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Summary
During protein synthesis, the genetic information is translated into a sequence of amino
acid building blocks that are sequentially attached to each other by a large ribonucleoprotein complex, the ribosome. One triplet of nucleotides translates into one amino
acid. The eukaryotic ribosome can be divided into a small (40S) and a large (60S)
subunit. Protein translation is initiated on the small ribosomal subunit upon forming
a complex with initiator transfer RNA (tRNA) carrying the first amino acid and messenger RNA (mRNA) containing the nucleotide sequence template. During canonical
initiation, the eukaryotic small ribosomal subunit binds to the mRNA in proximity
of the capped 5’ end. From there it scans along the mRNA until it reaches the correct initiation site for translation where the protein-coding sequence starts. Binding
of the initiator tRNA to the start codon on the mRNA determines the reading frame
for translation. Once the start codon has been identified correctly, the large ribosomal
subunit joins the complex and translation can proceed. All of the above steps are highly
regulated and require accessory translation initiation factors as regulatory proteins or
regulatory mRNA sequences. In eukaryotes, canonical translation initiation involves
at least 12 translation initiation factors (eIF). Two of them, eIF1 and eIF1A, are critical for the fidelity of start codon recognition and for the recruitment of the initiator
tRNA to the complex. eIF1 dissociates upon start codon binding, while eIF1A is also
important for the association with the large ribosomal subunit at a later stage. In the
first part of this thesis, a 3.7 Å resolution crystal structure of the canonical eukaryotic
40S-eIF1A-eIF1 initiation complex is described. The structure revealed how the two
initiation factors bind to the small ribosomal subunit, how they are positioned with
respect to each other and how they influence the conformation of the 40S subunit. The
visualization of structural features of the two initiation factors and the conformational
changes observed in the decoding center of the small ribosomal subunit provided new
insights into the mechanisms of scanning and start codon recognition during eukaryotic
translation initiation.
In recent years, it became obvious that special sequence motifs or secondary structure elements within the mRNA sequence upstream of the start codon can influence the
translation initiation efficiency at the downstream protein-coding open reading frame,
allowing an additional level for regulating eukaryotic translation. Approximately half
of the mammalian mRNAs possess one or more short upstream open reading frames
(uORF), which do not encode for proteins, but regulate the translation efficiency at

