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Summary	
  
Proteins are synthesized by large molecular machines, the ribosomes. Ribosomes consist of
two subunits of unequal size, the small subunit and the large subunit. The small subunit
contains the decoding site, where the sequence information contained in the messenger RNA
(mRNA) is translated into protein sequence, while the large subunit contains the peptidyl
transferase center, which catalyzes the peptide bond formation between amino acids of the
nascent protein. Translation initiation in eukaryotes requires twelve initiation factors in
addition to the ribosome.
The aim of this thesis was to determine the crystal structure of an initiation complex of
the eukaryotic ribosome in order to make high-resolution structural information on eukaryotic
ribosomes and their initiation complexes available. The complex of the Tetrahymena
thermophila 40S ribosomal subunit with eukaryotic initiation factor 1 (eIF1) was crystallized
in three space groups. Phasing of the dataset with tantalum bromide clusters and subsequent
non-crystallographic symmetry multicrystal averaging resulted in electron density maps at
3.9Å that were of sufficient quality to build the entire structure. The resulting model
comprises the entire 18S rRNA, 33 ribosomal proteins and initiation factor eIF1.
The structure gives insights into the evolution of the eukaryotic ribosome, into
signaling at the eukaryotic ribosome and into the function of eIF1 during initiation. The
eukaryotic 40S ribosomal subunit contains more proteins that the bacterial 30S subunit, which
are engaged in stronger protein-protein interactions and have replaced a bacterial rRNA
feature at the beak. Expansion segments of the rRNA are clustered at the back of the 40S
subunit. The signaling hub protein RACK1 is an integral part of the ribosome that contacts
three ribosomal proteins (rpS3e, rpS16e and rpS17e). The phosphorylation site of ribosomal
protein rpS6e, which is a downstream target of the mTOR pathway, is located at the end of a
long C-terminal helix, which stretches from the bottom to the back of the 40S subunit. In
Tetrahymena, rpS4e, which is directly adjacent to rpS6e, is phosphorylated instead.
The study yielded insights into the structural basis of the ability of eIF1 to sense the
start codon recognition during translation initiation. Initiation factor eIF1 was found bound to
the 40S on top of helix 44, directly below the P site. In the structure eIF1 extends a basic loop
into the mRNA channel and is therefore in principle able to sense the conformation of mRNA
and tRNA by interaction with their phosphate backbone. The structure presented in this thesis
is the first structure of an entire eukaryotic ribosomal subunit and will form the foundation for
structure-guided studies of eukaryotic translation.
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Zusammenfassung	
  
Proteine werden von den Ribosomen synthetisiert. Ribosomen sind grosse molekulare
Maschinen, die aus zwei Untereinheiten unterschiedlicher Grösse bestehen, die als die kleine
Untereinheit und die grosse Untereinheit bezeichnet werden. Die kleine Untereinheit übersetzt
die Nukleinsäure-Sequenz der Boten-Ribonukleinsäure (mRNA) in die Proteinsequenz des
entstehenden Proteins, während die grosse Untereinheit des Ribosoms die Verbindung der
Aminosäuren zum Polypeptid mittels Peptidbindungen katalysiert. Die Initiation der
Proteintranslation

in

Eukaryoten

benötigt

zusätzlich

zu

den

Ribosomen

zwölf

Initiationsfaktoren. Das Ziel dieser Doktorarbeit war die Bestimmung der Kristallstruktur
eines eukaryotischen Initiationskomplexes um hochauflösende strukturelle Information des
eukaryotischen Ribosoms und der eukaryotischen Initiation zu gewinnen.
Der Komplex aus der kleinen ribosomalen Untereinheit von Tetrahymena thermophila
und dem eukaryotischen Initiationsfaktor 1 (eIF1) wurde in drei verschiedenen Raumgruppen
kristallisiert. Die Phasierung mit Tantal-Clustern und durch Mittelung über die vorhandenen
Raumgruppen ergab Elektronendichtekarten bei 3.9Å Auflösung, deren Qualität erlaubte, ein
Modell der gesamten Struktur zu bauen. Das Modell des 40S:eIF1-Komplexes enthält die
gesamte ribosomale Ribonukleinsäure (rRNA) der kleinen Untereinheit, 33 ribosomale
Proteine und den Initiationsfaktor eIF1. Die Struktur erlaubte Einblicke in die Evolution des
eukaryotischen Ribosoms, in die Signaltransduktion durch ribosomale Proteine und in die
Funktionsweise des Initiationsfaktors eIF1. Die eukaryotische ribosomale 40S Untereinheit
enthält mehr Proteine als ihr bakterielles Gegenstück, die zudem prominentere ProteinProtein-Interaktionen eingehen. Die rRNA-Struktur des 'beak' der bakteriellen 30S
Untereinheit ist in Eukaryoten durch Proteine ersetzt. Die grössten der zusätzlichen rRNAElemente der kleinen Untereinheit des eukaryotischen Ribosoms befinden sich an der
Rückseite der Untereinheit. Das ribosomale Protein RACK1 ist ein integraler Bestandteil des
Ribosoms und kontaktiert drei andere ribosomale Proteine, rpS3e, rpS16e und rpS17e. Die
mTOR-abhängige Phosphorylierungsstelle des ribosomalen Proteins rpS6e befindet sich auf
der carboxyterminalen Helix des Proteins, die sich von der Unterseite der 40S Untereinheit in
rückwärtiger Richtung erstreckt. In Tetrahymena wird statt des Proteins rpS6e das
benachbarte Protein rpS4e phosphoryliert.
Diese Studie lieferte die ersten strukturellen Einblicke in den Mechanismus der
Erkennung des Start-Codons durch eIF1. Der Initiationsfaktor eIF1 bindet an die Helix 44 der
kleinen ribosomalen Untereinheit direkt unterhalb der Peptidyltransferase-Stelle. In der
5

Struktur ist erkennbar dass sich ein basischer Teil des Initiationsfaktors eIF1 in den mRNAKanal erstreckt und dort prinzipiell durch Interaktion mit dem Phosphatrückgrat der mRNA
und der Transfer-Ribonukleinsäure (tRNA) die Erkennung des Start-Codons registrieren
kann. Die in dieser Doktorarbeit bestimmte Struktur stellt die erste Struktur einer
eukaryotischen ribosomalen Untereinheit dar und wird die Grundlage für eine
strukturorientierte Erforschung der eukaryotischen Translation bilden.
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Introduction	
  
Protein	
  Translation	
  
Translating the genome
Translation links genotype and phenotype. The genetic information stored in the form
of DNA is first transcribed with the aid of base pairing into messenger RNA (mRNA) and
subsequently translated into functional proteins that to a great extent define the metabolism,
shape and development of an organism. During the process of translation the nucleotide triplet
code is translated into polypeptides, the linear polymer of amino acids linked by peptide
bonds. The translational apparatus has to match the nucleotide triplet code to 20 (or more
(Ambrogelly, Palioura et al. 2007)) amino acids that are chemically very different from
nucleotides and, additionally, has to identify the start and stop codon of the sequence.
Consequently the molecular machinery employed in this task is highly complex: over 100
genes are required for even the simplest translational machinery (Fraser, Gocayne et al. 1995;
Forster and Church 2006). On a genomic scale, one quarter of the genes that are deemed
absolutely essential to sustain life are coding for molecules involved in translation
(Mushegian and Koonin 1996; Koonin 2000; Gil, Silva et al. 2004; Forster and Church 2006;
Glass, Assad-Garcia et al. 2006; Henry, Overbeek et al. 2010). Not only with regard to
genetic resources, but also with regard to total cell mass, the translation machinery takes up a
significant share of cellular resources as one fourth of E. coli dry weight contains translational
machinery, while ribosomes account for 50% of the protein and 80% of RNA in yeast cells
(Warner 1999; Berg, Stryer et al. 2001; von der Haar 2008; Kobayashi 2011).

The ribosome
Translation takes place at the ribosome, a large molecular machine, which consists of
ribosomal RNAs (rRNAs) and ribosomal proteins (Ban, Nissen et al. 2000; Wimberly,
Brodersen et al. 2000). The ribosome is composed of two subunits of unequal size, which are
8

termed the small ribosomal subunit and the large ribosomal subunit (Ban, Nissen et al. 2000;
Wimberly, Brodersen et al. 2000). The large ribosomal subunit contains the peptidyl
transferase center where amino acids are linked by synthesis of peptide bonds, while the small
ribosomal subunit contains the decoding site, where the mRNA is read and translated into
protein code by transfer RNA (tRNA) adapters (Ban, Nissen et al. 2000; Wimberly,
Brodersen et al. 2000).

Stages of translation
Translation progresses in four stages: initiation, elongation, termination and recycling. During
the initiation stage the mRNA binds to the small ribosomal subunit and the start codon
hybridizes with the initiator tRNA (tRNAimet), which is positioned in the peptidyl (P) site;
subsequently the ribosomal subunits are joined (Simonetti, Marzi et al. 2009; Jackson, Hellen
et al. 2010). During elongation the mRNA is moved through the channel of the small
ribosomal subunit and the tRNAs are matched to the codons, whereas the peptidyl transferase
center of the large ribosomal subunit at the same time catalyzes the formation of peptide
bonds (Dunkle and Cate 2010). When a stop codon, which signals the end of the translated
protein, has been reached, the protein is released from the ribosome in the termination stage
(Ramakrishnan 2002; Dunkle and Cate 2010). Subsequently the ribosome is recycled by
separation of the subunits and can engage in another cycle of translation (Connell and
Nierhaus 2000; Dunkle and Cate 2010).

Evolution	
  of	
  translation	
  
The ribosome likely evolved from an ancestral ribozyme that catalyzed the formation of lowcomplexity basic peptides similar to extant tails of ribosomal proteins, which stabilized the
ancestral rRNA structure (Steitz and Moore 2003). Universal conservation of short invariant
sequences of the ribosome and translation factors IF2, EF-Tu and EF-G across all domains
suggests that the ribosomes and these factors were already present in the last universal
9

common ancestor (Goto, Kurokawa et al. 2007). The translational machinery has
subsequently developed differently in the different domains of life. Therefore, both, the size
of the ribosome and the mechanism of initiation differ widely between domains (Wimberly,
Brodersen et al. 2000; Laursen, Sørensen et al. 2005; Dresios, Panopoulos et al. 2006; Taylor,
Devkota et al. 2009; Jackson, Hellen et al. 2010).
The simplest translational machinery of the three domains is found in bacteria.
Bacterial ribosomes are smaller than archaeal or eukaryotic ribosomes; the small ribosomal
subunit (30S) has a size of 900kDa, while the large ribosomal subunit (50S) has a size of
1.45MDa (Clemons, May et al. 1999; Harms, Schluenzen et al. 2001). Translation initiation in
bacteria requires the action of three initiation factors, IF1 (8kDa), IF2 (97kDa) and IF3
(20kDa) (Laursen, Sørensen et al. 2005).
While the archaeal ribosome is larger than the bacterial ribosome and requires the
action of initiation factors aIF1, aIF1A, aIF2, aIF5B, aIF6 and ABCE1 for translation
initiation (Ban, Nissen et al. 2000; Benelli and Londei 2007; Karcher, Schele et al. 2008;
Benelli and Londei 2011), the largest ribosome and the most complex translation initiation
mechanism is found in eukaryotes (Dresios, Panopoulos et al. 2006; Jackson, Hellen et al.
2010). The small subunit of the eukaryotic ribosome is designated 40S with a molecular
weight of 1.4MDa, while the large subunit (60S) has a mass of 2.9MDa (Dresios, Panopoulos
et al. 2006). The initiation stage in eukaryotic translation is very complex: in addition to
ribosomes and charged tRNAs, eukaryotic translation requires the action of twelve main and
five auxiliary factors, some of which themselves consist of several subunits (Jackson, Hellen
et al. 2010).

Translation	
  initiation	
  in	
  eukaryotes	
  
Eukaryotic mRNAs and the Kozak sequence
The ribosome has to recognize two signals, which are encoded in the mRNA: Firstly, the
ribosome has to recognize that the single-stranded RNA is an mRNA and recruit it for
10

translation initiation. Secondly, after recruitment of the mRNA, the ribosome has to identify
the correct start codon as failure to do so results in the synthesis of incorrect and potentially
harmful polypeptides.
As most mRNAs contain untranslated sequence of variable length upstream of the start
codon, a mechanism that simply senses the 5' end of single-strand RNA is insufficient to
correctly identify mRNA and localize the start codon.
A simple and robust approach to mRNA binding and start codon recognition is found
in bacteria, where the conserved Shine-Dalgarno-sequence upstream of the start codon of the
mRNA base pairs with the 3' end of the 16S rRNA thereby anchoring the mRNA at the
ribosome and placing the start codon in the correct position at the P site (Shine and Dalgarno
1974; Kaminishi, Wilson et al. 2007; Korostelev, Trakhanov et al. 2007).
Eukaryotic mRNAs however differ from bacterial mRNAs, as they do not contain a
Shine-Dalgarno sequence. They are modified after transcription by addition of the m7G cap to
the 5' end, which is specifically recognized by the eIF4E subunit of eIF4F complex and aids
recruitment of the mRNA to the eukaryotic small ribosomal subunit (Marcotrigiano, Gingras
et al. 1997; Hocine, Singer et al. 2010).
The start codon of eukaryotic mRNAs is embedded into the Kozak sequence, which
consists of up to five conserved nucleotides upstream and up to three nucleotides downstream
of the start codon (Kozak 1999; Rangan, Vogel et al. 2008). It is conserved within the
eukaryotic phyla, but differs considerably between them (Rangan, Vogel et al. 2008). The 43S
initiation complex of eukaryotes has the ability to scan along the mRNA and recognize the
correct start codon (Spirin 2009; Jackson, Hellen et al. 2010).

Formation of the 43S preinitiation complex
The 40S enters initiation as a 40S:eIF1:eIF1A:eIF3 complex, a product of post-termination
ribosome recycling (Jackson, Hellen et al. 2010). Initiation factors eIF1 and eIF1A are small
single-domain proteins of 14kDa and 18kDa, respectively; eIF1 contains one N-terminal
11

unstructured tail, while eIF1A contains two tails (Battiste, Pestova et al. 2000; Reibarkh,
Yamamoto et al. 2008).
Initiation factors eIF1 and eIF1A bind at the intersubunit interface below the mRNA
channel of the 40S. The sequence homology with bacterial initiation factor IF1 and mapping
by hydroxyl radical probing suggest that eIF1A binds in the same location on the ribosome
below the A site and left of helix 44, where IF1 is found bound to the bacterial 30S (Kyrpides
and Woese 1998; Carter, Clemons et al. 2001; Yu, Marintchev et al. 2009). Initiation factor
eIF1 has been mapped by hydroxyl radical probing to the top of helix 44, below the P site
(Lomakin, Kolupaeva et al. 2003).
The cooperative binding of eIF1 and eIF1A has been reported to lock the 40S in an
'open' conformation, in which binding of the mRNA and the ternary complex
(eIF2:GTP:tRNAimet) is supported (Maag and Lorsch 2003; Passmore, Schmeing et al. 2007).
Initiation factor eIF3 - a giant complex with a total molecular weight of up to 800kDa
- consists of between eight and 13 protein subunits (in yeast and humans, respectively) and
attaches to the back of the 40S from where it projects across the back and towards the exit of
the mRNA channel (Siridechadilok, Fraser et al. 2005; Hinnebusch 2006; Jackson, Hellen et
al. 2010).
Binding of the eIF2:GTP:tRNAimet ternary complex and eIF5 completes formation of
the 43S preinitiation complex, which is able to bind mRNA and subsequently starts scanning
for the start codon (Jackson, Hellen et al. 2010).

