATGACATACAAGGGATAC

1587 RPS20S76K_for RPS20 CAAATGGTGAAGGTAAGAAGACTTGGGAAAC

1588 RPS20S76K rev RPS20 GTTTCCCAAGTCTTCTTACCTTCACCATTTG

1589 RPS20S76A_for RPS20 CAAATGGTGAAGGTGCTAAGACTTGGGAAAC

1590 RPS20S76A rev RPS20 GTTTCCCAAGTCTTAGCACCTTCACCATTTG

1591 RPS20_STKK for RPS20 CCAAATGGTGAAGGTAAGAAGAAGTGGGAAACCTACGAA

1592 RPS20_STKK rev RPS20 TTCGTAGGTTTCCCACTTCTTCTTACCTTCACCATTTGG

1818 ext ITS1 1 ITS1 TGTATTGAAACGGTTTTAATT

1819 ext ITS1 2 ITS1 GTAAAAGCTCTCATGCTCTTGCC

1828 Noc4 integr for Noc4 GACGGCGATAGCGAAGCGTC

1829 Tsrl _integr for Tsrl CCTTGTACAAACGTATGTGGCCC

1830 RPS17deIN for BamHI RPS17 GCGGGATCCGAAGAAGAAAGAGAAAGA

1831 SASI7 for BamHI 1;12% GCGGGATCCATGGGTAATGTATACACG

1832 SAS17 rev Pstl 1;12% GCGCTGCAGTTATGTTTCACTCTCTAAA

1880 natl_for NAT1 CGCGCTAGCTTAATTAAGGCGCGCCAGATC

1881 natl rev NAT1 GCGGCTAGCATTACAACAGGTGTTGTCCTC

1913 S2-KRRAAA_for RPS2 CAGTTCAAGCGCAAACCGCAGCCGGTC

1914 S2-KRRAAA rev RPS2 TGCGGTTTGCGCTTGAACTGGCTTGATG

1915 hph_for hph ATGGGTAGGAGGGCTTTTGTAGAAAGAAATACGAACGAAACGAAA
— HIS3MX6 GCTAGCTTAATTAAGGCGCGCCA

1916 hph rev hph CAACACTCCCTTCGTGCTTGGGACTTCAGAACTTCCAGTAAGACTG
— HIS3MX6 CTAGCGTTAAAGCCTTCGAGCG

1917 S5delloopGG_rev RPS5 TGGAGAACCACCTGGACCAGTGTTGGTGATAG

1918 S5delloopGG_for RPS5 GGTCCAGGTGGTTCTCCATTGAGAAGAGTTAA
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1919 SS5delloop rev RPS5 AATGGAGATGGACCAGTGTTGGTGATAGC

1920 SS5delloop for RPS5 CTGGTCCATCTCCATTGAGAAGAGTTAAC

1923 S14R133A for RPS14 GAAAGAAGGGTGGTAGAGCAGGTAGAAGATTATGAG

1924 S14R133A rev RPS14 CTCATAATCTTCTACCTGCTCTACCACCCTTCTTTC
AGTTACTGGTGGTATGGCGGTTGCGGCTGACGCAGATGAATCTTCTC

1925 S14-464851 for RPS14 CAT
ATGGAGAAGATTCATCTGCGTCAGCCGCAACCGCCATACCACCAGT

1926 S14-464851_rev RPS14 AACT

1927 S14-6971 for RPS14 CCCAAGATGTTGCCGCTGCGTGTGCGGAAGTCGGTATCACTG

1928 S14-6971 rev RPS14 CAGTGATACCGACTTCCGCACACGCAGCGGCAACATCTTGGG

1929 S14 for BamHI RPS14 CGCGGATCCATGTCTAACGTTGTTCAAG

1939 S5delC rev RPS5 GCGCTGCAGTTATTCCAATTCATCCTTCTTC

1940 S5 R147A rev RPS5 CCACCGACTGCGGTGGTGTCTTCTCTTG

1941 S5_RI147A_for RPS5 GACACCACCGCAGTCGGTGGTGGTGGTG

1942 S5 RR155156AA_for RPSS GGTGCTGCTGCTGCTCAAGCTGTCGATGTTTCTCC

1943 S5 RR155156AA rev RPS5 GACAGCTTGAGCAGCAGCAGCACCACCACCACCG
GAAGCAGCATAACGTCCGCATTGGTAAGGGAAGGTACGTCAACAGT

2221 NOBI1_TAP_f NOBI TCCAAAAGGAGAAGTTCCATGGAAAAGAGAAG
GAAAAAGAAAAAGGGCAGCTGCCAACTAGTACACACTACACAGATA

2222 NOBL TAP r NOBI TTTATGAAAAACATACGACTCACTATAGGG

2223 NOBI int for NOBI1 GCGGTGGACAGGGTACCTTATT

2224 NOBI int rev NOB1 ATGGTACCGTTTGTCATTGCGTCTCTGCAC

2229 NOBI_seq_rev NOB1 CATCAGCATCCTCGAATACTTC
GGTGTTGAAAATCTAAAAATGGATAAACTAGGAAACTATATACTAGA

2316 RIO2-pBS1479-INT-UP RIO2 GTCCATGGAAAAGAGAAG
GGATAACAACTTGATTATTTGCGGCCATTTATGCAGTCGTCTAAACTA

2317 RIO2-pBS1479-INT-DO RIO2 AATACGACTCACTATAGGG
TTTGTTGATCCACAGGAAGCTAATGATGATTTAATGATTGATGTCAAT

2318 ENPI1-pBS1479-INT-UP ENPI TCCATGGAAAAGAGAAG

2319 ENP1-pBS1479-INT-DO ENP1 GGGAAAGACCGAGCGATATAAAATTGATGAAAAATTGATATTACAGC

ATACGACTCACTATAGGG
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5.1.3.2 Oligonucleotides used as probes

ToO Name Sequence
204  ol-5’A0 GGTCTCTCTGCTGCCGG
205 02-18S CATGGCTTAATCTTTGAGAC
206  03-D/A2 CGGTTTTAATTGTCCTA
207  04-A2/A3 TGTTACCTCTGGGCCC
208  05-A3/Bl AATTTCCAGTTACGAAAATTCTTG
209  06-5.8 TTTCGCTGCGTTCTTCATC
210 o7-E/C2 GGCCAGCAATTTCAAGTTA
211 08-Cl1/C2 GAACATTGTTCGCCTAGA
212 09-25S CTCCGCTTATTGATATGC

378  ITS1-Forward
441 T7-Prom-ITS1.r
1818 ext ITS1 1
1819  ext ITS1 2

GTTTTGGCAAGAGCATGAGAGC

TAATACGACTCACTATAGGG TGTATTGAAACGGTTTTAATTGTCC
TGTATTGAAACGGTTTTAATT

GTAAAAGCTCTCATGCTCTTGCC

TT*GCACAGAAATCTCT*CACCGTTTGGAAT*AGCAAGAAAGAAACT*TACAA

ITS1-Cy3 GCT*T (where T* represents amino-modified deoxythymidine conjugated to Cy3)

5.1.4 Plasmids

ToP Name Gene Marker Features Origin

48  YCplac22-pGAL AmpR, TRP1 CEN4, ARSI

52 YCplaclll AmpR, LEU2 CEN4, ARSI

90  YEplac181 AmpR, LEU2 2p

94  pfl36-pGAL-RPS15 RPS15 AmpR, LEU2 CEN6, ARS1 Toulouse

230 YCplaclll-pGAL AmpR, LEU2 CEN4, ARS1 Ferreira-Cerca et.al., 2005

232 YEplacl81-pGAL AmpR, LEU2 2p Ferreira-Cerca et.al., 2005

236  YEplacl81-pGAL-RPS15 RPS15 AmpR, LEU2 2p Ferreira-Cerca et.al., 2005

251 YCplacl11-pGAL-RPSOB RPSOB AmpR, LEU2 CEN4, ARS1 Ferreira-Cerca et.al., 2005

254  YCplacl11-pGAL-RPS1A RPSTIA AmpR, LEU2 CEN4, ARS1 Ferreira-Cerca et.al., 2005

255 YCplac111-pGAL-RPS2 RPS2 AmpR, LEU2 CEN4, ARS1 Ferreira-Cerca et.al., 2005

257 YCplacl11-pGAL-RPS3 RPS3 AmpR, LEU2 CEN4, ARS1 Ferreira-Cerca et.al., 2005

259  YCplacl11-pGAL-RPS5 RPS5 AmpR, LEU2 CEN4, ARS1 Ferreira-Cerca et.al., 2005

261 YCplacll1-pGAL-RPS6A RPS6A AmpR, LEU2 CEN4, ARS1 Ferreira-Cerca et.al., 2005

264 YCplacll1-pGAL-RPS9A RPS9A AmpR, LEU2 CEN4, ARS1 Ferreira-Cerca et.al., 2005

266 YCplacl11-pGAL-RPS10A RPS10A AmpR, LEU2 CEN4, ARS1 Ferreira-Cerca et.al., 2005

268 YCplacl11-pGAL-RPS11A RPS11A AmpR, LEU2 CEN4, ARS1 Ferreira-Cerca et.al., 2005

270 YCplacl11-pGAL-RPS13 RPS13  AmpR, LEU2 CEN4, ARS1 Ferreira-Cerca et.al., 2005

272  YCplacl11-pGAL-RPS16A RPS16A AmpR, LEU2 CEN4, ARS1 Ferreira-Cerca et.al., 2005

274  YCplacl11-pGAL-RPS20 RPS20 AmpR, LEU2 CEN4, ARS1 Ferreira-Cerca et.al., 2005

276 YCplacl11-pGAL-RPS23 RPS23  AmpR, LEU2 CEN4, ARS1 Ferreira-Cerca et.al., 2005
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ToP Name Gene Marker Features Origin

278 YCplacl11-pGAL-RPS26 RPS26 AmpR, LEU2 CEN4, ARS1 Ferreira-Cerca et.al., 2005
280 YCplacl11-pGAL-RPS27 RPS27 AmpR, LEU2 CEN4, ARS1 Ferreira-Cerca et.al., 2005
283 YCplacl11-pGAL-RPS30B RPS30B AmpR, LEU2 CEN4, ARS1 Ferreira-Cerca et.al., 2005
285 YCplacl11-pGAL-RPS31 RPS31 AmpR, LEU2 CEN4, ARS1 Ferreira-Cerca et.al., 2005
322 YEplacl95 AmpR, URA3 2pu

338 YCplacl11-pGAL-RPS14A RPS14A AmpR, LEU2 CEN4, ARS1 Ferreira-Cerca et.al., 2005
349 YEplac195-pRPS28-FLAG AmpR, URA3 2p Ferreira-Cerca et.al., 2005
479 YCplacl11-pGAL-RPS17 RPS17 AmpR, LEU2 CEN4, ARS1 this study