viii

the downstream main open reading frame. In such a context, translation is terminated at the uORF, but instead of being released, the ribosome remains associated
with the mRNA and ”re-initiates” translation at the downstream main ORF. In many
cases, re-initiation can be mediated by canonical eukaryotic translation initiation factors. However, sets of mRNAs have been identified that encode proteins involved in
cell-cycle regulation and that require a different set of translation initiation factors.
The protein eIF2D (eukaryotic translation initiation factor 2D, also called ligatin) and
the homologous heterodimeric complex of MCT-1/DENR (malignant T-cell-amplified
sequence 1) and DENR (density regulated protein) have been identified as translation
re-initiation factors.
In the second part of this thesis, using single-particle electron cryo-microscopy
(cryo-EM), I describe the architecture of re-initiation complexes involving translation
initiation factor eIF2D or the heterodimer of MCT-1/DENR, in complex with initiator
tRNA and the 40S ribosomal subunit. Furthermore, to enable comprehensive interpretation of the cryo-EM maps for both complexes, I also determined the crystal structure
of the C-terminal half of eIF2D for which no structural information had been available.
The structures show that these re-initiation factors use loosely connected domains that
mimic the action of several canonical initiation factors to provide critical stabilizing
interactions for positioning the initiator tRNA on the 40S ribosomal subunit for reinitiation. Taken together, the structural and biochemical results presented in this
thesis lay the basis for a better mechanistic understanding of eukaryotic translation
initiation and the re-initiation process.
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Zusammenfassung
Während der Proteinbiosynthese wird der genetische Code mithilfe eines grossen Ribonukleinsäure-Protein-Komplexes, dem Ribosom, in eine Abfolge von Aminosäurebausteinen übersetzt (translatiert), wobei jeweils ein Nukleinsäuretriplett für eine Aminosäure kodiert. Das eukaryontische Ribosom kann in eine kleine (40S) und eine grosse (60S)
Untereinheit unterteilt werden. Für den Beginn der Translation, genannt TranslationsInitiation, ist die kleinere der beiden Untereinheiten verantwortlich. Auf ihr lagern sich
die Initiator-Transfer-RNA (tRNA), welche die erste Aminosäure trägt, und die BotenRNA (messenger oder mRNA), welche die zu translatierende Nukleinsäuresequenz
beinhaltet, an. Im Laufe der regulären, kanonischen, Translations-Initiation bindet die
kleine eukaryontische Untereinheit die mRNA zunächst in der Nähe von deren 5’-Kappe
und gleitet (”scannt”) dann in einer Richtung entlang der mRNA, bis sie den korrekten Startpunkt für die Translations-Initiation erreicht, an dem die proteinkodierende
Nukleinsäuresequenz beginnt. Die Bindung der Initiator-tRNA an das erste kodierende
Nukleinsäuretriplett, das Start-Kodon, definiert das Leseraster. Nach korrekter Erkennung des Start-Kodons kann die grosse ribosomale Untereinheit mit der kleinen Untereinheit assoziieren und die Translation beginnt. All diese Schritte sind komplex und
werden in der Zelle reguliert. Sie erfordern zusätzliche regulatorische Proteine, sogenannte Translations-Initiationsfaktoren, oder nichtkodierende regulatorische Elemente
innerhalb der mRNA, die sich während des Initiationsprozesses an die kleine ribosomale
Untereinheit anlagern. In Eukaryonten benötigt die reguläre Translations-Initiation
mindestens zwölf dieser Initiationsfaktoren (eIF). Zwei von ihnen, eIF1 und eIF1A,
wurden als essentiell für die Erkennung des Start-Kodons und die Rekrutierung der
Initiator-tRNA an die kleine ribosomale Untereinheit identifiziert. eIF1 löst sich nach
der Bestimmung des Start-Kodons wieder vom Initiationskomplex, während eIF1A
auch die Bindung der grossen ribosomalen Untereinheit im späteren Verlauf der Initiation vermittelt. Im ersten Teil dieser Dissertation wurde die Kristallstruktur des kanonischen 40S-eIF1A-eIF1 Initiationskomplexes bei einer Auflösung von 3.7 Å bestimmt.
Sie zeigt auf, wie die beiden Initiationsfaktoren an die kleine ribosomale Untereinheit
binden, wie sie zueinander positioniert sind und welche strukturellen Veränderungen
ihre Bindung in der 40S Untereinheit hervorrufen. Die Struktur erlaubte eine Untersuchung solch konformationeller Veränderungen im Dekodierungszentrum der kleinen
Untereinheit sowie an der Grenzfläche zur grossen Untereinheit in bisher unerreichtem
Detail. Ausserdem war es möglich, Abschnitte der beiden Initiationsfaktoren innerhalb
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des Komplexes zu lokalisieren, die für die Erkennung des Start-Kodons relevant sind
und unser Verständnis davon erweitern, wie das mRNA Scanning in eukaryontischen
Zellen reguliert ist.
In den letzten Jahren hat sich gezeigt, dass spezielle mRNA-Sequenz- oder Sekundärstrukturmotive, welche der proteinkodierenden Sequenz auf der mRNA vorangestellt
sind, einen starken Einfluss auf die Effizienz der Proteintranslation haben können, was
für Eukaryonten eine zusätzliche Ebene der Translationsregulation eröffnet. Ungefähr
die Hälfte aller Säugetier-mRNAs besitzt vor ihrer Protein-kodierenden Sequenz ein
oder mehrere kurze regulatorische Leseraster, die nicht für ein Protein kodieren, aber
die Effizienz der Proteinherstellung beeinflussen. In einer solchen Konstellation können
Ribosomen diese kurzen Leseraster lesen und die Translation an einem zugehörigen
Stop-Kodon beenden, bleiben dann jedoch an die mRNA gebunden, um die Translation an der darauffolgenden proteinkodierenden Sequenz wieder aufzunehmen. Diese
sogenannte Re-Initiation kann durch reguläre Translations-Initiationsfaktoren vermittelt werden. Allerdings wurden viele mRNAs gefunden, welche für Proteine in der
Zellzykluskontrolle kodieren und den Einsatz spezieller Initiationsfaktoren erfordern.
Das Protein eIF2D (eukaryotic translation initiation factor 2D, auch Ligatin genannt)
und das zu eIF2D homologe Heterodimer aus den Proteinen MCT-1 Protein (malignant T-cell-amplified sequence 1) und DENR (density regulated protein) wurden als
solche identifiziert.
In der zweiten Hälfte dieser Dissertation wurde mithilfe von Single-Particle KryoElektronenmikroskopie die Domänenarchitektur des eIF2D-Proteins innerhalb eines
nicht-kanonischen Initiationskomplexes zusammen mit der Initiator-tRNA und der
kleinen ribosomalen Untereinheit bei einer Auflösung von 4.6 Å aufgezeigt. Eine
Kristallstruktur der terminalen Hälfte des eIF2D-Proteins, welche homolog zu DENR
ist, wurde bei einer Auflösung von 1.8 Å vermittelt. Die Kristallstruktur konnte in die
elektronenmikroskopische Dichtekarte des gesamten Komplexes gedockt werden, was
eine Untersuchung der Interaktionen zwischen den beiden endständigen Domänen von
eIF2D im Detail ermöglichte und Rückschlüsse auf die Funktionsweise des homologen
DENR-Proteins zulässt. Die Strukturen verdeutlichen, wie eIF2D die Initiator-tRNA
an die kleine ribosomale Untereinheit rekrutiert und legen nahe, dass die Start-KodonErkennung durch eIF2D analog zum regulären Mechanismus in eIF1 abläuft. Zusammenfassend erweisen sich die beiden Projekte dieser Dissertation als solide Basis für
ein besseres strukturelles Verständnis eukaryontischer Translations-Initiationskomplexe
und geben neue Einblicke in die Mechanismen, mittels derer reguläre und nicht-reguläre
Initiationsfaktoren den Initiationsprozess steuern.