Scanning identifies the start codon
The mRNA:eIF4F complex attaches to the 43S preinitiation complex, which subsequently
starts the active, ATP-hydrolysis-dependent process of scanning along the mRNA in 5' to 3'
direction in order to find the cognate start codon (Spirin 2009; Jackson, Hellen et al. 2010).
When the scanning complex has reached the correct start codon, eIF1 recognizes the cognate
base pairing between the tRNAimet and the start codon of the mRNA and subsequently leaves
12

the complex, which is then ready to enter the elongation stage (Pestova, Borukhov et al. 1998;
Pestova and Kolupaeva 2002).
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Figure 1: Schematic representation of the initiation stages from the post-recycling complex 40S:eIF1:eIF1A:eIF3
to the departure of eIF1 and the beginning of the elongation stage.
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Structural	
  studies	
  of	
  eukaryotic	
  ribosomes	
  
The availability of atomic structures of bacterial ribosomes helped to some extent to
explain translation in eukaryotes since 32 of 77 ribosomal proteins in the eukaryotic 80S
ribosome and the core of the rRNAs are conserved between bacteria and eukaryotes (Taylor,
Devkota et al. 2009). However, many of the ribosomal functions, which are mediated by
eukaryotic-specific proteins, such as translational control by rpS6e phosphorylation and the
function of RACK1 as signaling platform remained obscure due to unavailability of structural
information (Meyuhas 2008; Coyle, Gilbert et al. 2009). The complex process of ribosome
assembly and maturation, which involves many eukaryotic-specific ribosomal proteins and is
of medical relevance, is not understood on the structural level (Fromont-Racine, Senger et al.
2003; Schäfer, Strauss et al. 2003; Tschochner and Hurt 2003; Hage and Tollervey 2004;
Ferreira-Cerca, Poll et al. 2007; Zemp and Kutay 2007). Finally, little structural information
was available on the mechanism of translation initiation in eukaryotes, which also has
relevance in cancer and infection (Jackson, Hellen et al. 2010).
When we commenced our efforts to crystallize the eukaryotic ribosome, structural
information that was available on the eukaryotic-specific part of the ribosome was
comparable to the historical hybrid models of bacterial ribosomes, which had been
constructed before the crystal structures of bacterial ribosomal subunits were determined. The
position of several ribosomal proteins and translation factors had been mapped by immunoelectron microscopy, but the impracticality of in vitro reassembly of eukaryotic ribosomes
precluded neutron diffraction studies (Lutsch, Noll et al. 1979; Bommer, Noll et al. 1980;
Bommer, Lutsch et al. 1988; Bommer, Stahl et al. 1988; Bommer, Lutsch et al. 1991).
Recent advances in cryo-electron microscopy resulted in cryo-electron microscopic
reconstructions of the eukaryotic ribosome at sub-nanometer resolution (Chandramouli, Topf
et al. 2008; Taylor, Devkota et al. 2009; Armache, Jarasch et al. 2010; Armache, Jarasch et al.
15

2010; Bhushan, Gartmann et al. 2010). The maps obtained show additional density arising
from ribosomal proteins and rRNA expansion segments that are only present in eukaryotes
(Sengupta, Nilsson et al. 2004; Chandramouli, Topf et al. 2008; Taylor, Devkota et al. 2009;
Armache, Jarasch et al. 2010; Armache, Jarasch et al. 2010).
In several instances, the quality of the density map allowed the fitting of separately
determined atomic structures into the density maps: RACK1, which is a comparably large
ribosomal protein with a unique fold among ribosomal proteins, was the first eukaryoticspecific protein to be fitted into the ribosome density (Sengupta, Nilsson et al. 2004).
Subsequently, the placement of 17 additional ribosomal proteins, for which high-resolution
structures or structures of homologs were available, was attempted, albeit with varying
success (Taylor, Devkota et al. 2009; Armache, Jarasch et al. 2010; Armache, Jarasch et al.
2010).
In summary, the structural information on eukaryotic ribosomes available before
appearance of the first crystal structure of eukaryotic ribosomes in 2010 entailed density maps
calculated from cryo-electron micrographs into which several of the additional ribosomal
proteins had been fitted. Neither were atomic models of the eukaryotic ribosome available nor
was the assignment of ribosomal proteins certain as evidenced by differences in protein
assignment between the crystal structure and the models derived from cryo-electron
microscopy (Ramakrishnan 2011).
Since the absence of a reliable atomic structure of the eukaryotic ribosome precluded
the structure-guided experiments necessary to understand the function of the eukaryotic
ribosome, we decided to determine the structure of the eukaryotic ribosome by x-ray
crystallography.
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Crystal	
  Structure	
  of	
  the	
  Eukaryotic	
  Ribosomal	
  40S	
  Subunit	
  in	
  
Complex	
  with	
  Initiation	
  Factor	
  1	
  
The structure determination and results were published on 11. February 2011 in
Science, Vol. 331, p. 730-736
The final version of the paper can be downloaded from:
http://www.sciencemag.org/content/331/6018/730.short
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Summary
The structure of a eukaryotic ribosomal complex involved in initiation provides insights into
the process of translation initiation and its regulation, and the evolution of the eukaryotic
ribosome.

Abstract	
  
Eukaryotic ribosomes are substantially larger and more complex than their bacterial
counterparts. Although their core function is conserved, bacterial and eukaryotic protein
synthesis differ considerably at the level of initiation. The eukaryotic small ribosomal subunit
(40S) plays a central role in this process, it binds initiation factors that facilitate scanning of
messenger RNAs and initiation of protein synthesis. We have determined the crystal structure
of the Tetrahymena thermophila 40S ribosomal subunit in complex with eukaryotic initiation
factor 1 (eIF1) at 3.9 Å resolution. The structure reveals the fold of the entire 18S rRNA and
of all ribosomal proteins of the 40S subunit and defines the interactions with the eIF1. It
provides insights into the eukaryotic-specific aspects of protein synthesis including the
function of eIF1, and signaling and regulation mediated by ribosomal proteins RACK1 and
rpS6e.
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Introduction	
  
Ribosomes are large cellular ribonucleoprotein assemblies responsible for protein
synthesis in all organisms. Bacterial ribosomes consist of two subunits with a combined
molecular weight of ~2.6 MDa. The small ribosomal subunit is responsible for decoding the
information encoded in messenger RNA, whereas peptide bond synthesis occurs at the large
ribosomal subunit (1). Although the core ribosomal function is preserved in all kingdoms of
life, eukaryotic ribosomes are larger, ~4.3 MDa, and substantially more complex, comprising
45 additional proteins and two additional rRNAs (2, 3). While bacterial ribosome structure
and function is well understood, thanks largely to experiments guided by atomic structures
(1), many aspects of eukaryotic ribosome function have remained elusive. In contrast to
bacterial systems, which require only three factors for translation initiation (4), the initiation
of protein synthesis in eukaryotes involves at least twelve factors that assemble at the small
ribosomal subunit in a highly regulated manner (5). Initiation of protein synthesis in
eukaryotes is the target of regulation in a number of cellular processes including development,
differentiation, stress response and neuronal function (6), and many diseases, including cancer
and metabolic disorders, are connected with improper functioning or regulation of translation
initiation (7). Furthermore, unlike in bacteria, the assembly and maturation pathway of
eukaryotic ribosomes involves different compartments of the eukaryotic cell (8).
The structural understanding of eukaryotic ribosomes is currently limited to cryoelectron microscopic studies at resolutions of 6-8Å (3, 9-11). These allowed localization of
two eukaryotic-specific proteins of the small subunit (rpS19e and RACK1). However, the
positions of most eukaryotic-specific proteins has been unknown (3).
Many of the additional functions of eukaryotic ribosomes focus around the small
ribosomal subunit due to its critical role in translation initiation. Compared to the bacterial
small ribosomal subunit (30S), the eukaryotic small ribosomal subunit (40S) is almost 500
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kDa larger (2, 12). It consists of 33 proteins, 18 of which do not have homologues in bacteria,
and a larger, 18S rRNA, compared to the bacterial 16S rRNA (3). Eukaryotic initiation
requires assembly of initiation factors eIF1, eIF1A, eIF3 and the eIF2 ternary complex
(eIF2•GTP•Met-tRNAiMet) with the 40S subunit to form the 43S pre-initiation complex. eIF1
is recruited early in the process as it is required for the formation of the full pre-initiation
complex and involved in scanning and recognition of the start codon on the mRNA. Structural
information is available for eIF1 alone from NMR experiments (13, 14), but the only
information on its binding to the 40S subunit comes from hydroxyl radical probing and lowresolution cryo-EM (15, 16).
To gain insight into the functioning of the eukaryotic ribosome and the process of
translation initiation in eukaryotes, we determined the crystal structure of the T. thermophila
eukaryotic small ribosomal subunit in complex with eIF1. The structure defines the locations
and the folds of all 33 eukaryotic ribosomal proteins. It reveals the fold of the 18S rRNA
including all of its eukaryotic expansion segments (ES) and the details of its interactions with
ribosomal proteins. Furthermore, it provides information on proteins responsible for
eukaryotic-specific ribosomal functions in signaling and regulation, such as RACK1 and
rpS6e, the latter being phosphorylated in yeast and humans and a target of the mTOR pathway
(17, 18). Finally, the interactions with the eIF1 provide a basis for understanding its functions
during translation initiation and the role of mutations that affect start codon recognition.

Crystallization	
  and	
  structure	
  determination	
  
We co-crystallized the Tetrahymena thermophila 40S ribosomal subunit together with eIF1
and determined the structure of the complex at 3.9 Å resolution (19). Experimental electron
density maps calculated at 3.9 Å resolution using a combination of low resolution cluster
phasing and 8-fold multi crystal averaging permitted building of an atomic model of the entire
18S rRNA and all proteins of the small ribosomal subunit (Fig. 1, A, B and C, table S1 and
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S2). The protein and RNA segments included in the atomic model are given in table S1,
together with the GenBank accession numbers. The two 40S subunits in the asymmetric unit
are packed against each other via their 60S binding faces (fig. S1A), with the initiation factor
mediating a crystal contact (fig. S1B). At 3.9 Å resolution, the core areas and most
expansions of the proteins and the RNA could be built with confidence based on the
appearance of landmarks such as bulky side chains, zinc ions in zinc finger proteins, salt
bridges and general chemical environment, separation of stacked bases and the phosphate
backbone, and secondary structure prediction [fig. S2, S3, S4 and supporting online material
(SOM) text (19)]. However, the exact protein side chain conformations could not be
determined at this resolution. Furthermore, we have also included in the model some
intrinsically flexible solvent exposed stretches of RNA and proteins, indicated by increased
temperature factors (fig. S5), for which the sequence register is less reliable since it was
established by extrapolation from the last identifiable residue. The final model could be
refined to working and free R factors of 20.7 % and 24.3 %, respectively with good geometry
(table S2).
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Fig. 1. Architecture of the 40S. (A) Front and back views of the tertiary structure of the 40S
showing the 18S rRNA as spheres and colored according to each domain (5’ domain, red;
central domain, green; 3’ major domain, yellow; 3’ minor domain, blue; ES, magenta), and
the proteins as gray cartoons (Abbreviations: H, head; Be, beak; N, neck; P, platform, Sh,
shoulder; Bo, body; RF, right foot; LF, left foot). (B) Secondary structure diagram of the T.
thermophila 18S RNA (modified from http://www.rna.ccbb.utexas.edu) showing the rRNA
domains and the locations of the ES. (C) Ribosomal proteins of the 40S are shown as cartoons
in individual colors, while rRNA is shown as gray surface. The 40S is shown in front and
back view, in the same orientation as in (A). (D) View of the quaternary interactions between
ES6 and ES3 at the back of the 40S. The RNA is displayed as a cartoon with the proteins
omitted for clarity. ES6 helices are colored in a gradient from light to dark magenta and
labeled from A to E following the nomenclature of (21). ES3 is highlighted in pink, and the
rest of the 18S rRNA is colored in gray. (E) The position of helix h16 in bacterial 30S [left,
drawn from (32)] and in 40S.

The	
  structure	
  of	
  the	
  18S	
  rRNA	
  
The structure of the eukaryotic 40S subunit can be divided into the traditional
hallmark features of the small ribosomal subunit, comprising head, platform, body, beak,
shoulder, right and left foot. These are primarily defined by the fold of the 18S rRNA (Fig.
1A), which is composed of a region homologous to the prokaryotic 16S rRNA (Fig. 1B and
fig. S6) with several eukaryotic-specific expansion segments (ES) (20). All ES are visible in
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the structure and, except for the region interacting with rpS6e, reside on the surface of the 40S
subunit. Helical elements of the ES display variable lengths among eukaryotes, however their
basic architecture, as observed in this structure, is likely to be preserved. ES3 is located on
the 5’ domain, ES6 and ES7 form insertions in the central domain, whereas ES9 and ES12 are
found in the 3’ major and the 3’ minor domain of the 18S RNA, respectively (Fig. 1, A and B
and fig. S6).
The longest ES in the eukaryotic 18S rRNA, ES6, consists of ~250 nucleotides
forming 5 helices that replace the bacterial helix 21 (h21). ES6 is inserted between h20 and
h22 in the lower back region of the 40S body (Fig. 1, A and B and fig. S6). Helices A, B, C
and D form a large portion of the back of the body of the 40S (Fig. 1D), and their structure
differs considerably from a previous model (3). Helices C and D are located at an equivalent
position to bacterial h21. They stretch across the back of 40S and are buried underneath helix
A. The apical loop region of ES6B is exposed and disordered in the structure, making it prone
to chemical modification and cleavage by nucleases as previously observed (21). The loop
region of helix ES6E base pairs with ES3 to form an extended helix projecting from the center
of the back towards the left foot of the 40S (Fig. 1D and fig. S6). This somewhat unusual
quaternary interaction was demonstrated earlier using computational and biochemical
experiments (21). The ES3 apical region packs against helix h9 to form the left foot along
with ES6E. The quaternary interaction of the eukaryotic ES3 and ES6 together with several
proteins forms a new domain responsible for the broader back and more prominent left foot
features of the 40S (Fig. 1, A and D and table S3).
Helix h16, which is situated directly below the beak, is shifted relative to the position
in bacteria by as much as 40Å (Fig. 1E). The position of h16 in the 40S crystal structure is
consistent with those observed in solution by cryo-EM of the empty yeast 40S, the 40S:eIF1
or 40S:eIF1A complex (16), and canine and Thermomyces lanuginosus 80S (3, 9). h16 is
involved in forming a connection between the head and the body of the 40S subunit upon
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binding of initiation factors eIF1 and eIF1A, which might point to a role of this helix in
initiation (16).

Ribosomal	
  proteins	
  
The structure of the eukaryotic 40S subunit contains 33 proteins, eighteen of which are
absent in bacteria [Fig. 1C and 2, fig. S7, table S4 and SOM text (19)]. In addition, more than
half of the conserved ribosomal proteins contain eukaryotic-specific extensions. Three of the
eukaryotic ribosomal proteins are positional analogs that have replaced bacterial 30S proteins:
bacterial rpS6p and rpS18p at the platform are replaced by rpS1e (fig. S7G), while bacterial
rpS16p at the foot has been substituted by rpS4e. Eukaryotic ribosomal protein rpS30e
occupies a similar space as bacterial rpS4p, but unlike rpS4p it extends into the intersubunit
interface (fig. S7I).