485 YCplaclll-pGAL-RPS19 RPS19A AmpR, LEU2 CEN4, ARSI this study

496 YEplac195-pRPS28-FLAG-TASO TASO AmpR, URA3 2p this study

497 YEplac195-pRPS28-FLAG-TASI1 TASI1 AmpR, URA3 2p this study

498  YEplac195-pRPS28-FLAG-TAS2 TAS2 AmpR, URA3 2p this study

499 YEplac195-pRPS28-FLAG-TAS3 TAS3 AmpR, URA3 2p this study

500 YEplac195-pRPS28-FLAG-TASS TASS AmpR, URA3 2p this study

501 YEplac195-pRPS28-TAS6-FLAG TAS6 AmpR, URA3 2p this study

502 YEplac195-pRPS28-TAS9-FLAG TAS9 AmpR, URA3 2p this study

503 YEplac195-pRPS28-FLAG-TAS11 TAS11  AmpR, URA3 2p this study

504 YEplac195-pRPS28-FLAG-TAS13 TAS13  AmpR, URA3 2p this study

505 YEplac195-pRPS28-FLAG-TAS14 TAS14  AmpR, URA3 2p this study

506 YEplac195-pRPS28-FLAG-TAS1S TAS15 AmpR, URA3 2p this study

507 YEplac195-pRPS28-FLAG-TAS16 TAS16 AmpR, URA3 2p this study

508 YEplac195-pRPS28-FLAG-TAS17 TAS17  AmpR, URA3 2p this study

509 YEplac195-pRPS28-FLAG-TAS19 TAS19  AmpR, URA3 2p this study

510 YEplac195-pRPS28-FLAG-TAS20 TAS20 AmpR, URA3 2p this study

511 YEplac195-pRPS28-TAS24-FLAG TAS24  AmpR, URA3 2p this study

512 YEplac195-pRPS28-FLAG-TAS27 TAS27 AmpR, URA3 2p this study

513  YEplac195-pRPS28-TAS31-FLAG TAS31  AmpR, URA3 2p this study

514 YEplac195-pRPS28-FLAG-RPSOdeltaC ~ RPSO AmpR, URA3 2p this study

515 YEplac195-pRPS28-FLAG-RPS11deltaN RPS11  AmpR, URA3 2pu this study

516 YEplac195-pRPS28-FLAG-RPS2deltaN  RPS2 AmpR, URA3 2p this study

517 YEplac195-pRPS28-FLAG-RPS17deltaC RPS17 AmpR, URA3 2pu this study

520 YEplac195-pRPS28 AmpR, URA3 2p Ferreira-Cerca

542 YEplac195-pRPS28-TASO TASO AmpR, URA3 2p this study

543  YEplac195-pRPS28-TAS1 TAS1 AmpR, URA3 2p this study

544  YEplac195-pRPS28-TAS2 TAS2 AmpR, URA3 2p this study

545 YEplac195-pRPS28-TAS3 TAS3 AmpR, URA3 2p this study

546 YEplac195-pRPS28-TAS11 TAS11  AmpR, URA3 2p this study

547 YEplac195-pRPS28-TAS13 TAS13  AmpR, URA3 2p this study

548 YEplac195-pRPS28-TAS14 TAS14  AmpR, URA3 2p this study

549 YEplac195-pRPS28-TAS15 TAS15 AmpR, URA3 2p this study
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550 YEplac195-pRPS28-TAS16 TAS16  AmpR, URA3 2p this study
551 YEplac195-pRPS28-TAS17 TAS17 AmpR, URA3 2p this study
552 YEplac195-pRPS28-TAS19 TAS19  AmpR, URA3 2p this study
553 YEplac195-pRPS28-TAS27 TAS27 AmpR, URA3 2pu this study
556 YEplac181-pGAL-TASO TASO AmpR, LEU2 2p this study
557 YEplacl81-pGAL-TAS13 TAS13 AmpR, LEU2 2p this study
558 YEplac181-pGAL-TAS14 TAS14 AmpR,LEU2 2p this study
559 YEplac181-pGAL-TAS15 TAS15 AmpR,LEU2 2p this study
560 YEplacl181-pGAL-TAS19 TAS19  AmpR,LEU2 2p this study
561 YEplac181-pGAL-FLAG-TASO TASO AmpR, LEU2 2p this study
562 YEplac181-pGAL-FLAG-TAS13 TAS13  AmpR, LEU2 2p this study
563 YEplac181-pGAL-FLAG-TAS14 TAS14  AmpR, LEU2 2p this study
564 YEplac181-pGAL-FLAG-TAS15 TAS15 AmpR, LEU2 2p this study
565 YEplac181-pGAL-FLAG-TAS19 TAS19  AmpR, LEU2 2p this study
572 YEplac195-pRPS28-FLAG-RPS5deltaN RPS5 AmpR, URA3 2p this study
573  YEplac195-pRPS28-RPS6deltaC-FLAG ~ RPS6 AmpR, URA3 2p this study
574 YEplac195-pRPS28-RPS24deltaC-FLAG RPS24  AmpR, URA3 2p this study
575 pRPS28-FLAG-Fusion-TAS/RPS17 RPS17 AmpR, URA3 2p this study
576 pRPS28-Fusion-TAS/RPS6-FLAG RPS6 AmpR, URA3 2p this study
585 YEplac181-pGAL-Flag-TAS1 TAS1 AmpR, LEU2 2p this study
586 YEplac181-pGAL-Flag-TAS2 TAS2 AmpR, LEU2 2p this study
587 YEplac181-pGAL-Flag-TAS3 TAS3 AmpR, LEU2 2p this study
588 YEplac181-pGAL-Flag-TAS11 TAS11  AmpR,LEU2 2p this study
589 YEplac181-pGAL-Flag-TAS16 TAS16  AmpR,LEU2 2p this study
590 YEplac181-pGAL-Flag-TAS17 TAS17 AmpR, LEU2 2p this study
591 YEplac181-pGAL-Flag-TAS27 TAS27 AmpR, LEU2 2p this study
592  YEplac181-pGAL-TASI1 TASI1 AmpR, LEU2 2p this study
593  YEplac181-pGAL-TAS2 TAS2 AmpR, LEU2 2p this study
594 YEplac181-pGAL-TAS3 TAS3 AmpR, LEU2 2p this study
595 YEplac181-pGAL-TASI1 TAS11  AmpR, LEU2 2p this study
596 YEplacl181-pGAL-TAS16 TAS16 AmpR, LEU2 2p this study
597 YEplac181-pGAL-TAS17 TAS17 AmpR, LEU2 2p this study
598 YEplacl81-pGAL-TAS27 TAS27 AmpR,LEU2 2p this study
603  YEplac181-pGAL-Flag-TASS TASS AmpR, LEU2 2p this study
604 YEplac181-pGAL-TAS6-Flag TAS6 AmpR, LEU2 2p this study
605 YEplac181-pGAL-TAS9-Flag TAS9 AmpR, LEU2 2p this study
606 YEplacl181-pGAL-TAS24-Flag TAS24 AmpR, LEU2 2p this study
607 YEplac181-pGAL-TAS31-Flag TAS31 AmpR, LEU2 2p this study
608 YCplacl11GAL-RPS20-SE RPS20 AmpR, LEU2 CEN4, ARSI this study
662 YEplac195-pRPS28-FLAG-SAS3 SAS3 AmpR, URA3 2p this study
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663  YEplac195-pRPS28-FLAG-SASS5 SAS5 AmpR, URA3 2p this study

664  YEplac195-pRPS28-FLAG-SAS20 SAS20 AmpR, URA3 2p this study

665 YEplac195-pRPS28-FLAG-SAS26 SAS26 AmpR, URA3 2p this study

666 YEplac195-pRPS28-FLAG-SAS27 SAS27 AmpR, URA3 2p this study

667 YEplac195-pRPS28-FLAG-SAS30 SAS30 AmpR, URA3 2p this study

706  YEplac195-pRPS28-FLAG-SAS13 SAS13  AmpR, URA3 2p this study

707  YEplac195-pRPS28-FLAG-SAS14 SAS14  AmpR, URA3 2p this study

708  YEplac195-pRPS28-FLAG-SAS15 SAS15 AmpR, URA3 2p this study

709  YEplac195-pRPS28-FLAG-SAS16 SAS16  AmpR, URA3 2p this study

752  YEplac195-pRPS28-FLAG-SOE20 1 gﬁg;g AmpR, URA3 2p this study

753 YEplac195-pRPS28-FLAG-SOE20 2 gﬁg;g AmpR, URA3 2p this study

754  YEplac195-pRPS28-FLAG-SOE20 3 gﬁg;g AmpR, URA3 2p this study

787 YCplac22-pGAL-RPS15 RPS15 AmpR, TRP1 CEN4, ARSI this study

788 YCplac22-pGAL-RPS20 RPS20 AmpR, TRP1 CEN4, ARSI this study

859 YEplac181-pGAL-RPSI15 RPS15 AmpR,LEU2 2p this study

861 ;gg‘;;_%g??bms 15- }T{ng AmpR, LEU2 2u this study

863 ;gg‘zcggkg??bms 15- }S{zig AmpR, LEU2 2u this study

972 YCplacl11-pGAL-RPS20 new RPS20 AmpR, LEU2 CEN4, ARSI this study

973  YCplac22-pGAL-RPS15 RPS15 AmpR, TRP1 CEN4, ARS1 this study

991 YEplac195-pRPS28-FLAG-RPSO RPSO AmpR, URA3 2p Ferreira-Cerca et.al., 2005
992  YEplac195-pRPS28-FLAG-RPS1-SE RPSI1 AmpR, URA3 2p Ferreira-Cerca et.al., 2005
993  YEplac195-pRPS28-FLAG-RPS2-SE RPS2 AmpR, URA3 2p Ferreira-Cerca et.al., 2005
994  YEplac195-pRPS28-FLAG-RPS3-SE RPS3 AmpR, URA3 2p Ferreira-Cerca et.al., 2005
995 YEplac195-pRPS28-FLAG-RPS4 RPS4 AmpR, URA3 2p Steffen Jakob

996 YEplac195-pRPS28-FLAG-RPS5-SE RPS5 AmpR, URA3 2p Ferreira-Cerca et.al., 2005
997 YEplac195-pRPS28-RPS6A-FLAG RPS6A AmpR, URA3 2p Ferreira-Cerca et.al., 2005
998  YEplac195-pRPS28-FLAG-RPS7 RPS7A  AmpR, URA3 2p Ferreira-Cerca et.al., 2005
999  YEplac195-pRPS28-RPS9A-FLAG RPS9A AmpR, URA3 2p Ferreira-Cerca et.al., 2005
1000 YEplac195-pRPS28-RPS10A-FLAG RPS10A AmpR, URA3 2p Ferreira-Cerca et.al., 2005
1001 YEplac195-pRPS28-FLAG-RPS11 RPS11  AmpR, URA3 2p Ferreira-Cerca et.al., 2005
1002 YEplac195-pRPS28-FLAG-RPS13-SE RPS13  AmpR, URA3 2p Ferreira-Cerca et.al., 2005
1003 YEplac195-pRPS28-FLAG-RPS14A RPS14A AmpR, URA3 2p Ferreira-Cerca et.al., 2005
1004 YEplac195-pRPS28-FLAG-RPS15 RPS15 AmpR, URA3 2p Ferreira-Cerca et.al., 2005
1005 YEplac195-pRPS28-FLAG-RPS16-SE RPS16 AmpR, URA3 2p Ferreira-Cerca et.al., 2005
1006 YEplac195-pRPS28-FLAG-RPS17 RPS17 AmpR, URA3 2p Ferreira-Cerca et.al., 2005
1007 YEplac195-pRPS28 FLAG RPS18B RPS18B AmpR, URA3 2p Ferreira-Cerca et.al., 2005
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1008 YEplac195-pRPS28-FLAG-RPS19 RPS19 AmpR, URA3 2p Ferreira-Cerca et.al., 2005