1

1. Preface
1.1

Protein Synthesis

Proteins are versatile biomolecules that are essential for every cell, carrying out a
vast variety of scaffolding, signaling and catalytic functions. On average, they make
up roughly 50% of the dry weight of a prokaryotic cell and 75% of a eukaryotic cell,
amounting to, for example, approximately 1010 protein molecules in a mammalian cell
(21). Copy numbers and half-lives of individual types or classes of proteins might vary
extensively from a few hundred to tens of thousands per cell and from minutes to
hundreds of hours, but are on average higher than for RNA (22,23).
Proteins are synthesized in the cell as a primary sequence of amino acid building
blocks that are being attached to each other through their reactive amino and carboxyl groups resulting in covalent amide bond formation. Thermodynamically driven
and sometimes assisted by other proteins like chaperones, each newly synthesized peptide chain adopts a characteristic secondary structure of β-sheets, α-helices and loops
that arranges in a unique three-dimensional fold or so called tertiary structure, which
determines the function of the protein. Hydrogen bond formation between carbonyl
and amino groups of peptide bonds as well as the interactions with surrounding water
molecules, but also van-der Waals or ionic interactions between charged, polar or nonpolar amino acid side chains contribute energetically and entropically to this folding
process.
As already postulated in 1958 by Francis Crick as the ”central dogma of molecular
biology”, the amino acid sequence information for all proteins is encoded in the nucleic
acid sequence of the DNA of our genome (24). Approximately 20,000 protein-encoding
genes are estimated to exist in the genome of a human cell (25), approximately 85%
of which could be identified via proteomic profiling so far (26). Translation, however,
does not take place on the nuclear DNA itself. It is preceded by transcription of
DNA (deoxyribonucleic acid) into single-stranded mRNA (messenger ribonucleic acid)
molecules. One triplet (codon) of nucleotides in the mRNA translates into one amino
acid and their combinations specify codons for each of the 20 cellular canonical amino
acids as well as ”stop codons” that indicate the end of the protein sequence. However,
due to the redundancy of the genetic code, some of the 64 possible codons translate into
the same amino acid. Codon usage depends on the organism and the tissue and there
are frequently occurring codons and so called ”rare codons”. In prokaryotes, without
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a cellular nucleus, translation can occur at the same time as transcription, whereas
eukaryotic mRNAs have to leave the cell’s nucleus to be translated in the cytoplasm,
resulting in two spatially separated levels of gene expression.