Fig. 2. Fold and conservation of all ribosomal proteins of the 40S subunit. Backbones of all
ribosomal proteins are shown colored according to the distribution across kingdoms of life;
the positions of the amino and carboxy termini are indicated with N and C, respectively.
Protein cores found in all kingdoms are presented in light blue, while archaeal cores are
depicted in orange. Proteins or extensions uniquely found in eukaryotes are depicted in red.
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The feet of the bacterial ribosome are extensively remodeled in eukaryotes, where h9,
ES3 and ES6E of the 18S rRNA and eukaryotic ribosomal proteins rpS4e, rpS6e and rpS8e
have replaced bacterial rpS20p (Fig. 1C and 2).
The beak of the eukaryotic ribosome has transformed from an all-rRNA structure to a
protein protuberance in eukaryotes: Eukaryotic ribosomal proteins rpS10e, rpS12e – a
structural analog of archaeal large ribosomal subunit protein rpL7Ae (fig. S7F) (22) - and
rpS31e are bound to a reduced h33 of the 18S rRNA giving the eukaryotic protein beak
essentially the same conserved shape as observed for the bacterial 30S subunit (Fig. 3A).
rpS31e, which is expressed as a ubiquitin fusion protein (23), stretches from the A-site close
to the decoding center towards the beak, where its zinc finger motif is located (Fig. 3B and
fig. S8). Failure to cleave the N-terminal ubiquitin domain would result in a 40S subunit that
cannot engage in initiation due to the steric hindrance of the decoding centre by the attached
domain. Indeed, mutations that prevent cleavage of the ubiquitin moiety from rpS31e are
lethal in yeast (24).

Fig. 3. Remodeling of the beak region of the eukaryotic ribosome through reduction of rRNA
and addition of proteins. (A) The rRNA at the beak is reduced in T. thermophila and instead
contains a kink-turn motif to which rpS12e is bound. Further beak areas are substituted by
rpS10e and rpS31e. The bacterial beak structure of T. thermophilus shown below is
predominantly formed by rRNA (32). (B) Position of the ubiquitin fusion protein rpS31e with
relation to the A-site and initation factor eIF1. The N-terminus of rpS31e is seen stretching
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towards the A site. An arrow indicates the position where the uncleaved ubiquitin domain
would be located. Part of a tRNA modeled into the A-site according to Selmer et al. (50) is
shown in green. eIF1 is shown in blue.
The additional eukaryotic-specific proteins, which are mostly located at the back side
of the small subunit, contact the 18S rRNA, bind to each other or interact with conserved
ribosomal proteins (Fig. 1C, 2 and fig. S9). In contrast, eukaryotic-specific extensions of
conserved proteins are found clustering and interacting primarily with eukaryotic-specific
proteins (Fig. 2 and fig. S9).
While in bacteria, five of 20 ribosomal proteins interact with no other ribosomal
protein, all ribosomal proteins of the T. thermophila 40S subunit contact at least one other
ribosomal protein (table S5), and the total interaction surface between ribosomal proteins in
the 40S is almost four times larger than the 30S ribosomal protein-protein interaction surface
(40S: ~25000Å2 vs. 30S: ~6500Å2; table S5). While the increased number of ribosomal
proteins in the 40S is partly responsible for the larger interaction surface, the average
interaction surface of a eukaryotic protein is nevertheless larger by a factor of 2.4 compared to
a bacterial protein in the 30S subunit. Ribosomal protein rpS21e for example, although being
a rather small protein, has large contact surfaces with three other ribosomal proteins (rpS0e,
rpS2e, rpS22e) with a total interaction surface of over 3400 Å2, while it makes only very
limited contact with the 18S rRNA (fig. S10). Long extended C- or N-terminal regions of
proteins, frequently involved in RNA interactions in bacteria, are occasionally found
responsible for large distance bridging contacts between eukaryotic proteins in the 40S
subunit. For example, the C-terminus of rpS3e stretches from the core of rpS3e near the beak
towards RACK1, while the C-terminus of rpS17e meanders away from RACK1 along the
back of the ribosome over a distance of at least 48Å, where it binds to rpS0e (Fig. 1C).
Positioning of all ribosomal proteins of the 40S subunit allows rationalization of
biochemical and genetic data on ribosome biogenesis and human diseases such as Diamond
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Blackfan anemia and 5q- syndrome. While the distribution of ribosomal proteins shows a
striking correlation with the biochemical and genetic data regarding their involvement in
different stages of ribosome biogenesis [fig. S11 and SOM text (19)], ribosomal proteins
associated with human disorders are scattered all over the 40S subunit [fig. S12 and SOM text
(19)]. The latter suggests that these mutations perturb ribosome stability or assembly rather
than affecting a specific function of the 40S subunit.

The	
  mRNA	
  interacting	
  channel	
  of	
  the	
  40S	
  subunit	
  
In order to overcome steric hindrance by mRNA secondary structure elements during
translation, the ribosome depends on an intrinsic helicase activity that unwinds the mRNA
(25). In bacteria three basic residues of rpS3p, which is located at the head, and two basic
residues of rpS4p, which is located at the body, protrude into the mRNA channel (Fig. 4A)
and interact with the phosphate backbone of the mRNA secondary structure, which is
unfolded by movement of the head relative to the body (25, 26). In eukaryotes the mRNA
channel has been extensively remodeled, but shows features that are compatible with helicase
activity (Fig. 4A). Several basic residues of eukaryotic rpS3e (homolog to bacterial rpS3p) are
oriented towards the mRNA channel, with the position of R119 conserved from bacteria to
humans. The eukaryotic homolog of bacterial protein rpS4p, rpS9e, is shorter and does not
extend to the mRNA channel. However, an extension of the eukaryotic-specific rpS30e has
three basic residues oriented towards the mRNA channel and appears to serve as a partial
positional and functional analog of bacterial rpS4p (Fig. 4A).
Translation initiation in bacteria depends on interactions of two regions of the small
ribosomal subunit with the 5’ untranslated region of mRNA: the anti-Shine-Dalgarno
sequence near the 3’ end of the 16S rRNA (27, 28) and in most bacteria ribosomal protein
rpS1p (29-31). Crystal structures of the 30S subunit lacking rpS1p with and without ShineDalgarno mimics (27, 32) have shown flexibility of the 3’end of the 16S rRNA, which is
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either found bound to the decoding center or folded back and base-paired to the ShineDalgarno mimics (Fig. 4B). Translation initiation in eukaryotes, however, requires neither an
rpS1p homolog nor a Shine-Dalgarno sequence (33). In the structure of the 40S, the area
corresponding to the bacterial Shine-Dalgarno chamber, where rpS1p has been visualized in
EM studies of the 30S subunit (30), is partially occupied by the eukaryotic proteins rpS26e
and rpS28e (Fig. 4B). The β barrel structure of rpS28e is related to the structure of the RNA
binding domain of rpS1p (fig. S13A) (34). In contrast to the flexible 3’ end of bacterial 16S
rRNA, the 3’ end of the eukaryotic 18S rRNA appears to be locked in place by tight
interactions with rpS26e (fig. S13B).

Fig. 4. The mRNA path through the eukaryotic ribosome. (A) Basic residues are found
extending from ribosomal proteins at the head and shoulder of 40S into the mRNA channel.
The bacterial 30S is drawn below for comparison in the same orientation as 40S. Basic
residues responsible for helicase function of bacterial ribosomes [drawn from (25, 32)] are
shown in red. (B) The region surrounding the 3’ end of the rRNA differs between bacteria and
eukaryotes. While the 3’ end of the 16S rRNA in bacteria (lower panel, red) is flexible and
able to base pair with Shine-Dalgarno oligonucleotide mimics [green, drawn from (27)], the
3’ end of 18S rRNA (upper panel, red) is locked in place by rpS26e (yellow). The fold of
rpS28e (green) is related to bacterial rpS1p.
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Regulation	
  of	
  signaling	
  pathways	
  by	
  rpS4e,	
  rpS6e	
  and	
  RACK1	
  
The crystal structure of T. thermophila 40S provides insights into signaling at the
small ribosomal subunit. We focus in particular on rpS6e, a target of the mTOR pathway (18),
on rpS4e, which is specifically phosphorylated in Tetrahymena (35), and on RACK1, a
central cellular signaling hub at the ribosome (36).
Ribosomal protein rpS6e extends from the right to the left foot of the 40S. It is
organized in two regions: the N-terminal β barrel domain (residues 2-130), located at the right
foot, is connected via a highly basic, partially folded linker (131-185) that makes numerous
connections to the rRNA phosphate backbone, to a long C-terminal α helix (186-224), which
spans between h10 and ES6B at the left foot of the 40S (Fig. 5A, fig. S7B). The C-terminal
extension of 70aa, which is unique to ciliates and follows the α helix, is disordered in our
structure. Phosphorylation in response to mTOR signalling occurs at two serines in yeast and
five serines in humans and other metazoans at a conserved site near the C-terminus (18) (fig.
S14). Although rpS6e phosphorylation does not occur in T. thermophila (35) and serines
conserved in yeast and metazoans are absent in T. thermophila rpS6e, the structure of T.
thermophila rpS6e allows us to assign the approximate location of the phosphorylation sites.
These sites are exposed and therefore accessible to the rpS6e kinase, which may use basic
patches on its surface to bind rRNA (37). They are located at least 130Å from the decoding
center on the back of the small ribosomal subunit. This argues against a model in which
phosphorylation of the conserved serines would directly influence protein translation by
altering interaction of rpS6e with initiation factors, mRNAs or tRNAs (38) (fig. S15).
In T. thermophila rpS4e is phosphorylated at residues T249 and S259 in response to
starvation or exposure to sodium ions (35). Ribosomal protein rpS4e is located at the back of
the ribosome and is firmly anchored within ES3, ES6, h7 and h15 of the 18S rRNA (Fig. 5B).
The N-terminus meanders into the interior of the rRNA core of the 40S, but does not reach the
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subunit interface, while the majority of the protein folds into three subdomains on the surface
of the 40S (19) (fig. S7J). Residues T249 and S259 are located at the C-terminus of rpS4e and
solvent-exposed. Because there is limited evidence for rpS4e phosphorylation in organisms
other than Tetrahymena (35) and because the penultimate serine is not conserved, the
biological significance of rpS4e phosphorylation remains unclear.
RACK1 is a WD repeat protein that serves as a signaling scaffold. It interacts with a
multitude of cellular proteins and assemblies including the ribosome (36) and is recruited by
viral proteins during infection (39-42). RACK1 has been identified as a core ribosomal
protein of the small ribosomal subunit (43), which suggests a regulatory link between
signaling and translation. In yeast, RACK1 is found associated with the ribosomal 40S
subunit in actively growing cells and in the soluble fraction of stationary phase cells (44). The
structure of T. thermophila 40S contains bound RACK1 despite purification of the ribosomal
subunit at high salt concentrations (700 mM KCl), consistent with previous experiments (43).
RACK1 makes extensive contacts not only with the phosphate backbone and bases of h39 and
h40 of 18S rRNA, but also with ribosomal proteins rpS16e, rpS17e and rpS3e with a total
contact surface of over 1000Å2 (Fig. 5C and D, table S5). The interaction with rpS17e through
several salt bridges is comparable to the RACK1 interactions with rRNA, while only a few
residues of rpS16e are involved in contacts with RACK1. The C-terminus of rpS3e is attached
to blade 5 of RACK1 by at least two salt bridges (Fig. 5D). Considering the extent and
chemistry of the contacts between RACK1 and the ribosome it is likely that they associate
tightly and that, as has been proposed earlier (36), free RACK1 originates from RACK1
upregulation rather than from release of RACK1 from ribosomes. The rRNA and ribosomal
proteins obscure a large part of the RACK1 surface in the 40S structure, especially WD
repeats 1, 2 and 5. Thus, inclusion into the 40S subunit may dramatically alter the properties
of RACK1 in signaling. Indeed, two signaling protein binding sites in human RACK1, Y52
(Y64 in T. thermophila), the site of phosphorylation by c-Abl, and the binding sites of focal
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adhesion kinase (FAK) (45), are at least partially occluded when RACK1 is bound to the
ribosome (fig. S16), which may provide a structural explanation for the result of a recent
study in yeast, which suggests a connection between the location of RACK1 at the ribosome
and RACK1 function in signaling (17).

Fig. 5. Regulatory proteins of the 40S subunit. (A) The region, in which rpS6e (dark blue) of
most eukaryotes is phosphorylated, is disordered in the crystal structure. It is located directly
behind the last ordered C-terminal residue (arrow, red sphere). (B) The phosphorylation sites
T249 and S259 (red spheres) of T. thermophila rpS4e are located near the C-terminus. (C)
Top view of RACK1 at the ribosome. 18S rRNA is shown in surface representation in gray
while proteins that are not involved in RACK1 binding are shown in surface representation in
light blue. Proteins rpS3e, rpS16e and rpS17e, which were found to interact with RACK1, are
shown in dark green, light green and blue, respectively. (D) The side view of RACK1 at the
ribosome shows binding of the C-terminus of rpS3e to RACK1. Proteins rpS3e, rpS16e and
rpS17e are shown in dark green, light green and blue tube representation, respectively.
RACK1 is shown as orange surface.

Initiation	
  factor	
  eIF1	
  
The eukaryotic initiation factor eIF1 has no structural homologue in bacteria, although some
aspects of its function are likely carried out by IF3 (4). The factor is involved with several
crucial tasks during eukaryotic translation initiation: Cooperative binding of eIF1 and eIF1A
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induces the open, scanning competent conformation in the 40S subunit (16, 46). During
scanning, eIF1 is able to recognize a start codon and dissociates from the initiation complex
upon codon recognition, which induces the closed conformation in the 40S (47).
Although eIF1 contacts two 40S subunits in the crystal, only one of the interactions is
extensive and likely to be functionally relevant [fig. S1 and SOM text (19)] based on
agreement with the results of directed hydroxyl radical probing experiments of the 40S:eIF1
complex (15, 19). eIF1 binds to the 40S subunit at the top of h44 and to h24 of the 18S
rRNA, on the left side of the platform directly below the P-site, in a position that brings the
basic loop (R26-K30) of the factor into close proximity to the mRNA channel (Fig. 6A and
B). Because eIF1 does not bridge the head and the body, it is unlikely that binding of eIF1
alone arrests the 40S subunit in a particular conformation. Indeed, the head of the 40S in
different space groups is found in different conformations relative to the body, with
displacements up to 6 Å (fig. S17). It is therefore possible that binding of eIF1A, whose
helical subdomain has been found binding to the head of the 40S subunit by hydroxyl radical
probing experiments (48), rather than eIF1, is primarily responsible for arresting the 40S
subunit in the open, scanning competent conformation. The position of eIF1A on the 40S
subunit, which can be inferred by superimposing the bacterial homolog (IF1) bound to 30S
ribosomal subunit onto the 40S subunit (49), would be directly adjacent to eIF1. Based on this
model, it is likely that the two factors would directly contact each other with their core
domains, which would explain the cooperative binding of the two factors (46) (fig. S18).
However, in order to analyze the details of the putative eIF1•eIF1A interaction, further
structural investigations will be necessary. eIF1 contacts the rRNA backbone with three
residues that are conserved from yeast to human: R29, K52, K53 (in yeast R36, K59, K60) at
bases U1711, U982 and G1733, respectively (Fig. 6A). A conserved basic loop including
residues 26 to 30 (33 to 37 in yeast) extends into the mRNA channel, where it would be in
direct proximity to mRNA and the anticodon stem loop of the tRNA in the P site, as
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implicated by superimposing the bacterial 70S-mRNA-tRNA complex (50) onto the 40S:eIF1
complex (Fig. 6C). Interestingly, only one residue of the basic loop actually contacts the
rRNA phosphate backbone (at U1711), while the other residues (R26, R27, K30) have less
well defined side chain densities and are free to interact with the content of the mRNA
channel (Fig 6A). These residues may detect cognate codon interactions in the mRNA
channel and act as a sensor for structural changes induced by codon recognition. While details
of how eIF1 communicates codon recognition are not clear, mutations in yeast eIF1
(suppressor of initiation codon mutations – sui-) that lead to recognition of near-cognate start
codons due to premature departure of eIF1 from the complex implicate the second α helix and
the penultimate residue of eIF1 in this process (14, 47, 51, 52) (Fig. 6A). Additionally, the Nterminal tail of the eIF1 has been shown to play a role in eIF2•GTP•Met-tRNAiMet (ternary
complex) loading during translation initiation (53). In the crystal structure the N-terminal
extension is disordered and points away from the 40S subunit, where it may become available
for the interactions with the ternary complex (Fig. 6A and fig. S1B).
Structural superpositioning of the T. thermophila 40S ribosomal subunit with the
bacterial 70S containing A, P and E site tRNAs [T. thermophilus, PDB ids 2j02, 2j03 (50)]
reveals that eIF1 would sterically clash with the highly conserved H69 of the large subunit
rRNA and thus serve as an anti-association factor (Fig. 6, C and D and fig. S19). Such a role
has also been proposed for the C domain of bacterial IF3, which was mapped to a similar area
on the small subunit based on hydroxyl radical probing experiments (54). In the translating
bacterial ribosome, the P site tRNA is in close contact with H69 (Fig. 6D), while in the
eukaryotic initiation complex during scanning, eIF1 together with the other initiation factors
might contribute to stabilizing the initiator-tRNA by serving as a binding platform (Fig. 6C),
although due to mild sterical clashes, either the tRNA or eIF1 would have to be slightly
repositioned. The tRNA:eIF1 interaction surface suggested by the superimposed models is
further corroborated by hydroxyl radical cleavage patterns on the initiator-tRNA observed in
33

43S pre-initiation complexes (15). In these studies, hydroxyl radicals generated from (FeII)
attached to exposed eIF1 residues, lead to initiator tRNA cleavage in the A and D stems at
locations compatible with our model (fig. S20).
Nevertheless, it should also be noted that the surface potential of eIF1 is strongly
positive on the side facing towards the 40S rRNA, while the face oriented towards the P-site
tRNA shows a more heterogeneous charge distribution, indicating that the tRNA contact
would be mediated mainly via hydrophobic and only few positively charged residues (fig.
S20).