1009 YEplac195-pRPS28-FLAG-RPS20 RPS20 AmpR, URA3 2p Ferreira-Cerca et.al., 2005

1010 YEplac195-pRPS28-FLAG-RPS21 RPS21  AmpR, URA3 2p Steffen Jakob

1011 YEplac195-pRPS28-FLAG-RPS22 RPS22  AmpR, URA3 2pu Steffen Jakob

1012 YEplac195-pRPS28-RPS24-FLAG RPS24  AmpR, URA3 2p Ferreira-Cerca et.al., 2005

1013 YEplac195-pRPS28-RPS26A-FLAG RPS26A AmpR, URA3 2p Ferreira-Cerca et.al., 2005

1014 YEplac195-pRPS28-FLAG-RPS27-SE RPS27 AmpR, URA3 2p Ferreira-Cerca et.al., 2005

1015 YEplac195-pRPS28-FLAG-RPS28 RPS28  AmpR, URA3 2p Ferreira-Cerca et.al., 2005

1016 YEplac195-pRPS28-FLAG-RPS29 RPS29  AmpR, URA3 2p Steffen Jakob

1017 YEplac195-pRPS28-RPS30-FLAG RPS30 AmpR, URA3 2p Ferreira-Cerca et.al., 2005

1018 YEplac195-pRPS28-RPS31-FLAG RPS31 AmpR, URA3 2p Ferreira-Cerca et.al., 2005

1058 YCplac22-pGAL-RPS17 RPS17 AmpR, TRP1 CEN4, ARS1 this study

1070 YEplac195-pRPS28-FLAG-RPS2 RRAA  RPS2 AmpR, URA3 2p this study

1071 YEplac195-pRPS28-FLAG-RPS5 RKAA  RPSS AmpR, URA3 2pu this study

1072 YEplac195-pRPS28-FLAG-RPS5 R112A  RPS5 AmpR, URA3 2p this study

1073 YEplac195-pRPS28-FLAG-RPS9 KKAA RPS9 AmpR, URA3 2p this study

1074 YEplac195-pRPS28-FLAG-RPS3-S6A RPS3 AmpR, URA3 2p this study

1075 YEplac195-pRPS28-FLAG-RPS3-TTAA  RPS3 AmpR, URA3 2p this study

1076 YEplac195-pRPS28-FLAG-RPS3-T207A RPS3 AmpR, URA3 2pu this study

1077 YEplac195-pRPS28-FLAG-RPS3-S221A RPS3 AmpR, URA3 2pu this study

1078 YCplac22-pGAL-RPS17 NATI R T AmpR,TRPI CEN4, ARSI this study
YEplac195-pRPS28-FLAG- .

1098 RPS5 del loop RPS5 AmpR, URA3 2p this study
YEplac195-pRPS28-FLAG- .

1099 RPS5 del loop GG RPS5 AmpR, URA3 2p this study
YEplac195-pRPS28-FLAG- .

1100 RPSS truncated RPS5 AmpR, URA3 2p this study

1101 YEplac195-pRPS28-FLAG-RPS5deltaC RPS5 AmpR, URA3 2p this study

1102 YEplac195-pRPS28-FLAG-RPSS5 R148A  RPSS AmpR, URA3 2pu this study

1103 YEplac195-pRPS28-FLAG-RPS5 RRAA  RPS5 AmpR, URA3 2p this study

1104 YEplac195-pRPS28-FLAG-RPS2 del loop RPS2 AmpR, URA3 2p this study
YEplac195-pRPS28-FLAG- .

1105 RPS2 del loop APA RPS2 AmpR, URA3 2p this study
YEplac195-pRPS28-FLAG- .

1106 RPS2 short loop RPS2 AmpR, URA3 2p this study
YEplac195-pRPS28-FLAG- .

1107 RPS2 KRRAAA RPS2 AmpR, URA3 2p this study
YEplac195-pRPS28-FLAG- .

1108 RPSI14A RI33A RPS14A AmpR, URA3 2p this study
YEplac195-pRPS28-FLAG- .

1109 RPS14A KKRAAA RPS14A AmpR, URA3 2p this study
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YEplac195-pRPS28-FLAG- .
1110 RPS14A KKAA RPS14A AmpR, URA3 2p this study
1111 YEplac195-pRPS28-FLAG-RPS14A-SE ~ RPS14A AmpR, URA3 2p this study
1155 YCplac22-pGAL-RPS5 NAT1 I;R;;%ZZ AmpR, TRP1 CEN4, ARSI this study
1156 YEplac181-pRPS28-5xHA-RPS5deltaC RPSS5 AmpR, LEU2 2p this study
YEplacl81-pRPS28-5xHA- .
1157 RPS5-delta-loop RPS5 AmpR, LEU2 2p this study
YEplacl81-pRPS28-5xHA- .
1158 RPS5-delta-loop+GG RPS5 AmpR, LEU2 2p this study
RPS14, .
1159 YCplac22-pGAL-RPS14 NAT1 natNT2 AmpR, TRP1 CEN4, ARSI this study
RPS2, .
1160 YCplac22-pGAL-RPS2 NAT1 natNT?2 AmpR, TRP1 CEN4, ARS1 this study
1161 YEplac181-pRPS28-5xHA-RPS2 RPS2 AmpR, LEU2 2p this study
1162 YEplacl181-pRPS28-5xHA-RPS5 RPS5 AmpR, LEU2 2p this study
YEplacl81-pRPS28-5xHA- .
1163 RPS2-short-loop RPS2 AmpR, LEU2 2p this study
YEplacl81-pRPS28-5xHA- .
1164 RPS2-KRRAAA RPS2 AmpR, LEU2 2p this study
1171 YEplac181-pRPS28-TAS15 TAS15 AmpR, LEU2 2p this study
1172 YEplac181-pRPS28-SASI1S5 SAS15 AmpR, LEU2 2p this study
1173 YEplac181-pRPS28-RPS15 RPS15 AmpR, LEU2 2p this study
1174 YEplac181-pRPS28-5xHA-TAS15 TAS15 AmpR, LEU2 2p this study
1175 YEplac181-pRPS28-5xHA-SASI1S5 SAS15 AmpR,LEU2 2p this study
1176 YEplac181-pRPS28-5xHA-RPS15 RPS15 AmpR,LEU2 2p this study
1177 YEplac195-pRPS28-FLAG-SAS20-KKTT SAS20 AmpR, URA3 2p this study
1178 YEplac195-pRPS28-FLAG-SAS20-K59S SAS20 AmpR, URA3 2p this study
1179 YEplac195-pRPS28-FLAG-SAS20-KS9T SAS20 AmpR, URA3 2p this study
1180 YEplac195-pRPS28-FLAG-SAS20-K61T SAS20 AmpR, URA3 2p this study
1181 YEplac195-pRPS28-FLAG-RPS20-S76K  RPS20 AmpR, URA3 2p this study
1182 YEplac195-pRPS28-FLAG-RPS20-T78K RPS20 AmpR, URA3 2p this study
1183 YEplac195-pRPS28-FLAG-RPS20-STKK RPS20 AmpR, URA3 2p this study
1278 YEplac181-pRPS28-5xHA-TAS20 TAS20 AmpR,LEU2 2p this study
1279 YEplac181-pRPS28-5xHA-SAS20 SAS20 AmpR, LEU2 2pu this study
TAS20 .
1280 YEplac181-pRPS28-5xHA-SOE20 3 SAS20 AmpR, LEU2 2p this study
1283 YEplac195-pRPS28-Nt-FLAG-SAS17 SAS17 AmpR, URA3 2u this study
1284 I\\(IEplacl95-pRPS28-Nt-FLAG-RPS1 7delta RPSI7 AmpR, URA3 2u this study
1285 YEplac181-pRPS28-5xHA-RPS17deltaN  RPS17  AmpR, LEU2 2p this study
1286 YEplac181-pRPS28-5xHA-SAS17 SAS17 AmpR, LEU2 2pu this study
1287 YEplac181-pRPS28-5xHA-RPS17 RPS17 AmpR, LEU2 2p this study
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Restriction Endonucleases
T4 DNA ligase
Taq DNA polymerase

Trypsin, modified, sequencing grade, from bovine pancreas

Zymolyase 100T

ToP Name Gene Marker Features Origin
1288 YEplacl181-pRPS28-5xHA-RPS17deltaC  RPS17  AmpR, LEU2 2p this study
1289 YEplac181-pRPS28-5xHA-TAS17 TAS17  AmpR,LEU2 2p this study
YEplac181-pRPS28-5xHA- RPS17 .
1290 Fusion-TAS/RPS17- TAS17 AmpR, LEU2 2p this study
1413 YEplac195-pRPS28-FLAG-RPS20-T78A RPS20 AmpR, URA3 2p this study
1414 YEplac195-pRPS28-FLAG-RPS20-S76A RPS20 AmpR, URA3 2p this study
5.1.5 Enzymes
Enzyme Origin
Antarctic Phosphatase New England Biolabs
Calf Intestinal Phosphatase New England Biolabs
iProof high-fidelity DNA polymerase Bio-Rad

New England Biolabs
New England Biolabs
New England Biolabs
Roche

Seikagaku Corporation

5.1.6 Antibodies

Antibody Species Dilution Origin
Alexa-Fluor-488, goat anti mouse goat 1:500 Molecular probes
Alexa-Fluor-488, goat anti rat goat 1:500 Molecular probes
Alexa-Fluor-594, goat anti mouse goat 1:500 Molecular probes
Alexa-Fluor-594, goat anti rabbit goat 1:500 Molecular probes

. ) A. Sentenac, Paris
a-A43 rabbit 1:50000 (Buhler et al., 1980)
a-DIG (Fab fragments) sheep 1:7500 Roche
a-FLAG (M2) mouse 1:5000 Sigma
a-FLAG (polyclonal) rabbit 1:1000 Sigma

) Kremmer, Helmholtz

a-HA (12CA5) mouse 1:1000 Zentrum Miinchen
ao-HA (16B12) rat 1:1000 HISS
a-HA (3F10) mouse 1:1000 Roche
a-ProteinA (P-3775) rabbit 1:10000-1:50000 Sigma
a-Tubulin (AB6161) rat 1:400 Abcam
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5.1.7 Chemicals

Chemicals were purchased at the highest available purity from Sigma-Aldrich, Merck, Fluka, Roth or
J.T.Baker, except:

5-FOA Toronto Research Chemicals
agarose (electrophoresis grade) Invitrogen

amino acid supplements Biol01®Systems, Sunrise Science Products
Bacto™ Agar BD Biosciences

Bacto™ Peptone BD Biosciences

Bacto™ Tryptone BD Biosciences

Bacto™ Yeast Extract BD Biosciences

bromine phenol blue Serva

complete supplement mixtures (CSM) Sunrise Science Products
Ficoll (Typ400) Pharmacia

milk powder Sukofin

MOWIOL® 4-88 Calbiochem

Nonidet P-40 substitute (NP40) USB Corporation
Paraformaldehyde 16%, EM Grade Electron Microscopy Sciences
Tris ultrapure USB Corporation

Tween 20 Serva

Yeast nitrogen base (YNB) Biol01®Systems
a-cyano-4-hydroxycinnamic acid (>98%, TLC) Sigma-Aldrich

5.1.8 Other Materials

Material Origin

3MM filter-papers Millipore

BM Chemiluminescence Blotting Substrate (POD)  Roche

Broad Range Protein Markers New England Biolabs
DNA ladders New England Biolabs
kits used for cloning techniques Qiagen, Invitrogen
Mobicol columns MoBiTec

PositiveTM Membrane Qbiogen

PVDF membrane Immobilion P 0.45um Millipore

radioactive chemicals Amersham, Hartmann-Analytics
Salmon sperm DNA (10 mg/ml) Invitrogen

sterile filters 0.22um Millipore

kind gift of Dr. H. Huber and Prof. Dr. M. Thomm, Lehrstuhl fiir

Sulfolobus acidocaldarius DSM 639 genomic DNA Mikrobiologie & Archacenzentrum, Regensburg

Thermoplasma acidophilum genomic DNA
122-1B2 [AMRC C165, DSM 1728]

Yeast genomic DNA (strain S288C) Invitrogen

ATCC™
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5.1.9 Media

YPD 1% (w/v) Bacto Yeast Extract, 2% (w/v) Bacto Peptone, 2% (w/v) Glucose

YPG 1% (w/v) Bacto Yeast Extract, 2% (w/v) Bacto Peptone, 2% (w/v) Galactose

YPAD, YPAG YPD or YPD + 100 mg/l adenine

SDC or SGC 6,7 g/l YNB, CSM dropgut ac.cording to label, 2 % (yv/v) sugar (Qlucose for SDC,
Galactose for SGC), amino acid supplements according to following table

5-FOA added 0,1% (w/v)

Nourseothricin added 100 pg/ml

Hygromycin B added 200 pg/ml

LB (Luria Broth) 1% (w/v) Bacto Tryptone, 0,5% (w/v) Bacto Yeast Extract, 0,5% (w/v) NaCl

LBamp LB + 100 pg/ml ampicillin

All media was sterilized for 20 minutes at 110°C. Supplements were added after cooling to
approximately 60°C. For plate media 2% (w/v) were added before autoclaving.

Amino acid supplementation according to Bio101®Systems

CSM Formation mg/liter
Adenine 10*
Arginine 50
Aspartic Acid 80
Histidine 20
Isoleucine 50
Leucine 100
Lysine 50
Methionine 20%*
Phenylalanine 50
Threonine 100%**
Tryptophan 50
Tyrosine 50
Uracil 20
Valine 140

* Minimum quantity for healthy growth and yet optimized to promote red color in certain adenine auxotrophs.
CSM formulations are available that contain 20 or 40 mg/liter of adenine.
** 80 mg/liter of Homoserine is substituted for Threonine in mixtures where Methionine is dropped-out.

5-FOA-Selection:

5-FOA is converted by the orotidine-5’-phosphate decarboxylase encoded by the URA3 gene in S.
cerevisiae into the toxic product 5’ fluorouridine monophosphate, which inhibits cell growth (Boeke et
al., 1984). Therefore 5-FOA selection can be used to screen for loss (of function) of the URA3 gene in

yeast.

122



Materials & Methods

5.1.10 Equipment

Device Manufacturer
4700 Proteomics Analyzer MALDI-TOF/TOF Applied Biosystems
Alpha 2-4 lyophilizer Christ
BAS 1000 Raytest Fujifilm
BAS Cassette 2040 Fyjifilm
BAS-III Imaging Plate Fujifilm
Biofuge Fresco refrigerated tabletop centrifuge Hereaus
Biofuge Pico tabletop centrifuge Hereaus
C412 centrifuge Jouan

Centrikon T-1170 ultracentrifuge
Centrikon T-324 centrifuge

CT422 refrigerated centrifuge
Electrophoresis system model 45-2010-i
FLA-3000 fluorescent image analyzer
Gel Max UV transilluminator

IKA-Vibrax VXR

Incubators

LAS-3000 chemiluminescence image analyzer
Liquid Scintillation analyzer 1600 TR
MicroPulser electroporation apparatus
Mini-PROTEAN 3 electrophoresis system
NanoDrop ND-1000 spectrophotometer
Optima L-80 X ultracentrifuge

PCR Sprint thermocycler

Power Pac 3000 power supplies
Pulverisette 6 planetary mono mill
Roto-Shake Genie

Shake incubators Multitron / Minitron

Speed Vac Concentrator

Sub-Cell® GT Agarose Gel Electrophoresis System

Thermomixer compact

Trans-Blot SD Semi-dry transfer cell

UltiMate 3000 NanoHPLC

Ultrospec 3100pro spectrophotometer

XCell SureLock Mini-Cell electrophoresis system

Zeiss Axiovert 200M microscope

Kontron Instruments
Kontron Instruments
Jouan

Peqglab Biotechnologie GmBH
Fujifilm

Intas

IKA

Memmert

Fujifilm

Packard

Bio-Rad

Bio-Rad

Peqlab Biotechnologie GmbH
Beckman Coulter
Hybaid

Bio-Rad

Fritsch

Scientific Industries
Infors

Savant

Biorad

Eppendorf

Bio-Rad

Dionex

Amersham
Invitrogen

Carl Zeiss
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5.1.11 Software

Software Producer

4000 Series Explorer v.3.6 Applied Biosystems
Accelrys DS Visualizer 2 and 2.5 Accelrys Software Inc.
AIDA Raytest

Axiovision rel. 4.7 Carl Zeiss
Chromeleon v.6.70 Dionex

Data Explorer v.4.5 C
DeepView Swiss-PdbViewer 4.01
Gimp

GPS Explorer v.3.5

Image Reader LAS-3000 v.1.12
ImageGauge

IrfanView

Mascot

ND-1000 v.3.5.2

OpenOffice 3

POV-Ray 3.6

Vector NTI Advance 10.0

Applied Biosystems

Swiss Institute for Bioinformatics
gimp.org

Applied Biosystems

Fuyjifilm

Fujifilm

Irfan Skiljan

Matrix Science

Peqlab Biotechnologie GmBH
openoffice.org

Persistance of Vision Team

Invitrogen

5.2 Methods

5.2.1 Work with Escherichia coli

All E. coli strains were grown at 37°C, unless other temperature indicated. For liquid cultures 1x
Luria-Bertani (LB) media was used. For solid media 2% Bacto-agar was added. Ampicillin resistant
bacteria were selected by addition of 100 pg/ml ampicillin.