Fig. 6. Eukaryotic initiation factor eIF1 bound to the 40S subunit. (A) Eukaryotic initiation
factor eIF1 binds to the 18S rRNA phosphate backbone (shown as gray surface) with basic
residues (shown in red). The basic loop of eIF1 found in close proximity to the mRNA
channel is indicated with an arrow. Genetic experiments implicate residues behind the basic
loop, at the end of one of the helices and the penultimate residue in cognate codon recognition
(green). (B) T. thermophila eIF1 (red) is located at the top of h44 below the platform. (C) and
(D) Molecular modeling of A, P and E site tRNAs (green) and mRNA (yellow) shows the
equivalent positioning of eIF1 in the initiation complex (C) and H69 of the 23S rRNA (red) in
the translating 70S ribosome (D) (50).
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Conclusions	
  
The crystal structure of the 40S subunit provides structural insights into the evolution of
eukaryotic ribosomes and into their eukaryotic-specific functions. The structure also reveals
interactions of the 40S subunit with eIF1 as a first step towards understanding eukaryotic
translation initiation. Structure-based biochemical and genetic experiments and additional
crystallographic studies of the system described here will now be possible to further
investigate many remaining questions regarding the assembly, maturation and nuclear export
of the 40S subunit and its role in the regulation of translation initiation.
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Materials and Methods
Cloning and expression of eIF1. A codon-optimized sequence of the T. thermophila eIF1
gene for expression in E. coli was purchased from GenScript USA Inc. This sequence was
recloned into a pET28a expression vector (Novagen) carrying a kanamycin resistance cassette
and an N-terminal 6xHis tag together with a TEV cleavage site. The construct was expressed
in BL21(DE3) cells grown in auto-induction medium (1). The cells were harvested and the
pellet was stored at -80°C until further use.
Purification of eIF1. The pellet was resuspended in buffer A (Hepes 50 mM pH 7.6, 1M
NaCl, 30 mM imidazole, 5 mM β-mercaptoethanol, 10% glycerol) supplemented with 0.5
mM PMSF, protease inhibitor cocktail (Roche) and DNaseI. The cells were lysed using a cell
cracker (Constant Cell Disruption Systems, Constant Systems Limited, UK) applying 25 Kpsi
pressure. Cell debris was removed by centrifugation and the cleared lysate was loaded onto a
pre-equilibrated nickel sepharose column (His Trap Fast Flow, GE Healthcare). The column
was washed with 40% buffer B containing 400 mM imidazole (Hepes 50 mM pH 7.6, 50 mM
NaCl, 400 mM imidazole, 5mM β-mercaptoethanol, 10% glycerol), and eIF1 was eluted with
100% buffer B. The 6xHis tag was removed by digestion with TEV protease overnight at 4°C
during dialysis against buffer C (Hepes 50 mM pH 7.6, 400 mM NaCl, 20 mM imidazole,
5mM MgCl2, 5mM β-mercaptoethanol, 10% glycerol). The cleaved 6xHis tag and uncleaved
eIF1 were removed by an orthogonal purification step using a nickel sepharose column
equilibrated with buffer C. eIF1 was further purified with a gel filtration column (Superdex75,
16/60, GE Healthcare) equilibrated with buffer D (Hepes 50 mM pH 7.6, 400 mM NaCl, 5
mM MgCl2, 5 mM β-mercaptoethanol, 10% glycerol). The correct mass of the protein was
confirmed by MS analysis, and the purity was evaluated by SDS-PAGE.
Fermentation of T. thermophila. T. thermophila [strain 30382, American Type Culture
Collection ATCC] was fermented in a 50 L stirred tank reactor under aerobic conditions.
After sterilization of the growth medium (2) 0.1g/L ampicillin was added. The fermenter was
inoculated with 1L of preculture, which contained 2.4x105 cells/ml. The cells were fermented
at 27°C until they reached a concentration of 5.0x105 cells/ml, harvested by centrifugation,
washed once in resuspension buffer RES (50mM Hepes pH 7.6, 200 mM KCl, 10 mM MgCl2,
5 mM EDTA, 250 mM sucrose, 2 mM DTT), and resuspended in 1.5 L of RES buffer prior to
freezing in liquid nitrogen and storage at -80°C.
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Preparation of the 40S ribosomal subunit from T. thermophila. To obtain 30 mg of the
ribosomal 40S subunit, 120 g of frozen T. thermophila cells were resuspended in 140 mL
RES buffer and thawed under gentle stirring. Cell debris was removed by centrifugation in a
Sorvall SLA-1500 rotor for 60 min at 25.600xg. The supernatant containing the 80S
ribosomes was decanted and applied onto a 50% (w/w) sucrose cushion (62 mM Hepes pH
7.6, 62 mM KCl, 12 mM MgCl2, 6 mM EDTA, 50% (w/w) sucrose, 0.025% sodium azide, 2
mM DTT), followed by centrifugation at 184.000xg and 4˚C for 20 hours (Beckman Ti70
rotor). The supernatant was removed, and the pellets were resuspended in PRE buffer (50 mM
Hepes pH 7.6, 10 mM KCl, 10 mM MgCl2, 0.02% sodium azide, 2 mM DTT). The ribosomal
subunits were separated on a 10%-40% (w/v) sucrose gradient (52mM Hepes pH 7.6, 727
mM KCl, 10 mM MgCl2, 0.021% sodium azide, 2 mM DTT) by centrifugation at 103.000xg
and 4˚C for 14 hours (Beckman SW32 rotor). After harvesting and pooling the 40S bands, the
buffer was exchanged with FCB buffer (20 mM Hepes pH7.6, 100 mM KCl, 10 mM MgCl2, 1
mM DTT) in a centrifugal concentrator (15 ml Amicon MWCO 100K). Finally, the sample
was concentrated to approximately 20 mg/ml.
Intiation factor complex formation. Prior to crystallization, an eIF1:40S ribosome complex
was formed by mixing the ribosome in a 1:6 molar ratio with eIF1 to give final concentrations
of 0.68 (57 µM) mg/ml factor and 12.6 mg/ml (9.5 µM) ribosomes. The complex was
incubated at 28°C for 10 min and kept at 19°C for crystallization setup.
Crystallization, cryoprotection and heavy atom derivatization. T. thermophila 40S
crystals were grown in 24-well sitting drop plates using the vapour diffusion technique. 2 µl
of the eIF1:40S complex were mixed with 2 µl of reservoir solution (50 mM MES-KOH pH
6.5, 80 mM MgCl2, 200 mM KCl, 0.495 mM putresceine, 4.4 – 5.4 % (w/v) PEG 20000), and
the plates were incubated at 4º C for ~10 days. Minor variations in the crystallization
procedure resulted in crystals with different morphologies, which turned out to be
orthorhombic, tetragonal or monoclinic (see below). In some cases, crystals belonging to
different space groups grew in the same drop. The crystals were stabilized by stepwise
increase of the cryoprotectants PEG 400 (for tetragonal crystals), 1,5-pentanediol (for
monoclinic crystals) or ethylene glycol (for orthorhombic crystals) to a final concentration of
25% (w/v). After stabilization, the crystals were flash-frozen in liquid nitrogen. For
experimental phasing, crystals were soaked overnight in a stabilization solution containing 5
mM of Ta6Br12 prior to freezing in liquid nitrogen.
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Data collection and processing. All datasets were collected at the beamline X06SA of the
Swiss Light Source (SLS) at the Paul Scherrer Institut (PSI) in Villigen using the PILATUS
6M detector. For the tetragonal dataset, in order to separate the reflections along the very long
c-axis (table S2), the crystal had to be mounted on bent loops to orient the long axis
perpendicular to the x-ray beam. In the case of the Ta6Br12 derivative, highly redundant data
were collected at the Ta L-III absorption edge in inverse beam mode, and the beam was
strongly attenuated in order to minimize crystal decay and loss of anomalous signal (table
S2). The datasets were integrated using XDS and XSCALE (table S2) (3). In the case of the
monoclinic C2 dataset, the data were anisotropically scaled, with reciprocal lattice resolution
limits set to 4.1, 4.1 and 3.9 Å along the h, k, and l axes, respectively (K. Diederichs,
ANISO_CUTOFF tool on the XDS wiki homepage). Although the completeness of the data
decreases in the highest resolution shell, the measured reflections are of good quality, as
indicated by the I/σ and Rmerge values (table S2), and were therefore included during
refinement.
Experimental phasing and structure determination. Best initial molecular replacement
(MR) solutions in all three spacegroups were obtained using the program PHASER (4) and
the bacterial 30S subunit as a search model (pdb accession code 2j02, Thermus thermophilus
30S subunit from the 70S complex). Spacegroups C2 and P21212 contained a head-to-tail
dimer of the 40S in the asymmetric unit (ASU), while in P43, two such dimers were found in
the ASU. The initial MR solution phases could be improved by rigid body and TLS
refinement using two rigid groups per 30S subunit (head and body) in PHENIX (5-7).
However, although in the difference Fourier maps additional eukaryotic-specific RNA helices
were visible as tubes of density at very low resolution, the quality of the electron density was
not sufficient for tracing. Applying the same procedure to the recently published, slightly
more complete 40S Thermomyces lanuginosus EM model (PDB id 3JYV) (8) resulted in less
clear molecular replacement solutions and did not lead to improved R-factors after rigid body
and TLS refinement. Furthermore, the quality of the electron density maps did not allow a
distinction between real and model-introduced eukaryote-specific map features.
In order to avoid model bias and to improve the initial MR phases, a low-resolution heavy
atom phasing strategy together with multi-domain inter-crystal NCS averaging and phase
extension was chosen. For experimental SAD phasing, 45 Ta6Br12 heavy atoms sites of the
correct hand could be readily located using the rigid body refined 40S model together with the
automated experimental phasing algorithm implemented in PHASER using the SAD-MR
mode, which relies on the use of log-likelihood gradient maps to complete the atomic
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substructure (4). Alternatively, the sites could be found directly with SHELXD (9-11) or in
anomalous difference Fourier maps calculated using the model phases. Final experimental
SAD phasing was performed using SHARP and treating the 45 clusters as individual
scatterers (12). The low-resolution SAD starting phases were extended to full resolution by
solvent flattening, domain-wise inter-crystal NCS averaging and phase extension using
DMMULTI (13). One of the averaging masks, which was derived from the yeast EM model
(8), included the head of the 40S ribosome, while the other was calculated around the body.
As a result of the initially incomplete averaging and solvent masks, large regions of the map
corresponding to the eukaryotic-specific protein secondary structure elements and RNA
helices outside the masks were erased, while in the core area of the subunit, these structural
elements could be clearly recognized. The masks were, therefore, iteratively improved during
model building and refinement, finally resulting in unbiased experimental electron density
maps of excellent quality (fig. S4). The resulting phases at highest resolution were further
improved by combining the experimental phases with phases obtained from a molecular
replacement model refined using deformable elastic network (DEN) refinement in
combination with simulated annealing, which was recently implemented in CNS (14, 15) and
submitted to domain-wise 2-fold NCS averaging and solvent flipping in CNS (16, 17). This
procedure not only resulted in additional traceable stretches of electron density outside the
averaging masks, but also revealed several errors in the RNA and protein of the molecular
replacement model, thereby confirming that this strategy considerably improved the maps
without introducing much model bias.
Model building and refinement. The resulting maps allowed iterative improvement of the
model according to the strategy outlined below. After correcting the RNA and re-tracing
proteins with bacterial homologues, RNA expansion segments were built according to the
phosphate backbone trace using COOT (18), and novel protein parts were added as polyserine with O (19).
The model was re-refined with CNS and used to update the averaging masks for experimental
phasing. Further rounds of phase combination, NCS averaging and solvent flipping resulted in
maps that allowed unambiguous localization and building of all eukaryotic-specific proteins,
for some of which previously determined structures of (archaeal) homologs served as a guide
(table S4). The overall folds of novel proteins were identified by comparing the traces with
their predicted secondary structure element patterns (20), and by localization of bulky side
chains, most of which were clearly visible, to establish the correct register of the amino acid
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sequence (fig. S2). In the case of the four zinc-finger proteins in the 40S, the identity could be
additionally verified, without prior assumptions, by inspection of the anomalous difference
Fourier map, which revealed strong peaks at the predicted locations of the bound zinc ions
(fig S3). The structure was further improved and completed by iterative rounds of model
rebuilding into Fourier difference maps followed by refinement using PHENIX (7) and CNS
(17). Because the two molecules in the ASU are slightly asymmetric due to crystal contacts
and some areas are better ordered in one of the two molecules, rigid-body refinement in a
domain-wise manner for the RNA and chain-wise for most proteins was performed prior to
further refinement (table S6). Only one short linker at the N-terminus of rpS11e and two βsheets, one in rpS12e and one in RACK1, were out of the convergence radius of the
refinement and therefore built and refined asymmetrically. Additionally, numerous isolated,
strong peaks (> 5σ) were observed in the Fobs-Fcalc Fourier difference map close to the rRNA
helices, which occurred at similar positions in both ribosomal subunits in the ASU. They were
interpreted as hexa-coordinated magnesium ions and added to the model. The final refinement
round in CNS after rigid-body refinement included anisotropic scaling, bulk solvent
correction, domain-wise (RNA) and chain-wise (most proteins) NCS restrained individual
coordinate and NCS restrained group B factor refinement (table S6). For group B-factor
refinement, the hexa-coordinated magnesium atoms were treated as individual groups, while
for each amino acid and base, two groups were defined (main and side chain atoms). Due to
the intermediate resolution of the diffraction data, Watson-Crick RNA base-pair restraints for
the 18S rRNA and harmonic phi/psi restraints covering the main chain of protein secondary
structure elements were also applied. For this, the protein secondary structure and the
canonical base pairs were automatically assigned using PHENIX, manually corrected and
implemented in the final refinement run performed with CNS. The final model refined to
working and free R factors of 20.7 % 24.3 %, respectively, with good geometry (table S2). It
includes the entire 18S rRNA (except for nucleotides 697-704) and contains all proteins of the
small ribosomal subunit, the termini of which could be traced to different extents (table S1).
With the exception of the C-terminus of rpS31e, which was built as poly-serine, all proteins
are fully traced. Inspection of the B factor distribution in the subunits (fig. S5) indicates that
RNA segments and proteins in the core of the 40S subunit undergo only moderate thermal
motion, while peripheral, solvent exposed proteins and RNA helices display increased B
values, which are indicative of their intrinsic flexibility.
Structure superpositions and sequence alignments. The closest structural homologs of 40S
ribosomal proteins with previously unknown folds were detected by searching the entire
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Protein Data Bank (PDB) using the SSM interface at EBI (http://www.ebi.ac.uk/msdsrv/ssm/) (21). Structural superpositions of selected proteins were performed in the SSM pairwise mode (table S4), while the bacterial and eukaryotic subunits were superimposed using
the algorithm implemented in PYMOL (W. L. DeLano, 2002, www.pymol.org). Sequences
were aligned using BLAST (22) or CLUSTALX (23) and visualized with GENEDOC
(http://www.nrbsc.org/gfx/genedoc/index.html).
Sequence annotation. Previously unassigned sequences from the T. thermophila sequencing
project (number 12563) and Expressed Sequence Tag EST sequence information were
deposited as Third Party Annotations (TPAs) in the DDBJ/EMBL/GenBank databases (table
S1). Protein rpS4e was previously assigned based on mass spectrometry [(24), GeneBank
accession number P0C233], with the first residue being an alanine. We have renumbered the
protein according to its ORF, which now starts with a methionine. Furthermore, three
sequence ambiguities were corrected according to the ESTs (table S1). In the case of rpS21e,
an alternative start codon was assigned based on an additional stretch of electron density
visible at the N-terminus, and the sequence at the C-terminus was corrected according to the
EST. The presence of residues beyond the previously assigned start codon and C-terminus
was further verified using mass spectrometry. The open reading frames of rpS16e and rpS26e,
which were considerably longer at the N terminus than most other eukaryotic homologues
(including yeast and the ciliate Paramecium tetraurelia), contained an alternative start codon
very close to the N-termini of the homologues and were reassigned based on the alignments.
The error in the genomic sequence of protein rpS27e, which would affect one of the cysteine
residues in the highly conserved zinc finger motif, was corrected according to the
corresponding EST. The resulting ORF is then highly homologous to the rpS27e sequences of
P. tetraurelia and other eukaryotes, and the structure superimposes well with the archeal
homologue (PDB id 1qfx, RMSDCα of 1.9 Å, 30% sequence identity). In addition, the
presence of the zinc ions could be experimentally verified by inspection of the anomalous
difference Fourier map (fig. S3). The protein sequence entry of rpS29e, which was
considerably longer at the C-terminus, was reassigned according to the stop codon observed
in the EST, which then results in an ORF corresponding in length to almost all other
eukaryotes and bacterial homologs. The correctness of this assignment was further confirmed
by direct inspection of the atomic model at the C-terminus of rpS29e, which shows that due to
tight intersubunit packing in that region, there is indeed no additional space for a C-terminal
extension.
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Figure generation. All figures showing the atomic model or electron density were prepared
using PYMOL (W. L. DeLano, 2002, www.pymol.org).
Calculation of buried surface areas and surface potentials. Buried surface areas between
ribosomal proteins were calculated using PISA (25) and are listed in table S5. The surface
potential of eIF1 shown in fig. S20 was calculated using DELPHI (26) and was visualized
with PYMOL (W. L. DeLano, 2002, www.pymol.org).
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Supporting Text
Zinc-finger proteins. In the 40S subunit, four zinc-finger (ZnF) proteins, rpS26e, rpS27e,
rpS29e and rpS31e, can be readily identified by calculating an anomalous difference Fourier
map after scaling the data without merging the Bijvoet pairs, which shows strong peaks at the
locations where, based on the locations of the cysteines, the tetrahedrally coordinated zinc
ions are expected (table S2, fig. S3). Inspection of the overall folds indicates that the four ZnF
proteins adopt strikingly different topologies (fig. S3). While rpS29e is a close homologue of
the bacterial protein rpS14p and found tightly embedded in the head of the small ribosomal
subunit similar to the bacterial counterpart, the other three proteins have archaeal equivalents,
two of which (rpS27e and rpS31e) were previously solved in isolation [(27) and PDB 2k4x
(unpublished)].
rpS27e is located at the periphery of the 40S and flanked on one side by a eukaryoticspecific N-terminal extension of rpS13e (the homologue of bacterial rps15p) and on the other
side by eukaryotic rRNA expansion segment ES7, while its N-terminus is covered by rpS7e
(fig. S3). The arrangement of the β strands in the ZnF core fold is unique to the eukaryotic
protein and to the closely related archaeal homologue (RMSDCα 1.8Å) from Archaeoglobus
fulgidus (27).
Protein rpS26e displays a novel fold (fig. S7A) that is topologically distantly related to
one of the two zinc finger domains present in FYVE domain-containing proteins (28, 29). It is
located close to the 3’ end of the 18S rRNA, which might imply an involvement in 3’
processing. Indeed, depletion of rpS26e impairs the conversion of 20S-pre to 18S mature
rRNA (30). Interestingly, mutations in rpS26e were shown to lead to Diamond-Blackfan
anemia in humans, which also resulted in disturbed rRNA processing patterns (31) (fig.
S12C).
rpS31e (rps27a in higher eukaryotes) is located at the beak of the 40S head, close to
rpS12e (Fig. 3A). In contrast to the NMR structure of the archaeal homologue from
Thermoplasma acidophilum (pdb ID 2k4x, unpublished), the N-terminus of rpS31e is in a
defined conformation in T. thermophila and stretches right into the A site of the small subunit,
while the zinc containing core portion of rpS31e adopts a very similar fold compared to the
archaeal counterpart (RMSDCα 1.3Å, sequence identity 48%). rpS31e is expressed as an
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ubiquitin-fusion protein in eukaryotes, and the cleavage of the ubiquitin domain is a prerequisite for proper ribosome function (32) (see main text for further details).
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Folds of novel proteins and relation to known structures. Apart from the previously
mentioned ZnF finger proteins, there were no homologous ribosomal protein structures
available for rpS1e, rps6e, rps7e, rps10e, rps12e, rps21e, rps25e, rps30e (table S4). The folds
of these proteins were therefore compared with the entire PDB using the SSM server (21).
No clear homology was found for rpS30e, which consists of loosely connected α
helices and adopts an extended conformation (fig. S7I). Its N-terminal stretch meanders along
the ribosomal surface between RNA helix h18 and rpS23e, while the helical C-terminal part is
located between RNA helices h16 and h18. The area where the α-helical portion of rps30e is
localized is occupied in bacteria by the N-terminus of rpS4p (corresponding to rpS9e), which
is absent in Tetrahymena, and RNA helix h16, which is repositioned in the 40S.
Protein rpS1e, located at the platform of the 40S, is a large protein consisting of an Nterminal β-barrel domain distantly related to rpL33p and a C-terminal, α/β-domain resembling
partially the SRP receptor and stomatin (fig. S7G) (33, 34). The protein substitutes for
bacterial proteins rpS6p and rpS18p, which do not exist in eukaryotes. Although the Cterminal domain of rpS1e resembles rpS6p, the overall topology of the fold differs, and rpS1e
is shifted considerably along RNA helices h22 and h23 relative to the bacterial counterpart. In
addition, rpS1e is in contact with ES7 at the tip of h26, thereby likely stabilizing the
conformation of this additional RNA segment.
Although rpS21e is almost entirely embedded in a matrix of ribosomal proteins and
does not adopt a compact fold, parts of the structure are remarkably homologous to ubiquitinlike proteins (RMSDCα 2.3Å, sequence identity 28%, fig. S7H) (35, 36).
rpS6e, stretching prominently around the foot of the ribosome, harbors a β-barrel
domain at its N-terminus, which is, in spite of low sequence homology, closely related to
bacterial 5S rRNA-binding protein rpL25p of the large ribosomal subunit (37) and the
anticodon-binding domain of E. coli glutaminyl-tRNA synthetase (38). Superpositioning of
rpL25p with rpS6e reveals that both proteins bind to the minor groove of their rRNA in a very
similar manner via the same β-barrel interface (fig. S7B). However, rpS6e further wraps
around the rRNA with an additional insertion into the β-barrel core and a C-terminal
extension that terminates in a 47 residue-long α helix, which is C-terminally phosphorylated
in most eukaryotes (39).
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The topology of rpS7e closely resembles the fold of NusA, a key regulator of bacterial
transcription, although on the sequence level, the homology is low (40, 41). rpS7e consists of
two consecutive KH (K homology) domains, which represents a similar domain layout as
found in archaeal NusA (fig. S7C) (41), while the bacterial counterpart harbors an additional
N-terminal S1 domain (40). The co-crystal structure of bacterial NusA with the
antitermination RNA sequence shows that the RNA is bound in an extended conformation
exclusively by the KH domains. Both KH domains contain a highly conserved GXXG motif,
which is important for RNA binding (40, 42) and is absent in rpS7e. Indeed, a comparison
with the rRNA binding of rpS7e reveals an entirely different binding mode, which includes a
linker sequence between the two KH domains that inserts into the junction between the
eukaryote-specific rRNA expansion segments ES6A, ES6B and ES6E on the opposite side of
the protein compared to NusA. rpS7e also is in intimate contact with rpS22e (the homolog of
rpS8p in bacteria) by forming an extended β sheet with its neighbor, which shows that novel
eukaryotic ribosomal proteins not only bind to additional rRNA regions but also use preexisting proteins for integration into the ribosomal scaffold (fig. S7C).
Three WH (winged helix) containing proteins are found among the eukaryotic-specific
ribosomal proteins (rpS10e, rpS19e and rpS25e), two of which (rpS10e and rpS25e) were
previously not described, while rpS19e could be localized in the 40S based on a structure
solved from an archaeal homolog (8, 43). An inspection of the nucleic acid binding interface
shows that rpS10e, located at the beak of the 40S and flanked by rpS3e (rpS3p) and rpS12e,
contacts the beak region of the 18S rRNA in a similar manner as observed in DNA binding
transcription factors such as E2F4 (fig. S7D) (44). In contrast, rpS25e, which is sandwiched
between proteins rpS5e (rpS7p) and rpS18e (rpS13p), recognizes the rRNA with an
alternative binding site more related to Z-DNA/RNA binding proteins (45, 46) or SECIS
RNA binding domain 4 of bacterial translation elongation factor SelB (fig. S7E) (47).
However, it should be also noted that the rRNAs in both, rpS10e and rpS25e, are in a different
conformation compared to the DNA or RNA of the described homologs, therefore the detailed
RNA-protein interactions are different. In contrast to rpS10e and rpS25e, rpS19e is much
more tightly integrated into the rRNA framework, and the extensive contacts cannot be
attributed to one or the other binding mode.
rpS12e is located at the beak of 40S subunit, where it replaces bacterial 30S specific
rRNA segments together with rpS31e and rpS10e (fig. S7F and Fig. 3A). Interestingly, the
sequence and structure of rpS12e is closely related to rpS7Ae of large archaeal ribosomal
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subunits (RMSDCα<2.1Å, identity 20-30%, table S4). rpS7Ae, which apart from the 50S also
constitutes a component of pseudouridine synthase and RNA-guided RNA methyltransferase
complexes, specifically binds to a kink-turn RNA motif present in all three structures (48-50).
Remarkably, rpS12e binds to a eukaryotic-specific kink-turn motif in the beak rRNA of the
40S subunit in a very similar manner (fig. S7F).
In addition to the ribosomal proteins mentioned above, the fold of rpS4e has not been
described so far, although the structure of the homologue from the archaeon Thermoplasma
acidophilum is deposited in the PDB with accession code 3kbg (RMSDCα 2.0 Å, sequence
similarity 33%). rpS4e consists of three discrete domains (fig. S7J) and an N-terminal
extension, which anchors it deeply in the ribosomal rRNA. The C-terminus of rpS4e is
phosphorylated at two positions in T. thermophila (24) (Fig. 5B). A search with the SSM
server using the three isolated domains reveals that the N-terminal domain adopts a S4-like
fold resembling the prototypic rpS4p protein fold of the 30S subunit (rpS9e in eukaryotes),
while the middle domain consists of an OB fold related to rpS12p (rpS23e) (51). The Cterminal domain is a close homologue of SH3-domain containing proteins (52, 53).
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Biogenesis of the 40S subunit. Interestingly, the T. thermophila 40S crystal structure reveals
a strong correlation between the position of ribosomal proteins in the 40S subunit and their
involvement at different stages of ribosomal biogenesis (fig. S11). The ribosomal proteins of
the small-subunit processome, which are the first to bind to the nascent ribosome, thread
deeply through the rRNA and probably serve to ‘staple’ the rRNA together during initial
cotranscriptional compaction of rRNA (54-56). For maturation of the 20S pre-rRNA to occur,
the body and platform, which harbor both the 5’ and 3’ end of the mature rRNA, apparently
have to be assembled, as all proteins involved with this process cluster in this area (30), with
the exception of rpS16e (fig. S11). Nuclear export is linked not only to the beak area (57), but
apparently also to the establishment of the head structure, as all implicated proteins (30) are
located at the head (fig. S11). The ribosomal proteins associated with the cytoplasmic
maturation of 40S (30, 58, 59), which involves cleavage of rRNA at the 3’end, cluster along a
stretch from beak to platform along the mRNA channel at the back of the ribosome. A single
mutation of rpS14e (R134 in yeast corresponding to R147 in T. thermophila) was shown to be
sufficient to disrupt the 18S rRNA maturation process (59). However, as R147 is more than
30Å distant from the 3’end of the rRNA, it seems unlikely that this residue is directly
involved in maturation.
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Ribosomopathies. Disruption of ribosomal assembly and function is the underlying
cause of several human diseases, which have recently been termed ribosomopathies (60). Two
ribosomopathies are associated with mutations in ribosomal proteins: The 5q- syndrome and
Diamond-Blackfan anemia (DBA). While the 5q- syndrome is caused by haploinsufficiency
of a single ribosomal protein (rpS14e) due to a chromosomal deletion (61), the genetics of
DBA patients are much more heterogeneous, as mutations in one or several ribosomal
proteins of both ribosomal subunits have been identified in DBA patients (31). Regarding the
small ribosomal subunit, mutations in rpS7e, rpS10e, rpS17e, rpS19e, rpS24e, rpS26e or
rpS27A (rpS31e in lower eukaryotes such as T. thermophila) have been described, and they
range from single-site missense mutations to mutations that abolish the production of an
entire ribosomal protein (fig. S12A). Defects in different 40S ribosomal proteins result in a
similar DBA phenotype, which might suggest that all affected proteins are clustered around a
specific area on the small ribosomal subunit. However, this is obviously not the case, as the
DBA-associated proteins are scattered all over the 40S subunit (fig. S12A).
One possibility of how distantly located proteins might interfere with the same
underlying process are ribosomal assembly defects, which have been widely reported for
mutations associated with DBA (31, 43, 62, 63). The 40S structure reveals that most
ribosomal proteins affected by mutations in DBA patients make extensive protein-protein
contacts and stretch deeply into the 18S rRNA, giving them a likely structural role during
assembly. Indeed, we find that commonly mutated surface residues of rpS19e would
negatively affect its incorporation into the 40S subunit as they mediate rRNA contacts (fig.
S12B). Mutations in rpS26e may interfere with 40S maturation, as this protein is located in
the proximity of the 3’ end of the rRNA, where 20S pre-rRNA is cleaved during processing
(fig. S12C).
Other DBA-associated mutations suggest an impact on ribosome function; for
example, haploinsufficiency of rpS17e may impact signaling, as in the crystal structure of T.
thermophila 40S, the protein forms the major interaction site for RACK1 (Fig. 5C and D).
Mutations in rpS10e and rpS24e that lead to truncations of long, surface-exposed extensions,
may disrupt other functions of the ribosome that depend on interactions with these proteins, in
addition to their possible role in 18S rRNA processing (31, 62)(fig. S12D).
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40S subunit packing and assignment of eIF1 to one of the two molecules in the ASU.
Inspection of the arrangement of the two 40S molecules in the ASU reveals a head-to-tail
dimer with the two initiation factors sandwiched between the two subunits (fig. S1A). Both
ribosomal subunits in this space group are in a closely related conformation, as indicated by
only a minor motion of the head relative to the body of the NCS related subunits (fig. S17).
Three areas are involved in the crystal contacts between the dimers: One interaction is
mediated at the periphery of both 40S bodies by the platform region and involves both protein
(rpS1e) and the underlying rRNA. Between the subunits, one contact is observed between
helix 44 of one molecule and rpS18e of the neighbor, which leads to a slight distortion of
helix 44 in this area, while the other is mediated by eIF1 (fig. S1A and B). Several lines of
evidence indicate that only one of the two interaction surfaces between eIF1 and the body of
the 40S subunit is functionally relevant: First, inspection of the interaction areas shows an
intimate contact between eIF1 and the rRNA body on one side, while the other side of the
factor binds to the head of the neighboring molecule mainly via a hydrophobic patch that is
complemented by the extended N-terminus of rpS25e (fig. S1B). Second, mapping studies
localizing eIF1 on the 18S rRNA by hydroxyl radical probing (64) are in full agreement with
our structure, and third, the analysis of the eIF1 surface potential shows that eIF1 binds to the
body rRNA via an extensive patch of strong complementary charge (fig. S20).
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Fig. S2. Electron density maps showing features of the ribosomal proteins. (A) The
unbiased electron density maps were calculated by combining experimental phases with
partial model phases and subjecting them to two fold averaging and solvent modification. The
figure shows the maps together with the atomic model for selected residues of each ribosomal
protein not conserved in bacteria as well as for the initiation factor in order to demonstrate the
level of detail recognizable in the map. The atomic model is shown in black stick
representation, while the electron density map contoured between 1.0 and 1.3 σ in different
panels is shown as green mesh.
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Fig. S2. Electron density maps showing features of the ribosomal proteins (continued).
(B) The unbiased electron density maps were calculated by combining experimental phases
with partial model phases and subjecting them to two fold averaging and solvent
modification. The figure shows the maps together with the atomic model for selected residues
of each ribosomal protein not conserved in bacteria as well as for the initiation factor in order
to demonstrate the level of detail recognizable in the map. The atomic model is shown in
black stick representation, while the electron density map contoured between 1.0 and 1.3 σ in
different panels is shown as green mesh.
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Fig. S2. Electron density maps showing features of the ribosomal proteins (continued).
(C) Overview of the 2Fobs-Fcalc electron density map contoured at 1.2 σ (green) around each
ribosomal protein, RACK1 and eIF1 (black ribbons). For better visibility, the map is carved at
3 Å distance around each protein.
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Fig. S2. Electron density maps showing features of the ribosomal proteins (continued).
(D) Overview of the 2Fobs-Fcalc electron density map contoured at 1.2 σ (green) around each
ribosomal protein, RACK1 and eIF1 (black ribbons). For better visibility, the map is carved at
3 Å distance around each protein.
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Fig. S3. Zinc-finger containing proteins of the 40S ribosomal subunit. The four zinccontaining proteins in the 40S subunit can be readily localized by analyzing the anomalous
difference Fourier map. The map is calculated to 6 Å resolution and contoured at 5 σ (green).
The inset shows the location of the proteins in the 40S subunit.