5.2.1.1 Competent cells for electroporation

XL1-blue and DH5a strains were used as a host for amplification of plasmid DNA. Only
electro-competent E. coli cells were used in this work. Cells are grown in SOB (2% Bacto-Trypton,
0.5% Bacto-Yeast extract, 8.55 mM NaCl, 2.5mM KCI, 10 mM MgCl., pH 7) at 37°C to mid-log phase
(OD600= 0.35 — 0.6), chilled on ice for 15 min and harvested. Cells are washed 3 times with ice-cold
sterile water to reduce the ionic strength of the cell suspension. The cells are resuspended in 10%
sterile glycerol (on average 1-3-10" cells per ml), aliquoted and stored at —80°C.

5.2.1.2 Transformation with plasmid DNA

Electro-competent cells (see 5.2.1.1) are thaw on ice, incubated for 1 min with DNA on ice, and
transfered into electroporation cuvette (Biorad). Cells are exposed to a short high voltage discharge
(2.5 kV, 5-6 ms) using a Biorad Micropulser. Cells are resuspended in LB media, incubated for 30 min
at 37°C and platted on the appropriated selection medium (in this work on LB plates containing
Ampicillin) and grow overnight at 37°C.

5.2.1.3 Extraction and purification of plasmid DNA

Isolation of plasmid DNA from bacteria were performed according to the manufacturer's manual
(Invitrogen, Quick Plasmid Miniprep Kit).

Briefly, cells are lysed, cell debris is removed and plasmid DNA is bound to a silica-matrix. The bound
plasmid DNA is washed with an alcohol-based buffer, and eluted from the matrix by a pH step with
pre-warmed (65°C) 2 mM Tris buffered water.
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5.2.2 Work with Saccharomyces cerevisiae

All S. cerevisiae strains were grown at 30°C, unless other temperature is indicated.
5.2.2.1 Preparation of transformation competent yeast cells

Fifty milliliter of mid-log phase growing cells (OD600 0.5-0.7) are harvested and washed once with
sterile water. Yeast cells are further washed twice with sterile filtrated lithium-sorbitol buffer (100 mM
lithium acetate, 10 mM Tris-HCI pH 8, 1 mM EDTA pH 8, 1 M sorbitol, buffered to pH 8 with acetic
acid). Cells are then resuspended in 360 ml lithium-sorbitol buffer and 400 mg of heat denatured
salmon sperm DNA (10 mg/ml - Invitrogen), aliquoted and stored at —80°C.

Small cations such as Li* or K* induce the ability of yeast cells to uptake DNA. PEG (Polytethylene
glycol) is indispensable for plasmid DNA uptake (lto et al., 1983; Hisao et al., 1984)

5.2.2.2 Transformation with DNA

Transformation competent cells are thaw on ice and incubated with plasmid DNA (100-500 ng) or
linear DNA (Several pg for efficient homologous recombination). After addition of 6 volumes
Lithium-PEG buffer (PEG3350 (40% (w/v), 100 mM lithium acetate, 10mM Tris-Cl pH 8, 1 mM EDTA
pH 8, buffered to pH 8 with acetic acid and sterile autoclaved), cells are incubated 30 min at room
temperature. After incubation 1/9 th volume DMSO is added and the cells are subjected to a
temperature shock at 42°C for 15 min. Cells are spun down and resuspended in 1x YNB and plated
on the appropriated media.

5.2.2.3 Long-term storage

Logarithmically growing yeast cultures are harvested, supplemented with 20% (w/v) glycerol and
stored at —80°C.

5.2.2.4 Preparation of yeast genomic DNA

Yeast genomic DNA was prepared according to Harju et al., 2004.
Briefly, yeast cell are lysed by repeated heat-freeze cycles, DNA is extracted by Chloroform and
Ethanol precipitation. The quality of DNA is sufficient to allow PCR screening of yeast cells.

5.2.3 Protein analysis

5.2.3.1 Determination of protein concentrations

The Bradford protein assay (Biorad) was used to determine the relative amount of proteins in solution.
The assay is based on an absorbance shift from 465 nm to 595 nm in the dye Coomassie brilliant
blue G-250 when bound to arginine and hydrophobic amino acid residues. The increase in
absorbance at 595 nm is proportional to the protein concentration in the sample.

The protein concentrations [mg/ml] equals Asesnm:23, in which the factor 23 is an empirical determined
constant.

5.2.3.2 Protein preparation for further analysis

Proteins from cell pellets were extracted as following:

Logarithmically growing yeast cultures are harvested and resuspended in 1 ml of sterile water. 150ul
of extraction buffer (7.5% beta-mercaptoethanol, 1.85 NaOH) is added to lyse the cells. Proteins are
precipitated by addition of 150ul of 55% TCA and incubation for 10 min on ice. TCA precipitate are
centrifuged 10 min at 14000 rpm at 4°C. The precipitated proteins are resuspended in HU buffer (5%
SDS, 200 mM Tris pH 6.8, 1 mM EDTA, 1.5% beta mercaptoethanol, 8 M urea, 0.01%
bromphenolblue) and heated 15 min at 65°C. Equivalent to OD600 0.2-0.5 of cells are analyzed by
SDS-PAGE and/or Western Blotting.

Alternatively, defined protein amounts from whole cell extracts after glassbeads extraction are
solubilized in HU buffer and heated 15 min at 65°C followed by further analyses.
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5.2.3.3 Separation of proteins by SDS-PAGE

SDS-polyacrylamide gelelectrophoresis (SDS-PAGE) allows to separate proteins according to their
apparent molecular weight. Proteins and SDS (Sodium Dodecyl Sulfate) are forming negatively
charged complexes depending on the length of the proteins. They are separated through the
polyacrylamide gel according to the apparent SDS/protein complex's molecular weight. Molecular
weights of the different proteins are estimated using protein markers of known molecular weight.

A discontinuous gel system was used in this work, with a stacking gel (6% acrylamide, 125 mM Tris-Cl
pH 6.8, 0.1% SDS) and a resolving gel (8-16% acrylamide depending on the protein’s molecular
weight to resolve, 375 mM Tris-Cl pH 8.8, 0.1% SDS). Gels were run for 1 to 2 h at 120 V in 1x
Tris-Glycine electrophoresis buffer (25 mM Tris base, 250 mM glycine, 0.1% SDS).

For better resolution of small proteins 6 M urea was added in the stacking and resolving gel.

5.2.3.4 Western Blot

Separated proteins by preceding SDS-PAGE are transferred from the gel to a membrane. The
immobilized proteins can be detected with antibodies against the protein of interest allowing
identification and (semi) quantification of a specific protein in complex mixtures.

In this work SDS-PAGE resolved proteins are transferred on PVDF membrane in transfer buffer (25
mM Tris, 190 mM glycine, 20% methanol, pH 8.3 with HCI) using a semi-dry blot apparatus (Biorad)
for1hat24 V.

Non protein decorated membrane patches are blocked for 1 h at room temperature or over-night at
4°C with blocking buffer (0.5% low-fat dry milk, 1x TBS: 0.8% NaCl, 0.3% Tris, 0.02% KCI, pH7.4).
Membranes are incubated (time and temperature according to the data sheet) with the primary
antibody diluted in blocking buffer, and washed 3 times 10 min at room temperature in 1x TBS. If
required, membranes are incubated (time and temperature according to the data sheet) with a
secondary antibody diluted in blocking buffer and washed as before.

Immuno-detection was performed using a chemi-luminescence reaction depending on the conjugated
enzymatic activity. For peroxidase coupled antibodies POD-substrate (Roche) was added to the blot
as described by the manufacturer. Signals were acquired and quantified using a Fuji LAS Reader
3000.

5.2.3.5 Coomassie polyacrylamide gel staining

To visualize the total protein content of a polyacrylamide gel, it was stained with SimplyBlue SafeStain
(Invitrogen) according to the manufacturer’s instructions. The stain is Coomassie G-250 stain.

Briefly, the gel is incubated with staining solution (50% methanol, 10% acetic acid, 0.25% (w/v)
Coomassie G-250) for 30 min at room temperature. Because non-protein parts of the gel are
unspecific stained, this background is reduced by partly unstaining of the gel. Therefore the gel is
washed several times with destaining solution (45% methanol, 45% H.O, 10% acetic acid).

5.2.4 DNA analysis

5.2.4.1 Polymerase chain reaction

The polymerase chain reaction allows the exponential amplification of DNA fragments in vitro. The
isolated DNA fragments can be further used in various experiments such as cloning. The principles of
PCR are widely discussed in the literature and applications are extremely versatile.

In this work, PCR were performed with yeast genomic DNA (100ng) or plasmid DNA (10-50 ng) as
templates in 50pl reactions. Different polymerases were used, such as Taq, iProof or Herculase. All
buffer conditions, denaturing temperature and elongation temperature, as well as primer
concentration and any other supplement was carried out as described by the manufacturer.

Annealing temperature was calculated using the provided melting temperatures of each primer by
MWG Biotech AG. PCR amplification cycles varied between 30 and 35.

5.2.4.2 Separation of DNA by electrophoresis

Agarose gel electrophoresis was used to separate DNA fragments of different lengths. In this work,
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electrophoresis was performed in general with 1.0% (w/v) agarose in 1x TBE (90 mM tris base, 89
mM boric acid, 2 mM EDTA) gels containing 0.2 mg/ml ethidium bromide. As electrophoresis buffer 1x
TBE was used. To determine the lengths of the fragments, DNA standards were used according to the
manufacturer. All samples were diluted approximately 1 to 10 in DNA loading buffer (10 mM Tris-Cl
pH8.0, 1 mM EDTA, 0.01% bromphenolblue, 0.01% xylencyanole, 33.3% glycerol).

5.2.4.3 Purification of DNA

DNA fragments were purified by either precipitation with ethanol or by separation in an agarose gel
followed by excission of the respective band.

For precipitation 1 volume of DNA is mixed with 2.5 volumes of ethanol and 1/10 volume of 10M LiCl.
DNA is dehydrated at -20°C for at least 30 min and precipitated through centrifugation at 4°C with
maximum speed for at least 15 min. The pellet was resuspended in 2 mM Tris pH 8.0.

For gel extraction the Quick Gel Extraction Kit (Invitrogen) was used as described by the
manufacturer. Briefly, after manual excision of the designated DNA fragment, the agarose gel was
solubilized and free DNA bound to a silica matrix, washed and eluted with preheated (65°C) 2 mM Tris
pH 8.0.

5.2.4.4 DNA digestion and ligation

DNA digestion with restriction endonucleases has been always performed as suggested by the
manufacturer. Buffer conditions, incubation temperatures and DNA concentrations were adapted to
the manual.

After purification of DNA fragments (see 5.2.4.3), plasmid DNA and insert DNA (approximate amounts
plasmid:insert 1:10) were mixed and ligated with T4-Ligase in the appropriate buffer for 30 min at
room temperature. An aliquot of the ligation reaction was directly transformed into XL1blue or DH5a
cells (5.2.1.2).

5.2.4.5 Sequencing of DNA

Purified DNA (plasmid or PCR product) was sequenced by companies MWG Biotech AG (Ebersberg)
or GENEART (Regensburg).

5.2.5 RNA analysis
5.2.5.1 RNA extraction

RNA extractions were primary performed as described previously (Schmitt et al., 1990).

Briefly, cell pellets or cell extracts are resuspended to a total volume of 500 pl with AE buffer (50 mM
NaAc pH 5.3, 10 mM EDTA pH 8) and mixed with same volume of AE buffer equilibrated phenol
(Roth) and 1/10™ volume of 10% SDS. The samples are incubated for 10 to 15 minutes at 65°C in a
thermomixer and chilled on ice for at least 2 min. The aqueous phase, containing the RNA, is
collected, and a second time extracted with phenol (1:1 volume) and one further extraction with
chloroform (1:1 volume). RNAs are precipitated from the aqueous phase at —20°C for longer than 10
min after addition of 2.5 volume of ethanol and 1/10" volume of 3 M NaAc pH 5.3.