61

!
Fig.S4.
S4.Experimental
Experimental electron
electron density
density maps.
maps"! ! The
#$%! &$'()!
Fig.
shown %*+%,-.%)/01!
experimental %1%2/,')!
electron 3%)&-/4!
density
.0+!results
,%&51/&!from
6,'.!domain-wise
3'.0-)7(-&%!8-fold
876'13! multi-crystal
.51/-72,4&/01! 9:;!
map
NCS 0<%,0=-)=>!
averaging, &'1<%)/!
solvent 610//%)-)=!
flattening 0)3!
and
! +$0&%&! (-/$! DEEFG#H! I13J>!
+$0&%!extension
%*/%)&-')!of'6!the
/$%!initial
-)-/-01!11.6
??"@! Å
A! experimental
%*+%,-.%)/01! #0
phase
Ta@6B,
Br?C
12 phases with DMMULTI (13),
6'11'(%3!K4!+$0&%!K15,,-)=!0)3!C76'13!3'.0-)7(-&%!9:;!0<%,0=-)=!0)3!&'1<%)/!61-++-)=!(-/$!
followed by phase blurring and 2-fold domain-wise NCS averaging and solvent flipping with
:9;!I17J" IA, BJ L%+,%&%)/0/-<%!%*+%,-.%)/01!%1%2/,')!3%)&-/4!.0+!6',!L9M!2')/'5,%3!0/!?"C!
CNS (17). (A, B) Representative experimental electron density map for RNA contoured at 1.2
ı! I=,%%)J! 0)3! N"O! ı! I,%3J! 1%<%1&"! M/! 0! ,%&'15/-')! '6! N"P! A>! /$%! L9M! +$'&+$0/%! K02QK')%! -&!
σ (green) and 3.0 σ (red) levels. At a resolution of 3.9 Å, the RNA phosphate backbone is
21%0,14!0)3!K0&%7+0-,&!0,%!+0,/-0114!,%&'1<%3"!B51Q4!&-3%!2$0-)&!I0,,'(&J!-)!Į!$%1-2%&!ICJ!0)3!ȕ!
clearly and base-pairs are partially resolved. Bulky side chains (arrows) in α helices (C) and β
&/,0)3&! IDJ! 011'(! 5)0.K-=5'5&! /,02-)=! '6! /$%! +,'/%-)&"! #$%! .0+! &$'(&! /$%! )'<%1! +,'/%-)!
strands (D) allow unambiguous tracing of the proteins. The map shows the novel protein
,+;R%!0)3!-&!2')/'5,%3!0/!?"C!ı!1%<%1!I=,%%)J"!!
rpS7e and is contoured at 1.2 σ level (green).

!"


62

Fig. S5. B factor plot of the refined atomic model. The two 40S molecules in the
Fig. S5. B factor plot of the refined atomic model. !"#$ %&'$ ()*$ +',#-.,#/$ 01$ %"#$
asymmetric unit are colored according to the temperature factors of the protein and RNA
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Fig. S6. Secondary structure diagram of T.thermophila 18S rRNA. It contains the
corresponding sequence, numbering, observed base pairs, helical elements and the ES. The
diagram was modified from the Comparative RNA Web Site of 18S rRNA of T.thermophila
(http://www.rna.ccbb.utexas.edu). Base pairs involved in quaternary interactions are indicated
with lines connecting the circles or boxes around the bases involved in the interaction. (-)
represent canonical base pairs restrained during refinement, while (•) correspond to restrained
G•U base pairs.
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Fig. S7. Folds of 40S proteins with previously unknown structures. The gallery shows 40S
ribosomal proteins with previously undetermined or undescribed folds on the left side of the
panels and compares them to related folds found in the PDB (right panels). For further details,
see table S4 and accompanying SOM text.
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Fig. S8. Alignment of rpS31e from different species. rpS31e sequences from different
species were aligned including ciliates [Tetrahymena thermophila, Paramecium tetraurelia
(CAK85726)], algae [Chlamydomonas reinhardtii (XP_001696195), Volvox carteri
(EFJ53214)], vertebrates [Homo sapiens (AAH66293), Danio rerio (NP_956796)], fungi
[Aspergillus fumigatus (XP_754493), Saccharomyces cerevisiae (CAY81406)] and the
archaea Methanocaldococcus jannaschii (AAB98383) and Thermoplasma acidophilum, from
which the structure has been determined previously (PDB id 2k4x, unpublished). The
ubiquitin domain, which is absent in archaea, is attached to rpS31e at a highly conserved
sequence stretch (indicated by “scissors” symbol). The location of the cysteines, which form
the zinc finger, are indicated by asterisks. Note that in ciliates and algae, the C-terminus of
rpS31e is considerably longer than in the other organisms.
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Fig. S9. Archaeal and eukaryotic ribosomal protein additions are clustered in different
areas of the 40S subunit. Front view and back view of the 40S subunit colored according to
evolutionary conservation of protein domains. Ribosomal RNA is shown as gray surface.
Ribosomal proteins are colored according to their conservation. Proteins common to all
domains of life are shown in light blue, proteins found in archaea and eukaryotes are shown in
orange. Extensions and proteins that are unique to eukaryotes are shown in red.
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Fig. S10. Protein rpS21e makes intensive protein-protein contacts. Protein rpS21e is
shown in blue while other eukaryotic ribosomal proteins are shown in light blue
semitransparent surface representation. Ribosomal rRNA is shown as gray surface.
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Fig. S11. Localization of ribosomal proteins involved in different stages of 40S subunit
assembly. The proteins involved in the designated assembly step are shown in blue, the 5’
end of rRNA is shown as red sphere, the 3’ end is shown as green sphere.
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Fig. S12. Proteins of the 40S subunit are mutated in ribosomopathies. (A) Front and back
view of the 40S subunit. Proteins that are affected in Diamond-Blackfan anemia are shown in
light green. Protein rpS14e, which is affected in 5q- syndrome, is shown in orange. (B) Four
basic residues of rpS19e frequently mutated in DBA contact the phosphate backbone of
rRNA. (C) The position of rpS26e (light green) and mutation D33N (red) close to the 3’ end
of the rRNA (blue sphere) suggests disruption of 40S maturation. (D) Deletion of the
extension (red) of rpS24e (light green) is found in some DBA patients.
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Fig. S13. Eukaryotic ribosomal proteins near the rRNA 3’ end. (A) The folds of rpS1p
RNA binding domain (orange) and rpS28e (dark blue) are related (65). (B) Ribosomal protein
rpS26e (yellow) locks the 18S rRNA 3’ end (red) into position.
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Fig. S14. Alignment of rpS6e from different species. The sequence alignment shows the
high conservation of the rpS6e core fold among eukaryotes, while the C-terminal portion is
less-well conserved. The location of the very long C-terminal helix is highlighted by a box.
The C-terminus of T. thermophila rpS6e is considerably longer than in other eukaryotes, and
the terminal amino acid to which rpS6e could be traced is indicated by an asterisk. The area of
serine residues, which are phosphorylated in rpS6e from human, yeast and fly, is indicated by
a dashed arrow, while the phosphorylated serines are shown in bold. They are located in close
proximity of the terminal residue built in Tetrahymena. Sequences were obtained from the
GenBank under accession numbers AAH27620 (Homo sapiens), EEU09133 (Saccharomyces
cerevisiae) and NP_511073 (Drosophila melanogaster).
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Fig. S15. The phosphorylation zone of rpS6e is distant from the decoding center. The
40S subunit is shown in side view with the rRNA as gray surface and the proteins shown as
light blue surface. Ribosomal protein rpS6e is shown as blue cartoon, while the position of the
last visible C-terminal residue is marked by a red sphere. A dashed line indicates the
approximate position of the phosphorylation zone. The decoding site above the initiation
factor eIF1 (light green surface representation) is at least 120 Å distant from the decoding
center.
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Fig. S16. Interaction of RACK1 with signaling proteins may be influenced by binding of
RACK1 to the 40S. (A) Binding sites of focal adhesion kinase (red spheres) at RACK1 (66)
overlap in part with the region covered by the 40S subunit (green). (B) Access to the c-Abl
phosphorylation site (blue) (66) is impaired when RACK1 is localized at the ribosome.
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Fig. S17. Displacement of the head relative to the body in different crystal forms of 40S.
40S subunits from all available native crystal forms, C2 (blue and cyan), P21212 (dark green
and green) and P43 (red, orange, pink and yellow), were aligned using only the body region in
order to visualize the different conformations of the head. Only minor conformational
changes in the head positions are observed between the different crystal forms and within the
ASU of each space group.
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Fig. S18. Molecular model of the 40S:eIF1:eIF1A initiation complex. Front view of the
40S with eIF1 shown in green. The position of eIF1A was modelled by superposition based
on structural data of the bacterial 30S:IF1 complex (67).
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Fig. S19. eIF1 is an anti-association factor. (A) Superpositioning of the T. thermophila 40S
subunit on the bacterial 70S ribosome (PDB entries 2j02/2j03) (51) shows that eIF1 would
sterically clash with H69 of the large ribosomal subunit, thereby preventing its binding to the
40S initiation complex. (B) The 23S rRNA region corresponding to H69 is highly conserved
in all three kingdoms of life presumably due to its role in mediating important contacts with
the small ribosomal subunit. The 23S rRNA sequences were obtained from the Comparative
RNA Web Site (http://www.rna.ccbb.utexas.edu), with accession codes J01695 (Escherichia
coli), X12612 (Thermus thermophilus), U67472 (Methanococcus jannaschii) X13738
(Haloarcula marismortui), X54512 (Tetrahymena thermophila), U53879 (Saccharomyces
cerevisiae) and J01866/M11167 (Homo sapiens).
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Fig. S20. eIF1 surface potential and tRNA contacts. One face of eIF1 binds to the rRNA
via an extended, positively charged patch (blue), while the other side of eIF1 is predominantly
hydrophobic to acidic (red). In order to analyze a possible interaction area of eIF1 with
initiator tRNA, the mRNA (yellow) and P-site tRNA (green) of the bacterial 70S were
modeled onto the 40S subunit by superposition of the 30S (PDB id 2j02) (51). Hydroxyl
radical cleavage sites on initiator tRNA induced by eIF1 (64) are mapped onto the P-site
tRNA for illustration, showing that they would be perfectly oriented towards eIF1. However,
a mild sterical clash of the modeled tRNA with eIF1 indicates that in an initiation complex,
the tRNA would have to undergo a slight conformational change.
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Tables

Table S1: Overview of protein and RNA segments included in the atomic model together
with GeneBank accession numbers.
chain ID

protein

bacterial/archaeal length

built

GenBank accession #

B
4
E

rpS0e
rpS1e
rpS2e

rpS2p
rpS1e
rpS5p

241
265
296

1-204
15-229
24-253

BK007908
BK007907
BK007909

C

rpS3e

rpS3p

243

3-231

BK007910

W

rpS4e

rpS4e

260

2-260

BK007911

G

rpS5e

rpS7p

200

9-200

BK007912

Y

rpS6e

rpS6e

293

1-235

BK007913

3

rpS7e

197

2-197

BK007914

2

rpS8e

rpS8e

208

2-208

BK007915

D

rpS9e

rpS4p

181

1-179

BK007916

7

rpS10e

162

2-105

BK007917

Q

rpS11e

157

1-157

BK007918

U

rpS12e

126

3-126

BK007919

O

rpS13e

rpS15p

153

4-153

BK007920

K

rpS14e

rpS11p

151

12-151

BK007921

S

rpS15e

rpS19p

144

11-135

BK007922

I

rpS16e

rpS9p

145

3-145

BK007923

rpS17p

V

rpS17e

rpS17e

130

2-122

BK007924

M

rpS18e

rpS13p

155

1-154

BK007925

T

rpS19e

rpS19e

155

6-155

BK007926

J

rpS20e

rpS10p

120

14-118

BK007927

Z

rpS21e

97

1-97

BK007928

H

rpS22e

rpS8p

130

2-130

BK007929

L

rpS23e

rpS12p

142

2-142

BK007930

P

rpS24e

rpS24e

149

2-149

BK007931

8

rpS25e

rpS25e

143

23-115

BK007932

5

rpS26e

rpS26e

119

2-99

BK007933

6

rpS27e

rpS27e

81

2-81

BK007934

1

rpS28e

rpS28e

68

2-68

BK007935

N
X
9
R
F
A

rpS29e
rpS30e
rpS31e
RACK1
eIF1
RNA

rpS14p
rpS30e
rps27a

55
80
189
343
101
1753

3-55
7-74
72-169 *
6-343
13-101
1-696, 705-1753

BK007936
BK007937
BK007938
BK007939
BK007940
X56165

* Residues 145-169 of protein rpS31e were built as poly-serine and deposited in the PDB as UNK residues
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Table S2. Data collection and model statistics.
Crystal form
Unit cell dimensions (Å3)
Molecules / ASU
Solvent content (%) a
Data collection
Wavelength (Å)
Temperature (K)
Resolution (Å) b
Unique reflections (nat/ano) c
Redundancy (nat/ano)
Rmerge (%) d
Completeness (%) b
I/σb