Precipitated RNA, analyzed by denaturing agarose gel electrophoresis (Northern blot), was solubilited
in RNA loading buffer (1x MOPS buffer (see 5.2.5.2), 8% formaldehyde, 50% deionized formamid,
0.01% bromphenolblue), denatured for 15 min at 65°C and stored at —20°C. For cDNA synthesis,
RNA was solubilized in Milli-Q water.

5.2.5.2 Northern Blot

RNAs were separated on a denaturating agarose gel (1.3% agarose (Invitrogen), 2% formaldehyde;
0.1 pug/ml ethidium bromide; 1x MOPS buffer (2mM sodium acetate trihydrate, 20 mM MOPS (Fluka),
1 mM EDTA, pH 7)). Gels were run for 16-18 h at 45 V in 1x MOPS and 2% formaldehyde
electrophoresis buffer. After gel run, the gels were washed once 5 min in milli-Q water, once 20 min in
0.05 M NaOH to hydrolyze the RNAs and facilitate the transfer of larger RNAs, and twice 20 min in
10x SSC (1.5 M NaCl, 150 mM sodium-citrate trihydrate). RNAs were either transferred by overnight
passive transfer or vacuum assisted fast transfer onto a positively charged nylon membrane. The
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RNA of interest can be detected by forming a RNA/DNA hybrid with the respective probe. Digoxigenin
(DIG) labeled probes were prepared according to the manufacturer's manual. Radioactive probes
were end-labeled with T4 polynucleotide kinase (PNK) by adding the gamma-**P-phosphate of ATP to
the oligo. Ten picomol of the oligo-probe were incubated with 50 uCi of gamma-**P-ATP (Amersham)
in 1x PNK buffer and 10U of T4 PNK for 45 min at 37°C. Reactions were stopped by addition of 1pl of
0.5 M EDTA pH 8. Probes were purified by gel exclusion column (Micro Bio Spin6 - Biorad). For
hybridization membranes were pre-incubated for 1 h at the respective temperature in hybridization
buffer (50% formamide; 5x SSC; 0.5% SDS; 5x Denhards (1% Ficoll typ 400-Pharmacia, 1%
Polyvinylpyrrolidone, 1% BSA Fraction V-Sigma)). After addition of the probe, the blots were
incubated with motion overnight at the respective temperature, appropriate for forming the RNA/DNA
hybrid. For radioactive detection, the membranes were washed three times with 2x SSC at the used
temperature and afterwards exposed onto a Phospholmager screen and/ or onto BioMax MS/MR
films (all FujiFilm). For non-radioactive probe detection the blots were washed after hybridization 2
times with hybridization buffer and two times with 0.1xSSC, 0.1%SDS at the used temperature. The
membrane is shortly washed in DIG washing buffer (100 mM maleic acid, 150 mM NaCl, pH 7.5 and
0.3% N-lauroylsarcosin) and afterwards blocked for 1 hour with 1xblocking reagent (Roche) in 100
mM maleic acid, 150 mM NaCl, pH 7.5. Next, 0.75 U/ml of anti-DIG antibody conjugated to the
alkaline phosphatase (Roche) in blocking buffer was added and incubated for further 45 minutes at
RT. The membranes were washed three times in DIG washing buffer and incubated more than 5
minutes in reaction buffer (100 mM Tris pH 9.5, 100 mM NaCl, 5 mM MgCI2). 1% CDP-star in reaction
buffer (Roche) was added and the chemiluminescence signals were detected with a Fuji LAS Reader
3000.

5.2.5.3 RNA co-immuno-precipitation

Logarithmically growing cells were harvested and washed with milli-Q water. Cells were disrupted by
vortexing at 4°C with glass beads (0.75-1 mm Roth) in lysis buffer (usually buffer A200 (200 mM KCl,
20 mM Tris-HCI pH 8.0, 5 mM MgAc, 1 mM DTT, 1 mM PMSF, 2 mM benzamidine, 20 U/ml of RNasin
(NEB)). To clear the extracts from large debris and insoluble material, the extract was twice
centrifuged at 14000 rpm for 5 minutes at 4°C. Triton X-100 was added to the supernatants to a final
volume of 0.2% (v/v). Five mg of whole cells extract (determined by Bradford assay see 5.2.3.1) were
incubated with 50 pl of agarose coupled anti-Flag M2 beads (Sigma) for 90 min at 4°C. Beads were
washed 5 times with 2 ml of buffer A200 plus Triton (0.2% v/v) and 1 time with 10 ml of buffer A200
plus Triton (0.2% v/v). RNAs were extracted from a volume of cell extract supernatant (input),
corresponding to 1% of the volume loaded on the beads, and beads after washing (IP). Same volume
percentage of extracted RNAs (see 5.2.5.1) were loaded on denaturing agarose gels (see 5.2.5.2).

5.2.5.4 Analysis of newly synthesized RNA

1 ODeoo of logarithmically growing cells was harvested and resuspended in 100 pl of recovery buffer
(2% glucose, 1% bacto peptone, 0.6% malt extract, 0.01% yeast extract, 12% mannitol, 17.8 mM
magnesium acetate). 20 uCi of 5°,6’-[*H] uracil were added and the cells were incubated for 15 to 30
min at 30°C. RNA was extracted (see 5.2.5.1) and same amounts of radioactivity (as counted with a
scintillation counter (Packard Tri-Carb 1600TR)) was loaded on a denaturating agarose gel (see
5.2.5.2). After transfer, the membrane was sprayed with an enhancer spray (EN3HANCE spray
surface, Perkin Elmer) to overcome the quenching effect of non-radioactive 25S and 18S rRNAs. The
membranes were exposed to a BAS-TR 2040 screen or BioMax MS films (all FujiFilm).

For pulse-chase experiments same volume percentage of 2mg/ml uracil in YPD was added to the
pulsed samples and the samples were further incubated for the time required. RNA was extracted
(see 5.2.5.1) and same volume percentage of samples were loaded on a denaturating agarose gel
(see 5.2.5.2). The membranes were handled as described above.

5.2.5.5 Subcellular fractionation

30 OD600 of logarithmically growing cells were harvested and washed twice with 25 ml of milli-Q
water. Cells were resuspended in 50 ml of buffer Z (10 mM citrate pH 7.5; 2 mM MgCl. hexa-hydrate
and 12% (w(v) mannitol) with 9 mM beta-mercaptoethanol and incubated for 30 min at 37°C. 2 mg
zymolyase 100T was added and the cells were further incubated at 37°C for 15 to 20 minutes. Cells
are chilled on ice and washed twice with ice-cold buffer Z (8 min; 4000 rpm). For depletion of
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galactose-promotor driven protein, the spheroplasts are resuspended in 25 ml of YPD supplemented
with 12% (w/v) mannitol. The suspension is incubated for 30 to 35 minutes at 30°C and pelleted by
centrifugation for 8 minutes at 4000 rpm. Spheroplasts are washed once with 0.5 ml of recovery buffer
(2% glucose, 1% bacto peptone, 0.6% malt extract, 0.01% yeast extract, 12% mannitol, 17.8 mM
magnesium acetate) and resuspended in 0.2 ml of recovery buffer. If newly synthesized RNA should
be analyzed, the spheroplasts were at this step pulsed with 20 uCi of 5',6’-[*H] uracil and incubated
for 20 min at 30°C. In each case, the spheroplasts were pelleted and resuspended in 0.7 ml of 0.03%
(w/v) Trition X-100 in PVP (8% Polyvinylpyrrolidon; 1 mM MgCl, hexa-hydrate; 20 mM
potassium-phosphate buffer pH6.5; 10 mM EDTA pHS8; titrated with potassium-phosphate buffer to pH
6.5). The spheroplasts are fractionated with a tight douncer (25-75um clearance) and 0.7 ml of 0.6 M
sucrose in PVP was added. The mixture was layered on top of 0.45 M sucrose cushion and
centrifuged for 10 minutes at 4500 rpm and 4°C in a swing out rotor. 0.5 ml of the top layer was
collected (cytoplasm). The remaining sucrose gradient was removed and the pellet (nuclei) was
resuspended in 300 pl of 0.45 M sucrose in PVP. RNA from 200 pl of the cytoplasmic fraction (14%)
and 100 pl of the nuclear fraction (33%) was extracted and subjected to further analysis.

5.2.5.6 RNA analysis by sucrose gradient fractionation

To 100 ml of logarithmically growing cells a total amount of 10 mg cycloheximide (CHX) was added.
The cells were shook rapidly for 30 seconds and poured in a centrifugation bottle with same amounts
of ice. After centrifugation, the cells were washed twice with lysis buffer (10 mM Tris-Cl pH 7.5; 0.1 M
NaCl; 30 mM MgCl, hexa-hydrate) supplemented with 0.1 mg/ml CHX and 0.2 mg/ml heparin. The
cells are lysed in lysis buffer and the extracted was cleared by two centrifugations. 0.5 ug protein was
layered on top of a 12 ml 10-50% (w/v) sucrose gradient (10% or 50% sucrose solutions in 50 mM
tris-acetate pH 7.0; 50 mM NH.CI; 12 mM MgCl; hexa-hydrate; 1 mM DTT; mixed with a Biocomp
Gradient Masterg). The gradients were centrifuged in a SW40 swing out rotor for 2.7 hours at 39000
rom and the spektra were collected using a BioLogic UV detection system (254 nm) connected to a
FPLC-Pharmacia LKB-P500 (flow: 0.5 ml/min). Signals were recorded using the LP analysis software
(Biorad). Or the gradients were apportioned into 0.5 ml fractions. From 50% of each fraction either
RNA or proteins were extracted. For RNA extraction, 110 pl of AE buffer and 40 pl of 10% SDS were
added (see 5.2.5.1). 1 ml of a 1:1 phenol:chloroform mixture was added and incubated at 65°C for 10
minutes. The suspension was centrifuged and again extracted with 0.9 ml of a 1:1 phenol:chloroform
mixture. RNA was precipitated as described in 5.2.5.1. Proteins were precipitated by addition of 375
pl of 7:2 acetone:H,O to 250 pl of gradient fractions. The solution is placed on -20°C for longer than
30 minutes and afterwards centrifuged. The pellet is resuspended in protein solubilization buffer and
analyzed by Western blotting.

5.2.6 Cell biological methods

5.2.6.1 Immunofluorescence

To 5ml of logarithmically growing yeast cells 500ul 37% Formaldehyde (stabilized with 10% Methanol)
were added and incubated for 1 hour at the temperature used for cultivation. The cells were pelleted
and resuspended in 1 ml of 0.1 M potassium-phosphate buffer pH 7.5 containing 28,6 mM
beta-mercaptoethanol and 50 pg zymolyase 100T (Medac GmBH). The suspension was incubated at
30°C for 30-45 minutes with agitation. The spheroplasts are pelleted and resuspended in 1 ml TBS. At
this point the cells can be stored at -20°C or subjected to immuno cytochemistry.

50 ul of the spheroplast suspension is applied on poly-L-Lysin coated coverslips. The cells adhered
for 5 minutes at RT onto the coverslips. Excess suspension is aspirated and the spheroplasts are
washed three times with with 50 pl TBS. The spheroplasts are covered with 50 ul 2% BSA in 1x TBS
and incubated for 30 min at RT in a wet chamber. Excess suspension is aspirated and the
spheroplasts are covered with the primary antibody, diluted in 50ul 0.1% BSA in 1x TBS. After
incubation for 1 hour at RT, the spheroplasts are washed 4 times with 50 yl 1x TBS. Afterwards the
spheroplasts are covered with secondary antibody, diluted in 50 ul 0.1% BSA in 1x TBS. The
coverslips are incubated for 1 hour at RT in a dark and wet chamber. Finally spheroplasts are
mounted in 2-3 pl 0.1 ug/ml DAPI in moviol and stored at 4°C in the dark.
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5.2.6.2 Fluorescence in situ hybridization

15 ml exponentially growing cells are centrifuged 5 min at 3000 rpm. The supernatant is discarded,
leaving 3 ml in the tube.1 ml of 16% para-formaldehyde is added on the 3 ml of the culture (4% final
concentration). The cells are fixed for 30 minutes at RT and washed once with 10 ml buffer B (1.2 M
sorbitol in 1x TBS). The cells are pelleted and resuspended in 0.5 ml of spheroplasting buffer (2 mM
Vanadium Ribonucleoside Complex; 0.2 pM PMSF; 28.6 mM beta-mercaptoethanol; 50ug/mi
zymolyase 100T (Medac GmBH); in buffer B). The suspension is incubated for 30 minutes at 30°C,
pelleted and the supernatant is discarded. The spheroplasts are once washed with 1 ml buffer B and
resuspended in 200-800 ul buffer B. From now humid chambers are used for incubations. 50l of
spheroplast suspension is dropped on poly-L-lysin treated coverslips and incubated for 30 minutes on
4°C. 4 ml ice-cold 70% ethanol is added and incubated overnight at -20°C. The spheroplast are
washed twice with each 4 ml 2xSSC pH 7.0 for 5 minutes at RT and once for 5 minutes at RT in 2x
SSC with 10% (v/v) formamide. The probe is prepared as follows: 2 pl probe (10 ng/ul); 4 ul
formamide; 2 pl 2x SSC, 2 ul tRNA (10 mg/ml); 10 uyl H,0; the mixture is incubated for 5 minutes at
99°C and cooled rapidly in an ice/water bath. 20 pyl 20% dextrane sulfate (in 4x SSC), 1ul BSA (2
mg/ml) and 2 pl Vanadium Ribonucleoside Complex (200 mM) is added. 20 pl of the probe solution is
droped on each coverslip and incubated for 3 hours to overnight incubation at 37°C. The coverslips
are washed 2 times for 15 minutes with 4 ml 2x SSC/10% formamide at 37°C, once with 2x SSC/0.1%
Triton X-100 (w/v) at RT, twice with 1x SSC at RT and once with 1x TBS. The spheroplast are
mounted in 2-5 yl of DAPI (0.1 pug/ml) in moviol.