C2
P21212
native
native
320.5 x 362.2 x 412.1 320.3 x 415.9 x 359.1
α = γ = 90°, β = 109.615°
α = β = γ = 90°
2
2
71
71
1.00
100
100 – 3.93
(4.17 – 3.93)
364651 / 697194
3.4 / 1.8
14.5 (81.2)
93.0 (61.0)
6.8 (2.1)

P21212
Ta6Br12 derivative
326.9 x 412.7 x 366.8
α = β = γ =90°
2
71

P43
native
241.4 x 241.4 x 1122.0
α = β = γ =90°
4
63

1.2550
100
100 – 11.59
(12.28 – 11.59)
17726 / 33136
37.5 / 20.1
9.2 (85.4)
99.8 (99.4)
13.6 (4.3)

1.0007
100
100 – 7.99
(8.47 – 7.99)
67152 / –
7.1 / –
9.1 (82.6)
99.5 (98.0)
15.0 (2.5)

1.00
100
80 – 6.49
(6.88 – 6.49)
93831 / –
19.8 / –
10.3 (100.1)
98.5 (97.9)
17.8 (4.2)

Model statistics
Model composition:
nonhydrogen atoms
157632
protein residues
10236
RNA bases
3490
Ligands
(Zn2+/ Mg2+•6H2O)
8 / 184
Refinement:
resolution (Å)
25.0 – 3.93
Rcryst / Rfree (%) e
20.7 / 24.3
test reflections (%)
2.0
average B value (Å2)
148.4
Rms deviations:
bonds (Å)
0.007
angles (º)
1.3
dihedrals (º)
20.7
impropers (º)
1.4
Ramachandran plot (68):
favored (%)
74.8
allowed (%)
21.4
generously allowed (%)
3.2
disallowed (%)
0.6
a
Estimated solvent content used during averaging/refinement.
b
Values for highest resolution shells are given in parentheses.
c
For natively scaled data, Bijvoet pairs were merged.
d
Rmerge = Σ|I(h,i) - 〈I(h)〉| / Σ I(h,i), where 〈I(h)〉 is the mean intensity of the reflections.
e
Rcryst and Rfree were calculated from the working and test reflection sets.
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Table S3. List of proteins contacting the 18S rRNA ES segments.
18S rRNA expansion segments
ribosomal
proteins

82

ES3
rpS4e
rpS6e
rpS8e
rpS11e

ES6A
rpS7e
rpS9e
rpS22e

ES6B
rpS4e
rpS7e

ES6C
rpS4e
rpS7e
rpS11e
rpS22e

ES6D
rpS4e
rpS9e
rpS24e

ES6E
rpS7e
rpS13e
rpS22e

ES7
rpS1e
rpS7e

ES9
rpS16e
rpS19e

ES12
rpS6e

Table S4: Comparison of T. thermophila 40S proteins with homologs.
protein

structural homologs (PDB id)

rpS0e

eubacterial 30S

rpS1e

SRP receptor, rpL33p
(3i1n, 2fh5, 3bk6)

rpS2e

eubacterial 30S

rpS3e

eubacterial 30S

rpS4e

T. acidophilum rpS4e
(3kbg*, 2j02:D, 2j02:L, 1igq,1psf)
eubacterial 30S

rpS5e
rpS6e

comments

motif

E. coli rpL33p (N-terminus)
human SRP receptor, stomatin
(C-terminus)
long C-terminal extension contacting
RACK1
phosphorylation sites
in T. thermophila

S4 domain, OB fold,
SH3 domain

rpS7e

rpL25p:5S RNA (1dfu),
GlnRS (1gtr)
NusA (2cxc, 2cy1, 2atw)

rpL25p related
N-terminal core fold
extended β sheet with rpS22e

β barrel domain
tandem KH domains

rpS8e

S. solfataricus rps8e (2kco*)

β barrel core fold with extensions

β barrel domain

rpS9e

eubacterial 30S

rpS10e

transcription factor E2F
(1cf7)
eubacterial 30S

related to DNA binding
winged helix proteins

winged helix domain

recognizes kink-turn in
40S beak region

2-layered α/β sandwich

rpS13e

archaeal rpL7Ae
(3hjw, 3id5, 2fc3*, 1pxw, 1s72:F)
eubacterial 30S

rpS14e

eubacterial 30S

rpS15e

eubacterial 30S

long C-terminal extension contacting
rpS0e

FF core domain, RNA/DNA
binding 3-helical bundle

rpS11e
rpS12e

rpS16e

eubacterial 30S

rpS17e

M. thermoautotrophicum
rpS17e (1rq6)
eubacterial 30S

rpS18e
rpS19e

P. abyssi rpS19e
(2v7f)

rpS20e

eubacterial 30S

rpS21e

ubiquitin related
(1u4a, 1h8c, 1p7f)
eubacterial 30S

rpS22e
rpS23e

eubacterial 30S

rpS24e

archaeal rps24e
(2v94, 1xn9*,1ywx*)
ADAR1, SelB
(1qbj, 2gxb, 2pjp)
FYVE domain (1hyi,2yqm*,1wfk*)

rpS25e
rpS26e
rpS27e
rpS28e
rpS29e

part of the fold is ubiquitin-like

ubiquitin-like fold

related to prokaryotic L23

α/β protein, RRM motif

related to left-handed Z-DNA binding
winged helix proteins
related to second zinc finger
in FYVE domains

winged helix domain

A. fulgidus rps27e
(1qxf)
archaeal rpS28e
(1ny4, 1ne3)
eubacterial 30S

rpS30e
rpS31e

(2k4x*)

RACK1

yeast RACK1 or Gβ protein
(3frx, 1got)
yeast eIF1 (2ogh)

eIF1

winged helix domain,
RNA/DNA binding 3-helical
bundle

FYVE/PHD zinc finger
rubredoxin-related
zinc finger
β-barrel OB fold
zinc finger

extended conformation without clear
homology
without ubiquitin (residues 1-71),
long N-terminal extension
7-bladed β propeller

small all-helical protein
rubredoxin-related
zinc finger
WD40 domain

also related to β subunit
of archaeal aIF2
* these PDB ids have been deposited without an accompanying publication
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Table S5: Buried protein surface areas between ribosomal proteins (a)
Protein a
Protein b
rpS2e
rpS21e
rpS0e
rpS21e
rpS10e
rpS3e
rpS0e
rpS17e
rpS1e
rpS14e
rpS28e
rpS5e
rpS26e
rpS14e
rpS20e
rpS29e
rpS8e
rpS11e
rpS27e
rpS13e
rpS7e
rpS27e
rpS25e
rpS18e
rpS18e
rpS15e
rpS0e
rpS2e
rpS5e
rpS16e
rpS24e
rpS4e
rpS31e
rpS12e
rpS2e
rpS22e
rpS25e
rpS5e
rpS3e
rpS17e
RACK1
rpS17e
rpS9e
rpS30e
rpS3e
RACK1
rpS3e
rpS20e
rpS23e
rpS11e
rpS7e
rpS22e
rpS1e
rpS26e
rpS18e
rpS19e
rpS9e
rpS2e
rpS3e
rpS29e
rpS9e
rpS4e
rpS10e
rpS12e
rpS27e
rpS22e
rpS23e
rpS30e
rpS4e
rpS6e
rpS22e
rpS21e
rpS16e
RACK1
rpS10e
rpS29e
rpS7e
rpS13e
rpS9e
rpS24e
rpS22e
rpS13e
rpS13e
rpS11e
rpS3e
rpS2e
rpS22e
rpS11e
rpS16e
rpS19e
rpS16e
rpS20e
rpS22e
rpS23e
rpS28e
rpS26e
rpS7e
rpS21e
rpS11e
rpS4e
rpS27e
rpS21e
rpS28e
rpS14e
rpS16e
rpS29e
rpS10e
rpS20e
(a)
calculated with PISA (25)
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Chain a
E
B
7
B
4
1
5
J
2
6
3
8
M
B
G
P
9
E
8
C
R
D
C
C
L
3
4
M
D
C
D
7
6
L
W
H
I
7
3
D
H
O
C
H
I
I
H
1
3
Q
6
1
I
7

Chain b
Z
Z
C
V
K
G
K
N
Q
O
6
M
S
E
I
W
U
H
G
V
V
X
R
J
Q
H
5
T
E
N
W
U
H
X
Y
Z
R
N
O
P
O
Q
E
Q
T
J
L
5
Z
W
Z
K
N
J

Interface (Å2)
1560.9
1421.9
1395.7
1240.1
1069.9
1049.3
1037.4
809.4
775.6
670.8
622.3
592.6
589.3
576.0
566.1
560.4
558.6
543.4
540.4
514.1
498.2
478.1
474.5
458.2
452.8
452.1
435.3
426.4
417.4
387.4
374.7
371.6
348.0
337.9
321.6
321.2
311.5
284.5
273.9
233.5
177.9
164.4
158.3
141.1
133.5
122.5
119.0
114.7
113.8
106.9
97.6
61.8
52.3
40.9

Table S6: Rigid body and NCS restraint groups used during refinement.
rigid body groups

NCS restraint groups between subunits S1 and S2

rRNA
(chain A)

protein
(chains B-Z, 1-9)

rRNA
(chain A)

protein
(chains B-Z, 1-9)

A 1-20
A 21-32 & 588-600
A 33-40 & 458-466
A 41-54 & 416-429
A 55-89
A 90-99 & 375-378
A 100-123 & 281-299
A 124-172
A 173-197
A 198-208 & 249-261
A 209-248
A 262-280
A 300-350
A 351-374
A 379-415
A 430-457
A 467-502
A 503-537
A 538-587
A 633-676
A 677-724
A 725-736 & 776-793
A 737-744 & 772-775
A 745-753
A 754-771
A 794-837
A 838-943 & 629-632
A 944-954 & 618-628
A 955-1007
A 1008-1013 & 1068-1080
& 601-617
A 1014-1067
A 1081-1110
A 1111-1134 & 1587-1607
A 1135-1157 & 1429-1441
& 1547-1553
A 1158-1172
A 1173-1188 & 1414-1428
A 1189-1198 & 1230-1238
A 1199-1229
A 1239-1256 & 1393-1413
A 1257-1303
A 1304-1357 & 1386-1392
A 1358-1385
A 1442-1459 & 1490-1510
A 1460-1489
A 1511-1546
A 1554-1586
A 1608-1636 & 1689-1721
A 1637-1688
A 1722-1746
A 1747-1753

B
C 3-211
C 212-231
D
E
F
G
H
I
J
K
L
M
N
O
P
Q 1-23 & 32-157
Q 24-31 *
R 11-338
R 6-10 & 339-343 *
S
T
U 3-85 & 98-126U 8697 *
V 2-71
V 72-122
X
Y
Z
W
1
2
3 2-97
3 98-197
4
5
6
7
8
9 72-95
9 96-142
9 143-169

A 1-120 & 283-607
A 121-282
A 608-629 & 844-1109
A 630-843
A 1110-1179
& 1426-1605
A 1180-1425
A 1606-1753

B
C 3-211
C 212-231
D
E
F
G
H
I
J
K
L
M
N
O
P
Q 1-23 & 32-157
R 11-338
S
T
U 3-85 & 98-126
V 2-71
V 72-122
W
X
Y
Z
1
2
3 2-97
3 98-197
4
5
6
7
8
9 72-95
9 96-142
9 143-169

* These polypeptide stretches were asymmetrically built
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Conclusions	
  and	
  Future	
  Perspectives	
  
Achievements	
  
This thesis presents the structure of the small ribosomal subunit of the eukaryote Tetrahymena
thermophila in complex with initiation factor eIF1 at a resolution of 3.9Å. It describes the first
crystallization of a eukaryotic initiation complex and the first complete crystal structure of a
eukaryotic ribosomal subunit encompassing all rRNA expansion segments and all ribosomal
proteins. The crystal structure reported in this thesis allows insights into the structure and
evolution of the eukaryotic ribosome and provides a structural basis for the understanding of
protein translation initiation.

Crystallization	
  of	
  eukaryotic	
  ribosomes	
  
Among the major technical achievements of this thesis project was the first crystallization of a
eukaryotic ribosome. Together with the recently reported crystal of yeast ribosomal 80S
complex by the Yusupov lab in Strasbourg, the crystal of the Tetrahymena thermophila
eukaryotic ribosomal 40S subunit in complex with initiation factor 1 is one of only two
reported eukaryotic ribosome crystals suitable for structure determination (Ben-Shem, Jenner
et al. 2010; Ramakrishnan 2011).
The fact that two- and three-dimensional crystals of eukaryotic ribosomes had been
observed in vivo in various organisms and that a macroscopic crystal of Galdieria sulphuraria
ribosome - of poor internal ordering and therefore not suitable for structural studies - had been
grown in vitro by Dr. Marcus Müller (then at Nenad Ban laboratory, ETH Zürich) suggested
that the crystallization of eukaryotic ribosomes was in principle feasible (Byers 1966; Byers
1967; Lake and Slayter 1970; Duckett 1972; Taddei 1972; Kusamrarn, Sobhon et al. 1975;
Vujicic, Radojevic et al. 1976; Unwin and Taddei 1977; O'Brien, Shelley et al. 1980;
Bhattacharya 2009; Yonath 2010).
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Table 1: In vivo crystallization of eukaryotic ribosomes.
species

tissue

ribosome

crystals

reference

Corylus avellana

cultured callus

80S

Entamoeba invadens

cyst

80S

helical

Lake and Slayter, 1970

Gallus gallus

hypothermic embryo

80S

P4

Byers, 1966

Homo sapiens

Hirano bodies

60S

rhombic lattice

O'Brien et al., 1980

Lacerta sicula

oocyte

80S

P422

Taddei, 1972

Pteridium aquilinum

fertilized egg

80S

pentagonal arrays

Duckett, 1972

Vujicic et al., 1976

Due to the complex assembly pathways, expression and in vitro assembly of
eukaryotic ribosomes still presents an insurmountable difficulty; therefore we were limited to
purification of ribosomes from native source material. Heterogeneity of ribosome population
due to gene duplication is rare in bacteria, but rather common in eukaryotes, where many
genes are duplicated, albeit often almost identical (Goffeau, Barrell et al. 1996).
We decided to select species for our crystallization screen on practical grounds such as
biosafety, amenability to fermentation and maximal evolutionary diversity in order to sample
a wide space of structural diversity. Considering that many of the thermophilic algae are
difficult to grow in large amounts and thermophilic yeasts are often pathogenic, and since
crystals of ribosomes of mesophilic bacteria have been grown successfully, we did not focus
exclusively on organisms with an extremophilic lifestyle and tested many mesophilic
organisms (Harms, Schluenzen et al. 2001; Schuwirth, Borovinskaya et al. 2005).
During our screening efforts we put a special emphasis on purity of the eukaryotic
ribosomes in order to avoid the crystallization of contaminants. Eukaryotes contain large and
often symmetrical protein assemblies of similar sedimentation velocity to eukaryotic
ribosomes subunits, e.g. the fungal fatty acid synthase (Jenni, Leibundgut et al. 2006; Jenni,
Leibundgut et al. 2007; Leibundgut, Jenni et al. 2007). In order to avoid false positives during
screening we adapted a ribosome purification protocol that effectively removed protein
assemblies irrespective of their sedimentation velocity.
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A previously described method of ribosome purification, the isopycnic sucrose
gradient, effectively removes proteins based on their density rather than sedimentation
velocity (Nieuwenhuysen and Slegers 1978; Nieuwenhuysen and Clauwaert 1981;
Nieuwenhuysen and Clauwaert 1982). While this method turned out to be impractical on the
scale required for crystallization trials, we modified the standard protocol (Hultin, Naslund et
al. 1969), which includes a step in which the ribosomes are pelleted, by pelleting ribosomes
through a 50% sucrose cushion that reliably removes protein contaminants of all size.

Figure 2: Diagram of the purification protocol employed for purification of eukaryotic ribosomes.

While we improved the sample preparation, we at the same time subjected all
ribosome samples to rigorous quality testing by protein gel electrophoresis and negative-stain
electron microscopy. Especially the latter method allowed identification of large contaminants
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even if they were present in small amounts below 1% of the ribosome concentration. Due to
our improved purification scheme we did not encounter contaminants and consequently our
screening efforts did not yield false positives.

Figure 3: A Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of the 40S and 60S
ribosomal subunit of Tetrahymena thermophila. The overloaded lanes with 50µg of ribosomal subunit per lane
demonstrate the purity of the sample. B, C Electron micrographs of the Tetrahymena thermophila 40S (B) and
60S (C) subunit. The morphology of the eukaryotic ribosomal subunits is clearly recognizable. Contaminating
complexes are notably absent. D SDS-PAGE of the recombinantly expressed and purified translation initiation
factor eIF1 from Tetrahymena thermophila. E Initial crystals of Tetrahymena thermophila 40S:eIF1 complex
during the first crystallization screening.

We used standard multifactorial screens (e.g. Hampton screen and other commercial
screens) and PEG grid screens with an appropriate pH range since ribosome crystals had been
reported at various conditions encompassing alcohols (e.g. MPD) and polymers (e.g.
PEG6000) as precipitants at low concentrations. Since most commercial screens are aimed at
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small protein crystallization, they precipitate ribosomes if they are used undiluted. We diluted
commercial screens appropriately with the aim of reaching a precipitant concentration suitable
for ribosomes. Screening was performed in 96-well format and with drop sizes between 400nl
and 1.5µl. The crystallization conditions of Tetrahymena thermophila 40S:eIF1 complex were
comparable to conditions that had been reported for some of the bacterial ribosomal crystals,
especially regarding the use of large PEG polymers as precipitants. Furthermore, amines such
as spermine or putrescine proved helpful as additives. Screening around 3000 drops per
ribosomal sample proved sufficient as it resulted in more than ten hits, crystals in one
condition were of a size sufficient for stabilization and initial diffraction testing.
Initial crystals diffracted to around 11Å resolution and consequently had to be
improved. The optimization was performed in 24-well plates, which allowed for larger drop
sizes and easier stabilization. Screening around the initial crystallization condition revealed
that 40S:eIF1 crystallizes in three space groups. We were able to find conditions that favored
either the orthorhombic/monoclinic or the tetragonal space group. Monoclinic crystals, which
were of superior internal ordering, grew in rare occasions from the condition that produced
predominantly orthorhombic crystals. We consequently tried to improve the orthorhombic
crystals, but at the same time did not neglect the tetragonal space group, which we improved
to 8Å resolution. Screening revealed that an increase in the size of the PEG precipitant (from
PEG8000 to PEG20000) and addition of amines such as putrescine increased the size and
internal ordering of the crystals in the orthorhombic space group. Finally, a large crystal of the
monoclinic space group allowed us to collect data to 3.9Å.
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Figure 4: A Diffraction pattern of crystals in the tetragonal space group P43. B Diffraction pattern of crystals in
the orthorhombic space group P21212. C Diffraction pattern of the crystals in the monoclinic space group C2.
Reflections are seen beyond the first ice ring at 3.9Å. D Morphology of crystals in the tetragonal space group;
these crystals are thin and diffract to 8.5Å. E Morphology of crystals in the orthorhombic and monoclinic space
group. These crystals cannot be distinguished based on morphology and grow from the same drop. Only crystals
in the monoclinic space group diffract to 3.9Å resolution.

Structure	
  determination	
  at	
  intermediate	
  resolution	
  
Phasing of the structure relied on a combination of molecular replacement and low-resolution
heavy-atom phasing. While molecular replacement was succesful for the three space groups
when the bacterial ribosomal 30S subunit was used as search model, the resulting phases did
not yield electron density of sufficient quality for tracing.
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Figure 5: Difference map after molecular replacement phasing clearly shows extra density that protrudes from
the bacterial 30S model (arrows). However, the quality of the resulting difference map is insufficient for building
of the structure. (Courtesy of Dr. Marc Leibundgut).

We therefore decided to use experimental heavy-atom phasing in order to improve the
phases. While we did not succeed in collecting high-resolution data from crystals soaked with
tantalum cluster, we collected an anomalous dataset at 11.6Å resolution. The tantalum clusters
were located with an automated experimental phasing algorithm and the experimental phases
at low resolution were subsequently extended by solvent flattening, domain-wise inter-crystal
averaging and phase extension. The resulting unbiased experimental electron density map was
of excellent quality and allowed building of the structure. Once a reliable model had been
built, the high-resolution phases were improved by combination with phases from a molecular
replacement model that had been refined using a deformable elastic network (Schröder, Levitt
et al. 2010). This strategy allowed successive improvement of the model and the phases.
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The quality of the electron density map allowed tracing the ribosomal proteins, since
secondary structure prediction, bulky side chains and basic residues in contact with the rRNA
phosphate backbone could be used as cues to build the protein sequence in correct register.

Insights	
  into	
  eukaryotic	
  ribosome	
  structure	
  
The crystal structure of the eukaryotic ribosome has allowed insights into the evolution of the
eukaryotic ribosome as it permits comparisons between bacterial and eukaryotic ribosomes on
the structural level.
The intersubunit interface and the decoding site, which consists almost exclusively of
rRNA, are highly conserved and show very little variation between the bacterial and the
eukaryotic ribosome. Ribosomal protein rpS23e, which is located at the interface, is highly
conserved between bacteria and eukaryotes as well.
The beak structure and the back of the ribosome on the other hand are extensively
remodeled. At the beak, proteins have replaced an rRNA loop giving rise to a structure that
has a similar outline as in the bacterial ribosome, but consists of ribosomal proteins instead of
rRNA. The function of the novel eukaryotic ribosomal proteins at the beak is not clear yet.
Proteins are in general more prominent structural features in the eukaryotic ribosome.
It is interesting in this respect to note that the eukaryotic ribosomal 40S contains a
ribosomal protein (rpS21e) that has overwhelming protein-protein contacts and negligible
contacts with rRNA. Interestingly, it has been suggested based on biochemical experiments
that rpS21e dissociates from the 40S subunit after translation initiation, as it was found to be
absent in Drosophila 80S polysomes (Török, Herrmann-Horle et al. 1999). This may be a
Drosophila-specific phenomenon since rpS21e is present in the structure of Tetrahymena 40S
despite purification with high salt.
An interesting feature of the eukaryotic ribosome are the often short eukaryoticspecific extensions of otherwise universally conserved proteins. The function of these protein
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extensions is currently not known, but some indeed do seem to have an important
physiological function as for example in human cells truncation of the eukaryotic C-terminal
extension of rpS24e, which is otherwise conserved between archaea and eukaryotes, results in
Diamond-Blackfan anemia (Choesmel, Fribourg et al. 2008). In order to study the role of the
extensions of ribosomal proteins found uniquely in eukaryotes, genetic experiments in which
the full-length proteins are systematically truncated would be revealing.

Insights	
  into	
  translation	
  initiation	
  
The structure of the 40S:eIF1 complex presented in this thesis explains how eIF1 is able to
detect start codon recognition. While it was previously assumed that eIF1 would not be able
to reach into the mRNA channel, the structure clearly shows that a basic loop of eIF1 can in
principle contact the mRNA and sense base pairing between tRNAimet and the start codon
(Lomakin, Kolupaeva et al. 2003). The complex presented in this thesis did not contain
mRNA or tRNA and consequently did not allow visualization of the interactions between the
basic loop of eIF1 and the mRNA/tRNAimet. Further structural studies on this subject,
especially with complexes that contain mRNA and tRNAimet, will help to elucidate in detail
how eIF1 recognizes the start codon.
The crystals of the 40S described in this thesis require the presence of eIF1, which
forms an important crystal contact. Since the 40S forms a head-to-tail dimer in the crystal,
some space is available between the subunits to potentially permit soaking a small initiation
factor into the crystal lattice. Alternatively, co-crystallization experiments may yield a related
crystal form in which some of the original crystal contacts are maintained and new ones are
formed to accommodate larger complexes at the subunit interface. Of special interest in this
regard is the initiation factor eIF1A which binds close to eIF1 near the A site of the small
ribosomal subunit (Yu, Marintchev et al. 2009; Saini, Nanda et al. 2010). These complexes
would be especially interesting to better understand translation initiation as the 'open
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conformation', which enables the 40S ribosomal subunit to scan along the mRNA in order to
find the start codon, is induced by cooperative binding of eIF1 and eIF1A (Maag and Lorsch
2003; Passmore, Schmeing et al. 2007).
On a more general level, our crystallization of a eukaryotic ribosomal subunit has
demonstrated that initiation complexes of eukaryotes are amenable to crystallographic
analysis and consequently other initiation complexes, such as complexes including eIF3 or
other initiation factors or initiation complexes of the large ribosomal subunit may be studied
by crystallography. This structure will greatly facilitate the phasing of datasets arising from
complexes of the 40S subunit as it can be used for phasing by molecular replacement.
The crystal structure of 40S:eIF1 will also have an impact on studies that are using
cryo-electron microscopy in order to elucidate the structure and function of eukaryotic
initiation complexes. The near-atomic resolution structure of the eukaryotic ribosomal 40S
subunit presented in this thesis will facilitate the interpretation of EM maps at resolutions
between 5Å and 7Å, which are commonly achieved with cryo-EM for eukaryotic ribosomes
(Sengupta, Nilsson et al. 2004; Chandramouli, Topf et al. 2008; Taylor, Devkota et al. 2009;
Armache, Jarasch et al. 2010; Armache, Jarasch et al. 2010). Hybrid models that contain the
crystal structure of the 40S and of the initiation factors fitted into cryo-EM density maps of
eukaryotic initiation complexes will provide structural insights into initiation complexes that
cannot be crystallized.

Insights	
  into	
  signaling	
  at	
  the	
  ribosome	
  
RACK1, the signaling hub at the ribosome, had been located at the back of the head in cryoelectron microscopic studies (Sengupta, Nilsson et al. 2004; Chandramouli, Topf et al. 2008;
Taylor, Devkota et al. 2009). Our crystallographic study of the ribosomal 40S subunit
confirmed the location of RACK1 and resolved for the first time the nature of protein contacts

99

between RACK1 and the ribosome. This is of importance as the signaling properties of
RACK1 crucially depend on the accessibility of the interaction surface.
We observed that the binding sites of signaling proteins determined by peptide
scanning arrays (i.e. in the absence of the ribosome) overlap with the region of RACK1
interacting with the ribosome. Binding tests reported in the literature are often performed with
in vitro expressed RACK1 or fragments of RACK1 and may therefore not adequately
represent the behavior of the ribosome-bound form of RACK1, which, as suggested by the
observation of an alteration of signaling pathways in yeast when RACK1 was genetically
dissociated from the ribosome, appears to have unique signaling properties (Coyle, Gilbert et
al. 2009). One of the potential functions of ribosome-bound RACK1 would be the recruitment
of ribosomes to specific regions within the cell such as focal adhesions (Chicurel, Singer et al.
1998; Kiely, Baillie et al. 2009).
Since the ribosome-bound and the free RACK1 may be considered as different species
with regard to their signaling properties, it would be of interest to first design assays to test
whether the interactions that have been demonstrated to exist between signaling proteins and
isolated RACK1 also occur when the RACK1 is ribosome-bound. Furthermore, it would be
very interesting to perform structural studies on complexes between signaling proteins and the
ribosome-associated RACK1.
Since the structure presented in this thesis revealed the interactions between RACK1
and the ribosomal proteins rpS3e, rpS16e and rpS17e, it will allow structure-guided
experiments to probe the function of the involved proteins in RACK1 signaling, especially the
function of the C-terminal tail of rpS3e, which extends away from the ribosome along the
surface of the bound RACK1 protein.
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The	
  function	
  of	
  rpS6e	
  phosphorylation	
  
Eukaryotic ribosomal protein rpS6e is a downstream target of the mTOR pathway as its
carboxy terminus is phosphorylated by S6 kinase in response to mTOR signaling (Meyuhas
2008). There have been conflicting results about the impact of rpS6e phosphorylation on
translation, as yeast notably appears to be unaffected if the phosphorylatable residues are
mutated to alanine (Johnson and Warner 1987). A recent study in mice indicated that
phosphorylation of rpS6e downregulates protein synthesis due to decreased initiation
(Ruvinsky, Sharon et al. 2005). Due to the assumed influence of rpS6e phosphorylation on
translation efficiency and since rpS6e had been crosslinked to tRNA, mRNA and initiation
factors, it was suggested that it was located near the decoding site, where its phosphorylation
could directly influence the binding of initiation factors (Pachler, Karl et al. 2004; Meyuhas
2008). The structure of the 40S however clearly demonstrates that this is not the case.
Ribosomal protein rpS6e is located at the foot region of the ribosome and stretches from the
intersubunit interface to the back of the ribosome, where the C-terminus binds to expansion
segment ES6B.
The unexpected result that the rpS6e phosphorylation site is situated at the back of the
ribosomal subunit suggests that rpS6e is either available to contact initiation factors at the
back of the ribosome or that the influence of rpS6e phosphorylation on translation initiation is
mediated by a downstream effector. While initiation factor eIF3 has been suggested to bind at
the back of the ribosome it is not clear whether it would reach far enough in the back of the
small subunit to sense the phosphorylation status of rpS6e (Siridechadilok, Fraser et al. 2005).
Alternatively, the mRNA-bound initiation factor complex eIF4F might reach the foot region
during scanning, but it is unclear how it would inhibit initiation at this stage. Currently no
downstream effector of rpS6e is known, but it may be possible to use a part of the
phosphorylated C-terminal helix of rpS6e for pulldown experiments in order to identify a
potential effector, which specifically binds to phosphorylated rpS6e.
101

Impact	
  on	
  research	
  on	
  eukaryotic	
  protein	
  synthesis	
  
When the first structures of bacterial ribosomes appeared in 2000, they galvanized the field of
bacterial protein synthesis as they finally permitted structure-guided experiments. As a result,
protein translation in bacteria is very well understood today (Schmeing and Ramakrishnan
2009). The lack of a crystal structure of the eukaryotic ribosome had precluded structure
guided experiments and contributed to the 'impasse' (Ramakrishnan 2011) in which the field
of eukaryotic translation had languished until now. The structure presented in this thesis
offers an excellent starting point for the design of experiments to unravel open questions
about the process of eukaryotic translation.
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