5.2.7 Protein identification using MALDI-TOF/TOF mass spectrometry

5.2.7.1 Purification of (pre-) ribosomal particles

(Pre-) ribosomal particles are either purified by immuno-precipitation of FLAG-epitope or protein A
(TAP-tag) epitope tagged proteins. In each case cell extracts are prepared like described in 5.2.5.3.
For FLAG-tagged proteins, the immuno-precipitation was carried out like described in 5.2.5.3 with
following exceptions: the protein amount loaded on the M2 beads was in the range of 40 to 80 mg; the
volume of beads was adjusted. After washing with A200 plus Triton (0.2% v/v), the beads were
washed twice with 1 ml of desalting buffer AC (0.1 M ammonium acetate pH 7.4; 0.1 mM MgCl,
hexa-hydrate) and the proteins are eluted through a basic pH step by two times washing with each
0.5 ml of 0.5 M ammonium hydroxide. The supernatants of the elutions are pooled and lyophilized.
For TAP-tagged proteins, immuno-precipitation was carried out as described for FLAG-tagged
proteins with following exceptions: buffer MB is buffer A200, supplemented with Triton X-100 (0.5%
viv) and Tween 20 (0.1% v/v); the precipitation matrix is magnetic beads (1 ym BcMagEpoxy,
Bioclone Inc.) coupled to rabbit IgG (Sigma-Aldrich). 200 pl of coupled beads are used for each
precipitation experiment (pre-washed 3 times with buffer MB). Binding is carried out at 4°C for 1 hour.
The beads are washed in a McMag magnetic separator (Bioclone Inc.) 3 times with buffer MB and 2
times with buffer AC (see before), each 0.7 ml. Elution is done like described before (see FLAG-tag
purification). The eluates are pooled and lyophilized.

5.2.7.2 Analysis of purified (pre-) ribosomal particles by mass spectrometry

The lyophilized protein purifications (5.2.7.1) are resuspended in 20-50 pl of 50 mM ammonium
carbonate pH 7.5 and 6 pl trypsin (1 mg/ml, Roche) is added. The proteins are digested overnight at
37°C. Once again the peptides are lyophilized and the pellet is resuspended in 20-50 pl of 0.1% TFA.
The solution is centrifuged for 10 minutes at full speed and the supernatant is transferred into a HPLC
cup. 10 to 15 pl of the peptide solution is separated on a nano-flow HPLC system (Dionex) with a
Pep-Map C18-reversed phase column (LC-Packings/Dionex). Separation is done with a 5% to 95%
gradient of 80% Acetonitril, 0.05% TFA (flow 0,3 pl/min). The fractions are mixed at real time with 5
times volume of MALDI matrix (CHCA a-cyano-4-hydroxycinnamic acid, 2 mg/ml in 70%
acetonitril/0.1%TFA) and spotted onto a MALDI sample plate (SS, 192 well, Applied Biosystems) by a
Dionex Probot system. The samples were analyzed by a MALDI-TOF/TOF 4800 series (Applied
Biosystems). For standardization a Cal 4700 standard peptide mixture was used (Applied
Biosystems). For the MS mode, 1000 shots with suitable energy were appointed. The six peaks with
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highest intensity were further fragmented in the MSMS mode (2500 shots, 20% more energy than MS
mode). Identification of peptides was done by a database search by the mass/ionization rate
(MASCOT or NCBI database).

5.2.7.3 Quantitative analysis of purified pre-ribosomal particles by mass
spectrometry

The lyophilized protein purifications (5.2.7.1) were subjected to iTRAQ labeling according to the
manufacturer's instructions. Briefly, the pellets were resuspended, side chains (disulfide bonds)
reduced, cysteins blocked, digested with trypsin, labeled with the corresponding iTRAQ reagent and
lyophilized. The labeled peptides are resuspended in 20-50 ul of 0.1% TFA. Starting from this step,
the protocol followed exactly the one from non-labeled peptides (see 5.2.7.2). Identification of
peptides was done by a database search (MASCOT or NCBI database) including the peptide
modifications (reduction, blocking, labeling). Quantification was done by intensity comparison of the
iTRAQ area peaks (114 to 117 daltons). The quantitative data were normalized to the ratio of bait
protein in the different purifications.
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Supplemental Figure 1. Analyses of HA-tagged rpS5 variants

(A) Growth kinetics of yeast strains ToY1659 (pGAL-RPS5), ToY1739 (pGAL-RPSS5, RIO2-TAP) and ToY 1765
(pGAL-RPS5, NOB1-TAP). Logarithmically growing yeast cells (YP-galactose pre-culture) were diluted to the
indicated OD(600) at time point 0 minutes and further grown in YP-galactose media. The best fits for the growth
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curves are shown. Following doubling times in YP-galactose were calculated: ToY 1659 — 158 minutes; ToY 1739 —
154 minutes; ToY 1765 — 187 minutes. (B)-(E) All experiments were performed in yeast strains, in which full length
rpS5 is encoded under the control of the galactose inducible GAL1 promoter. The strains were either transformed
with an empty vector (YEplacl81) or vectors coding for HA-tagged full length rpS5 (ToP1162), rps5-AC
(ToP1156), rps5-Aloop (ToP1157) or rps5-short-loop (ToP1158) under the control of a constitutive promoter.
(B) and (C) Cells were grown overnight in selective media containing galactose, diluted in YP-galactose and
subsequently expression of pGAL-RPS5 was shut down for 2 hours in YP-glucose medium. The experiments were
performed in yeast strain ToY1659 (pGAL-RPS5). (B) 5°,6’-[*H] uracil metabolic labeling of newly synthesized
RNA. Cells were pulsed for 30 minutes at 30°C. Total RNA was extracted and separated by gel electrophoresis,
radio-labeled RNA was visualized by fluorography. (C) Steady state distribution of precursor subunits. Total DNA
(DAPI) and rRNA precursors containing ITS1-sequences between site D and A2 (ITS1-Cy3) were detected as
described in 5.2.6.2. (D) and (E) Cell fractionation after metabolic RNA labeling. Cells were grown overnight in in
YP-galactose media, diluted in YP-galactose and grown for 1 hour in YP-glucose media before starting with the
fractionation protocol (see 5.2.5.5). (D) The experiment was performed in yeast strain ToY1659 (pGAL-RPSS).
After shut down of pGAL-RPS5 expression, newly synthesized RNA was labeled with 5',6'-[*'H] uracil for 20
minutes. Nuclear (N) and cytoplasmic (C) cellular fractions were subsequently separated, RNA was extracted,
separated by gel electrophoresis and newly synthesized RNA was visualized by fluorography. (E) The experiment
was performed in yeast strain ToY1765 (pGAL-RPSS, NOB1-TAP). After shut down of pGAL-RPSS5 expression,
newly synthesized RNA was labeled with 5',6'-[*H] uracil for 20 minutes. Nuclear (N) and cytoplasmic (C) cellular
fractions were subsequently separated, RNA was extracted, separated by gel electrophoresis and newly synthesized
RNA was visualized by fluorography.

30°C

YP@G |sas20 | TAs20 YPD |sas20|1As20

Supplemental Figure 2. Complementation analysis of HA-tagged TAS20 and SAS20

HA-tagged, constitutive expressed alleles of TAS20 (ToP1278) and SAS20 (ToP1279) were tested for rpS20
substitution in strain ToY845, where RPS20 is under control of a galactose inducible GAL1 promoter. The plates
containing galactose (YPG) and glucose (YPD) were incubated for 3 days at 30°C.
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Supplemental Figure 3. Analyses of HA-tagged rpS15 variants

(A)-(C) All experiments were performed in yeast strain pGAL-RPS15 (ToY1217), in which full length rpS15 is
encoded under the control of the galactose inducible GAL1 promoter. The strain was either transformed with an
empty vector (YEplacl81) or vectors coding for HA-tagged full length rpS15 (ToP1173), TAS15 (ToP1171) or
SAS15 (ToP1172) under the control of a constitutive promoter. Cells were grown overnight in selective media
containing galactose, diluted in YP-galactose and subsequently expression of pGAL-RPS15 was shut down for 2
hours in YP-glucose medium. The cultures were cultivated at the respective temperature of the later experiment.
(A) 5°,6>-[*H] uracil metabolic labeling of newly synthesized RNA. Cells were pulsed for 30 minutes at 30°C or
37°C. Total RNA was extracted and separated by gel electrophoresis, radio-labeled RNA was visualized by
fluorography. (B) Steady state analysis of pre-rRNA in sub-cellular fractions. Cells were grown for 1.5 hours in
YPD before starting with the fractionation protocol (see 5.2.5.5). Cells were spheroplasted and subsequently
fractionated in nuclei and cytoplasm. RNA was extracted and 2.4 times more volume of nuclear than cytoplasmic
fractions were separated by gel electrophoresis and analyzed by northern blotting. Probes for detection of rRNA
species are depicted right-hand. N — nuclear fraction; C — cytoplasmic fraction. (C) Steady state distribution of
precursor subunits analyzed by FISH experiments. Total DNA (DAPI) and rRNA precursors containing
ITS1-sequences between site D and A2 (ITS1-Cy3) were detected as described in 5.2.6.2.
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Supplemental Figure 4. RNA co-immunoprecipitation of FLAG-tagged truncated rpS proteins
All experiments were performed in the corresponding pGAL-RPSX strains (pGAL-RPSO ToY256; pGAL-RPS6
ToY258; pGAL-RPS11 ToY325; pGAL-RPS24 ToY365). The strains were either transformed with vectors coding
for FLAG-tagged full length rpSX or the truncated variant, both under the control of a constitutive promoter (rpS0
ToP991; rpSO0-AC ToP514; rpS6 ToP997; rpS6-AC ToP573; rpS11 ToP1001; rpS11-AN ToP515; rpS24 ToP1012;
pS24-AC ToP574). Cells were grown overnight in selective media containing galactose, diluted in YP-galactose
and subsequently expression of pGAL-RPSX was shut down for 3 hours in YP-glucose medium. RNA was extracted
from Input (In) and immuno-purified (IP) fractions. Probes used for detection of (pre-) rRNA species are depicted
right-hand. 200 mM salt (KCI, see 5.2.5.3) was used for cell breakage, binding and washing of the
immunoprecipitations.
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Supplemental Figure 5. Changed antibiotic resistance of some truncated rpS proteins

(A)-(B) Serial dilutions of the indicated transformants on YP-glucose (YPD) and YP-glucose mixed with indicated
drugs containing plates. Plates were incubated for 2 days at 30°C. All yeast strains depend solely on the indicated
FLAG-tagged constitutive expressed alleles. BY4742 is the isogenic wildtype background strain. (A) Strains
ToY 1498 (rpS0) and ToY 1499 (rpS0-AC) (B) Strains ToY1500 (rpS2), ToY 1501 (rpS2-AN), ToY 1506 (rpS24) and
ToY 1507 (rpS24-AC). The spot tests were performed by U. Ohmayer during a practical course, instructed by A.
Neueder.
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Supplemental Table 1. FLAG-rpS5-AC associated proteins
A typical FLAG-tag purification of rpS5-AC containing SSU precursors. Basic elution, tryptic digest and
identification by mass spectrometry (MALDI TOF/TOF)

protein peptides

total ion
score %

SGD description

ATPase of the ATP-binding cassette (ABC) family involved in 40S and 60S ribosome

Arb1p 3 100 biogenesis, has similarity to Gen20p; shuttles from nucleus to cytoplasm, physically
interacts with Tif6p, Lsg1p
Essential protein that is a component of 90S preribosomes; may be involved in rRNA
Bfr2p 1 79.4 processing; multicopy suppressor of sensitivity to Brefeldin A; expression is induced
during lag phase and also by cold shock
Essential conserved nucleolar GTP-binding protein required for synthesis of 40S
Bms1p 2 100 ribosomal subunits and for processing of the 35S pre-rRNA at sites A0, A1, and A2;
interacts with Rcl1p, has similarity to Tsr1p
Dbp2p 9 100 Essential ATP-dependent RNA helicase of the DEAD-box protein family,
involved in nonsense-mediated MRNA decay and rRNA processing
Essential 18S rRNA dimethylase (dimethyladenosine transferase), responsible for
Dim1p 1 99.8 conserved m6(2)Am6(2)A dimethylation in 3'-terminal loop of 18S rRNA, part of 90S and
40S pre-particles in nucleolus, involved in pre-ribosomal RNA processing
Ecm16p 1 94.4 Essential DEAH-box ATP-dependent RNA helicase specific to the U3 snoRNP,
(Dhr1p) ) predominantly nucleolar in distribution, required for 18S rRNA synthesis
Protein associated with U3 and U14 snoRNAs, required for pre-rRNA processing and
Enp1p 2 100  40S ribosomal subunit synthesis; localized in the nucleus and concentrated in the
nucleolus
Kre33p 5 100 E?ssntial prptein pf unknown function; heterozygous mutant shows haploinsufficiency in
iller toxin resistance
Kri Essential nucleolar protein required for 40S ribosome biogenesis; physically and
rilp 1 92.5 . . .
functionally interacts with Krr1p
K Essential nucleolar protein required for the synthesis of 18S rRNA and for the assembly
rrip 2 100 . ;
o of 408 ribosomal subunit
o Component of the GSE complex, which is required for proper sorting of amino acid
g Ltv1p 5 100 permease Gap1p; required for ribosomal small subunit export from nucleus; required for
‘; growth at low temperature
'g Mrt4p 2 100  Protein involved in mRNA turnover and ribosome assembly, localizes to the nucleolus
S Essential nuclear protein involved in proteasome maturation and synthesis of 40S
o | Nob1p 2 100 ribosomal subunits; required for cleavage of the 20S pre-rRNA to generate the mature
2 18S rRNA
) Putative GTPase that associates with free 60S ribosomal subunits in the nucleolus and
€| Nog1p 1 99.2 s required for 60S ribosomal subunit biogenesis; constituent of 66S pre-ribosomal
o . . )
@ particles; memper of the ODN family of nucleolar. G-proteins -
2 Nop1p 1 96.1 Nucleolar protein, component of the small subunit processome complex, which is
) required for processing of pre-18S rRNA; has similarity to mammalian fibrillarin
Nop56p Essential evolutionarily-conserved nucleolar protein component of the box C/D snoRNP
(Sik1p) 1 90 complexes that direct 2'-O-methylation of pre-rRNA during its maturation;
overexpression causes spindle orientation defects
N Protein involved in pre-rRNA processing, 18S rRNA synthesis, and snoRNA synthesis;
OpS8p 1 100 component of the small subunit processome complex, which is required for processin
(Nop5p) p ubunit p plex, qu p 9
of pre-18S rRNA
Pnotp Essential nucleolar protein required for pre-18S rRNA processing, interacts with Dim1p,
. 2 100 an 18S rRNA dimethyltransferase, and also with Nob1p, which is involved in proteasome
(Dim2p) bi o ; )
iogenesis; contains a KH domain
RNA helicase in the DEAH-box family, functions in both RNA polymerase | and
Prp43p 2 100 polymerase Il transcript metabolism, involved in release of the lariat-intron from the
spliceosome ( 1, 2, 3, 4) Also known as: JA1
3'-5' RNA exonuclease; involved in 3'-end processing of U4 and U5 snRNAs, 5S and
Rex2p 4 100 5.8S rRNAs, and RNase P and RNase MRP RNA,; localized to mitochondria and null
suppresses escape of mtDNA to nucleus in yme1 yme2 mutants; RNase D exonuclease
Ri Essential serine kinase involved in the processing of the 20S pre-rRNA into mature 18S
io2p 2 100 . L .
rRNA; has similarity to Rio1p
Sof1p 1 100 Essential protein required for biogenesis of 40S (small) ribosomal subunit; has similarity
to the beta subunit of trimeric G-proteins and the splicing factor Prp4p
T Protein required for processing of 20S pre-rRNA in the cytoplasm, associates with
srip 4 100 . :
pre-40S ribosomal particles
Utp2p Nucleolar protein, forms a complex with Noc4p that mediates maturation and nuclear
(Nop14p 1 100 export of 40S ribosomal subunits; also present in the small subunit processome
/ Noc5p) complex, which is required for processing of pre-18S rRNA
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Nucleolar protein, specifically associated with the U3 snoRNA, part of the large

(UDtﬁjzsz; 96.7 ribonucleoprotein complex known as the small subunit (SSU) processome, required for
18S rRNA biogenesis, part of the active pre-rRNA processing complex
Utp14p 100 Subunit of U3-containing Small Subunit (SSU) processome complex involved in
production of 18S rRNA and assembly of small ribosomal subunit
Utp15p 95.5 Nucleolar protein, component of the small subunit (SSU) processome containing the U3
) snoRNA that is involved in processing of pre-18S rRNA
Subunit of U3-containing 90S preribosome and Small Subunit (SSU) processome
Utp21p 100 complexes involved in production of 18S rRNA and assembly of small ribosomal
subunit; synthetic defect with STI1 Hsp90 cochaperone; human homolog linked to
glaucoma
Ut Possible U3 snoRNP protein involved in maturation of pre-18S rRNA, based on
p22p 100 : . - L !
computational analysis of large-scale protein-protein interaction data
elF3 100 eukaryotic translation initiation factor 3
* Translation initiation factor elF4A, identical to Tif1p; DEA(D/H)-box RNA helicase that
5 | elF4A 100  couples ATPase activity to RNA binding and unwinding; forms a dumbbell structure of
© two compact domains connected by a linker; interacts with elF4G
& [TEF-1 100 Translational elongation factor EF-1 alpha; functions in the binding reaction of
B | alpha aminoacyl-tRNA (AA-tRNA) to ribosomes
© EF-2 Elongation factor 2 (EF-2), also encoded by EFT1; catalyzes ribosomal translocation
8 (Eft2p) 100  during protein synthesis; contains diphthamide, the unique posttranslationally modified
a P histidine residue specifically ADP-ribosylated by diphtheria toxin
2 Translational elongation factor 3, stimulates the binding of aminoacyl-tRNA (AA-tRNA)
o | EF-3 99.9 toribosomes by releasing EF-1 alpha from the ribosomal complex; contains two ABC
© cassettes; binds and hydrolyses ATP
2 | eRF1 83.4  Polypeptide release factor (€RF1) in translation termination
g ATP-dependent DEAD (Asp-Glu-Ala-Asp)-box RNA helicase, required for translation
Ded1p 100 initiation of all yeast mRNAs; mutations in human DEAD-box DBY are a frequent cause
of male infertility
H Poly(A+) RNA-binding protein, involved in the export of MRNAs from the nucleus to the
rb1p 86.2 i
cytoplasm; similar to Gbp2p and Npl3p
% Kap123 Karyopherin beta, mediates nuclear import of ribosomal proteins prior to assembly into
& P 100 ribosomes and import of histones H3 and H4; localizes to the nuclear pore, nucleus,
S P and cytoplasm; exhibits genetic interactions with RAI1
*3 Seh1p 100 Nuclear pore protein that is part of the evolutionarily conserved Nup84p complex
I (Nup84p, Nup85p, Nup120p, Nup145p, and Seh1p); homologous to Sec13p
17 Component of the TREX complex required for nuclear mRNA export; member of the
g_ Sub2p 100 DEAD-box RNA helicase superfamily and is involved in early and late steps of
o spliceosome assembly; homolog of the human splicing factor hUAP56
oy Nuclear protein that binds to RNA and to Mex67p, required for export of poly(A)+ mRNA
g Yralp 100  from the nucleus; member of the REF (RNA and export factor binding proteins) family;
5 another family member, Yra2p, can substitute for Yra1p function
2 Ran GTPase binding protein; involved in nuclear protein import and RNA export,
Yrb1p 90 ubiquitin-mediated protein degradation during the cell cycle; shuttles between the
nucleus and cytoplasm; is essential; homolog of human RanBP1
H2B 100 Histone H2B
Subunit of the SWI/SNF chromatin remodeling complex, which regulates transcription
Swi3p 85.4 by remodeling chromosomes; required for transcription of many genes, including ADH1,
ADH2, GAL1, HO, INO1 and SUC2
RPC40 95.5 RNA polymerase subunit, common to RNA polymerase | and Ill
14 Subunit of the RNA polymerase llI-associated Paf1 complex; directly or indirectly
g Rtf1p 100 regulates DNA-binding properties of Spt15p and relative activities of different TATA
o elements; involved in telomere maintenance
S Tap42p 100 Essential protein involved in the TOR signaling pathway; physically associates with the
£ protein phosphatase 2A and the SIT4 protein phosphatase catalytic subunits
© Cytoplasmic ATPase that is a ribosome-associated molecular chaperone, functions with
Ssb2p 100  J-protein partner Zuo1p; may be involved in the folding of newly-synthesized
polypeptide chains; member of the HSP70 family; homolog of SSB1
14-3-3 protein, major isoform; controls proteome at post-transcriptional level, binds
Bmh1p 99.1 proteins and DNA, involved in regulation of many processes including exocytosis,

vesicle transport, Ras/MAPK signaling, and rapamycin-sensitive signaling
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Supplemental Table 2. FLAG-rpS5-short-loop associated proteins
A typical FLAG-tag purification of rpS5-short-loop containing SSU precursors. Basic elution, tryptic digest and
identification by mass spectrometry (MALDI TOF/TOF)

protein peptides

total ion
score %

SGD description

ATPase of the ATP-binding cassette (ABC) family involved in 40S and 60S ribosome

Arb1p 1 100 biogenesis, has similarity to Gen20p; shuttles from nucleus to cytoplasm, physically
interacts with Tifép, Lsg1p
Protein associated with U3 and U14 snoRNAs, required for pre-rRNA processing and
Enp1p 7 100  40S ribosomal subunit synthesis; localized in the nucleus and concentrated in the
nucleolus
Component of the GSE complex, which is required for proper sorting of amino acid
Ltvip 4 100 permease Gap1p; required for ribosomal small subunit export from nucleus; required for
14 growth at low temperature
% Protein involved in nuclear export of the large ribosomal subunit; acts as a
& | Nmd3p 1 96.4 Crm1p-dependent adapter protein for export of nascent ribosomal subunits through the
8] nuclear pore complex
3 Essential nuclear protein involved in proteasome maturation and synthesis of 40S
5 Nob1p 3 100 ribosomal subunits; required for cleavage of the 20S pre-rRNA to generate the mature
2 18S rRNA
8 Nob58 Protein involved in pre-rRNA processing, 18S rRNA synthesis, and snoRNA synthesis;
g pooSp 1 99.5 component of the small subunit processome complex, which is required for processing
(Nop5p)
S of pre-18S rRNA
S 3'-5' RNA exonuclease; involved in 3'-end processing of U4 and U5 snRNAs, 5S and
‘= | Rex2p 4 100 5.8S rRNAs, and RNase P and RNase MRP RNA; localized to mitochondria and null
suppresses escape of mtDNA to nucleus in yme1 yme2 mutants; RNase D exonuclease
Ri Essential serine kinase involved in the processing of the 20S pre-rRNA into mature 18S
io2p 3 100 . L .
rRNA; has similarity to Rio1p
Constituent of 66S pre-ribosomal particles, has similarity to human translation initiation
Tifép 1 91.1 factor 6 (elF6); may be involved in the biogenesis and or stability of 60S ribosomal
subunits
T Protein required for processing of 20S pre-rRNA in the cytoplasm, associates with
srip 7 100 . .
pre-40S ribosomal particles
» elF3 3 100 eukaryotic translation initiation factor 3
ie] clF4A Translation initiation factor elF4A, identical to Tif1p; DEA(D/H)-box RNA helicase that
8 Tifo 6 100 couples ATPase activity to RNA binding and unwinding; forms a dumbbell structure of
"-5 (Tif2p) two compact domains connected by a linker; interacts with elF4G
% elF4E 1 98.8 Cytoplasmic mRNA cap binding protein and translation initiation factor elF4E
'g EF-1 10 100 Translational elongation factor EF-1 alpha; functions in the binding reaction of
2 alpha aminoacyl-tRNA (AA-tRNA) to ribosomes
@® EF-2 Elongation factor 2 (EF-2), also encoded by EFT1; catalyzes ribosomal translocation
5 (Eft2p) 8 100 during protein synthesis; contains diphthamide, the unique posttranslationally modified
5 histidine residue specifically ADP-ribosylated by diphtheria toxin
g Translational elongation factor 3, stimulates the binding of aminoacyl-tRNA (AA-tRNA)
© EF-3 9 100 to ribosomes by releasing EF-1 alpha from the ribosomal complex; contains two ABC
- cassettes; binds and hydrolyses ATP
© GTP binding protein (mammalian Ranp homolog) involved in the maintenance of
e Gsp2p 1 99.4 nuclear organization, RNA processing and transport; interacts with Kap121p, Kap123p
c_‘@ © and Pdr6p (karyophilin betas); Gsp1p homolog that is not required for viability
8— 9 Karyopherin beta, mediates nuclear import of ribosomal proteins prior to assembly into
=@ Kap123 8 100 ribosomes and import of histones H3 and H4; localizes to the nuclear pore, nucleus,
g © and cytoplasm; exhibits genetic interactions with RAI1
or Component of the TREX complex required for nuclear mRNA export; member of the
S Sub2p 1 99.9 DEAD-box RNA helicase superfamily and is involved in early and late steps of
c spliceosome assembly; homolog of the human splicing factor hUAP56
RPA34 3 100 RNA polymerase | subunit A34.5
Subunit of the RNA polymerase ll-associated Paf1 complex; directly or indirectly
o | Riflp 5 100 regulates DNA-binding properties of Spt15p and relative activities of different TATA
S elements; involved in telomere maintenance
§ Cytoplasmic ATPase that is a ribosome-associated molecular chaperone, functions with
5 Ssb2p 1 100 J-protein partner Zuo1p; may be involved in the folding of newly-synthesized
< polypeptide chains; member of the HSP70 family; homolog of SSB1
o 14-3-3 protein, major isoform; controls proteome at post-transcriptional level, binds
Bmh1p 2 100 proteins and DNA, involved in regulation of many processes including exocytosis,

vesicle transport, Ras/MAPK signaling, and rapamycin-sensitive signaling
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Supplemental Table 3. FLAG-SAS20 associated proteins
A typical FLAG-tag purification of SAS20 containing SSU precursors. Basic elution, tryptic digest and
identification by mass spectrometry (MALDI TOF/TOF)

. . total ion r
protein peptides score % SGD description
ATPase of the ATP-binding cassette (ABC) family involved in 40S and 60S ribosome
Arb1p 7 100 biogenesis, has similarity to Gen20p; shuttles from nucleus to cytoplasm, physically
interacts with Tif6p, Lsg1p
Essential protein that is a component of 90S preribosomes; may be involved in rRNA
Bfr2p 1 100 processing; multicopy suppressor of sensitivity to Brefeldin A; expression is induced
during lag phase and also by cold shock
Dbp2 6 100 Essential ATP-dependent RNA helicase of the DEAD-box protein family,
PP involved in nonsense-mediated MRNA decay and rRNA processing
Drs1 1 100 Nucleolar DEAD-box protein required for ribosome assembly and function, including
P synthesis of 60S ribosomal subunits; constituent of 66S pre-ribosomal particles
Ecm16p 1 97.5 Essential DEAH-box ATP-dependent RNA helicase specific to the U3 snoRNP,
(Dhr1p) ’ predominantly nucleolar in distribution, required for 18S rRNA synthesis
Protein associated with U3 and U14 snoRNAs, required for pre-rRNA processing and
Enp1p 10 100 40S ribosomal subunit synthesis; localized in the nucleus and concentrated in the
nucleolus
Gar 1 100 Protein component of the H/ACA snoRNP pseudouridylase complex, involved in the
P modification and cleavage of the 18S pre-rRNA
ATP-dependent RNA helicase; localizes to both the nuclear periphery and nucleolus;
Has1p 1 99.6  highly enriched in nuclear pore complex fractions; constituent of 66S pre-ribosomal
particles
Kre33p 3 100 Essent!al prote.nn of 'unknown function; heterozygous mutant shows haploinsufficiency
» in K1 killer toxin resistance
*8 Component of the GSE complex, which is required for proper sorting of amino acid
& [Ltvip 6 100 permease Gap1p; required for ribosomal small subunit export from nucleus; required
» for growth at low temperature
§ Mrt4p 3 100 Protein involved in mRNA turnover and ribosome assembly, localizes to the nucleolus
g Essential nuclear protein involved in proteasome maturation and synthesis of 40S
© [Nob1p 9 100 ribosomal subunits; required for cleavage of the 20S pre-rRNA to generate the mature
P 18S rRNA
£ Putative GTPase that associates with free 60S ribosomal subunits in the nucleolus
2 Nog1p 1 100 and is required for 60S ribosomal subunit biogenesis; constituent of 66S pre-ribosomal
§ particles; member of the ODN family of nucleolar G-proteins
= Protein involved in pre-rRNA processing, 18S rRNA synthesis, and snoRNA synthesis;
NopS8p 1 100 t of the small subunit lex, which is required f i
(Nop5p) component of the small subunit processome complex, which is required for processing
of pre-18S rRNA
GTPase that associates with nuclear 60S pre-ribosomes, required for export of 60S
Nug1p 2 100 ; .
ribosomal subunits from the nucleus
Pno1 Essential nucleolar protein required for pre-18S rRNA processing, interacts with
o1p 4 100 Dim1p, an 18S rRNA dimethyltransferase, and also with Nob1p, which is involved in
(Dim2p) ; . . .
proteasome biogenesis; contains a KH domain
Rio2 8 100 Essential serine kinase involved in the processing of the 20S pre-rRNA into mature
P 18S rRNA; has similarity to Rio1p
Protein involved in rRNA processing; required for maturation of the 35S primary
Rrp3p 2 100 transcript of pre-rRNA and for cleavage leading to mature 18S rRNA; homologous to
elF-4a, which is a DEAD box RNA-dependent ATPase with helicase activity
Rro8 1 100 Nucleolar protein involved in rRNA processing, pre-rRNA cleavage at site A2; also
Pep involved in telomere maintenance; mutation is synthetically lethal with a gar1 mutation
Rro12 2 100 Protein required for export of the ribosomal subunits; associates with the RNA
plep components of the pre-ribosomes; contains HEAT-repeats
Constituent of 66S pre-ribosomal particles, has similarity to human translation initiation
Tifép 1 100 factor 6 (elF6); may be involved in the biogenesis and or stability of 60S ribosomal
subunits
Protein required for processing of 20S pre-rRNA in the cytoplasm, associates with
Tsr1p 9 100 . :
pre-40S ribosomal particles
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ATP-dependent DEAD (Asp-Glu-Ala-Asp)-box RNA helicase, required for translation

Ded1p 4 100 initiation of all yeast mRNAs; mutations in human DEAD-box DBY are a frequent
cause of male infertility
elF3 17 100  eukaryotic translation initiation factor 3
clF4A Translation initiation factor elF4A, identical to Tif1p; DEA(D/H)-box RNA helicase that
o |(Tif2p) 18 100  couples ATPase activity to RNA binding and unwinding; forms a dumbbell structure of
§ P two compact domains connected by a linker; interacts with elF4G
§ elF4E 2 100 Cytoplasmic mRNA cap binding protein and translation initiation factor elF4E
9 GTPase, required for general translation initiation by promoting Met-tRNAiMet binding
QO [elF5B 2 100 . . M ?
© to ribosomes and ribosomal subunit joining; homolog of bacterial IF2
8 |EF-1 16 100 Translational elongation factor EF-1 alpha; functions in the binding reaction of
3 lalpha aminoacyl-tRNA (AA-tRNA) to ribosomes
®
5 EF-1 1 100  Translation elongation factor EF-1 gamma
2 |gamma
% EF-2 Elongation factor 2 (EF-2), also encoded by EFT1; catalyzes ribosomal translocation
S (Eft2p) 15 100 during protein synthesis; contains diphthamide, the unique posttranslationally modified
= P histidine residue specifically ADP-ribosylated by diphtheria toxin
Translational elongation factor 3, stimulates the binding of aminoacyl-tRNA (AA-tRNA)
EF-3 23 100 to ribosomes by releasing EF-1 alpha from the ribosomal complex; contains two ABC
cassettes; binds and hydrolyses ATP
eRF1 2 100 Polypeptide release factor (¢eRF1) in translation termination
eRF3 2 100  Translation termination factor eRF3
2]
S Subunit of the RNA polymerase Il-associated Paf1 complex; directly or indirectly
§ Rtf1p 6 100 regulates DNA-binding properties of Spt15p and relative activities of different TATA
5 elements; involved in telomere maintenance
Q
©
3 Essential protein involved in transcription regulation; component of chromatin
? Rvb1p 1 100 remodeling complexes; required for assembly and function of the INO80 complex; also
2 referred to as pontin; member of the RUVB-like protein family
§e]
% Essential protein involved in transcription regulation; component of chromatin
® Rvb2p 1 100 remodeling complexes; required for assembly and function of the INO80 complex; also
© referred to as pontin; member of the RUVB-like protein family
z Cytoplasmic DExD/H-box helicase, stimulates mRNA decapping, coordinates distinct
2 Dhh1p 1 97.7  steps in mRNA function and decay, interacts with both the decapping and deadenylase
% complexes, may have a role in mMRNA export and translation
= Karyopherin beta, mediates nuclear import of ribosomal proteins prior to assembly into
L [Kap123p 5 100 ribosomes and import of histones H3 and H4; localizes to the nuclear pore, nucleus,
§, and cytoplasm; exhibits genetic interactions with RAI1
% Component of the TREX complex required for nuclear mRNA export; member of the
.g Sub2p 3 100 DEAD-box RNA helicase superfamily and is involved in early and late steps of
o spliceosome assembly; homolog of the human splicing factor hUAP56
g Nuclear protein that binds to RNA and to Mex67p, required for export of poly(A)+
S |Yralp 2 100 mRNA from the nucleus; member of the REF (RNA and export factor binding proteins)
c family; another family member, Yra2p, can substitute for Yra1p function
Cytoplasmic ATPase that is a ribosome-associated molecular chaperone, functions
Ssb2p 1 100  with J-protein partner Zuo1p; may be involved in the folding of newly-synthesized
» polypeptide chains; member of the HSP70 family; homolog of SSB1
% 14-3-3 protein, major isoform; controls proteome at post-transcriptional level, binds
O [Bmh1p 3 100 proteins and DNA, involved in regulation of many processes including exocytosis,
o) vesicle transport, Ras/MAPK signaling, and rapamycin-sensitive signaling
% H2A 2 100 Histone H2A
H4 3 100 Histone H4
RPA34 3 100 RNA polymerase | subunit A34.5
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Supplemental Table 4. List of examined archaeal r-proteins

A list of all examined archaeal r-proteins, derived from T acidophilum or
S. acidocaldarius. All alleles were cloned in a multicopy yeast vector under control of a
constitutive promoter. The relative strength of r-protein interaction with 20S pre-rRNA is
given: — no interaction; +/- weak interaction; + strong interaction

T. acidophilum S. acidocaldarius
Homologue of
yeast rpS pre-rRNA pre-rRNA
interaction interaction
0 v +/-
1 v +/-
2 v +/-
3 v +/- v -
5 v +/- v -
6 v +/-
9 v +
11 v +/-
13 v + v +/-
14 v +/- v +/-
15 v + v +
16 v - v -
17 v -
19 v +
20 v + v +
24 v -
26 --
27 v -- v -
30 v —
31 v -
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8 Abbreviations

abbreviation meaning

5-FOA 5-fluoro-orothic acid

A angstrom

ARS autonomous replication sequence

bp base pair

C-terminal carboxy terminal

cs cold sensitive

Cy3 member of the cyanine dye family (excitation 550 nm, emission 570 nm)
Da dalton

DAPI 4’-6-Diamino-2-phenylindol-dihydrochlorid

DIC, DICIII differential interference contrast, differential interference contrast Il objective (Zeiss)
DNA desoxyribonucleic acid

E. coli Escherichia coli

EM electron microscopy

ETS external transcribed spacer

FISH fluorescence in situ hybridization

GAL galactose

GLC glucose

IP immuno-precipitation

ITS internal transcribed spacer

M molar [mol/I]

MALDI matrix assisted laser desorption/ionization

mRNA messenger RNA

MS mass spectrometry

MS/MS tandem mass spectrometry

N-terminal amino terminal

nano HPLC nano high pressure liquid chromatography

NES nuclear export sequence

NLS nuclear localization sequence

NTS non-transcribed spacer

o/n overnight

0OD(600) optical density at 600 nm

ORF open reading frame

PAGE polyacrylamide gel electrophoresis

PCR polymerase chain reaction

pGAL galactose inducible promoter (in this work usually GAL1-promoter)
pH negative decadic logarithm of the molar concentration of dissolved hydrogen ions
rDNA ribosomal DNA
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abbreviation = meaning

RNA ribonucleic acid

rpL ribosomal protein of the large subunit
rom rotations per minute

rpS ribosomal protein of the small subunit
rRNA ribosomal RNA

RT room termperature

S. cerevisiae Saccharomyces cerevisiae

SAS Sulfolobus acidocaldarius small subunit protein
snoRNP small nucleolar ribonucleoprotein

SOE splicing by overlap extension

TAP tandem affinity purification tag

TAS Thermoplasma acidophilum small subunit protein
tRNA transfer RNA

ts temperature sensitive

WT wildtype

Elements, chemical compounds, physical variables and units are abbreviated according to
international rules.

The one letter amino acid code is used.
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