1.2

Ribosomes

In the 1950s, advances in cell fractionation, ultracentrifugation and the introduction
of electron microscopy to the field of molecular biology through Albert Claude allowed a better physicochemical characterization and visualization of the contents of
the eukaryotic cell. In 1955, George Emil Palade made the first big step towards our
current understanding of how proteins are synthesized within cells by describing ”a
small particulate component of the cytoplasm” (27) that he was able to identify in
electron micrographs of different sorts of animal cells. He characterized these particles as macromolecules of 100 to 150 Å in diameter with high RNA content that were
either directly associated with the membrane of the endoplasmatic reticulum or distributed freely in the cytoplasm of the cells. During the years following his publication,
the works of molecular biologists like Paul Zamecnik, Albert Claude, Philip Siekevitz,
Elizabeth Keller and others (reviewed in (28)) confirmed the upcoming hypothesis that
cellular protein biosynthesis was linked to these particles and in 1958, the term ”ribosomes” was first coined by Richard Brooke Roberts. Today we know that ribosomes
are macromolecular assemblies of ribosomal RNA (rRNA) and ribosomal proteins that
catalyze the translation of the nucleic acid sequence of mRNAs into the amino acid
sequence of proteins. They are responsible for the synthesis of all cellular proteins
with the rare exception of short antifungal or antiviral peptides that are synthesized
by microbial megaenyzmatic complexes, so called non-ribosomal peptide synthetases
(reviewed in (29, 30)).
Ribosomes that translate cytosolic proteins usually diffuse through the cytoplasm,
whereas ribosomes that synthesize membrane proteins or secretory proteins are associated with the ER or the plasma membrane (reviewed for example in (31)). During the
translation process ribosomes bind mRNA molecules and tRNAs (transfer RNAs) that
deliver the individual amino acids to the active site. tRNAs carry a triplet anticodon
sequence complementary to mRNA codons. In cells, 20 aminoacyl-synthetase enzymes
-one for each canonical amino acid- ensure with high fidelity that each type of tRNA is
only being charged with an amino acid corresponding to its specific anticodon. On the
ribosome, the formation of Watson-Crick and Wobble interactions leads to complementary base pairing between codons and anticodons and the incorporation of the correct
amino acid at each position of the polypeptide sequence. The ribosome catalyses the
peptide bond formation between each incoming amino acid and the existing nascent
polypeptide chain and ensures the directionality of the process (for example reviewed
in (32)).
Ribosome-catalysed peptide bond formation is approximately six orders of magnitude faster than uncatalysed peptide bond formation reactions (33). In a fast-growing
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E. coli cell it is estimated to be almost 20 amino acids/sec, while in slow-growing cells
it can drop down to approximately 12 amino acids/sec (34). Although the error rate of
ribosomal translation is considerably higher than the one for transcription, ribosomes
still only incorporate one incorrect amino acid per 1000-10,000, which corresponds
roughly to the error rate by which aminoacyl synthetases charge tRNAs with an incorrect amino acid (35-37). Their processive speed and their accuracy provoked the label
of a ”molecular machine” that acts universally in all cells by Bruce Alberts.

1.2.1

Ribosomal Architecture

Figure 1.1: Conserved landmark features of the small and the large ribosomal
subunits. The 40S and 60S subunits (from PDBS 4BPE (2) and 4V8P (4)) are shown from
their intersubunit face, with ribosomal rRNA in grey and ribosomal proteins in yellow. The
A-, P- and E-sites for tRNA binding on both subunits are indicated. For the large ribosomal
subunit the central protuberance (with uL18 and uL5 in lightblue), the peptidyl transferase
center (with A2808 marked as red spheres), the ribosomal GTPase-activating center with the
sarcin-ricin loop (h95 coloured brightgreen) and the areas where the flexible L1- and P1/P2
(L7/L12) stalks would protrude (with uL10 marked in pink at the basis)) are highlighted.
On the small ribosomal subunit, the head and the body domain, the shoulder, the beak, the
platform, helix 44 (lightblue spheres) are indicated. The A-, P- and E-sites are located along
the mRNA channel at the neck of the 40S. mRNA enters the channel around the shoulder
and exits the channel at the platform. The decoding center resides in the A-site of the
small subunit (with decoding center bases A1708 and A1709, corresponding to the conserved
bacterial residues A1492 and A1493, shown as orange spheres).
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All ribosomes consist of two subunits that can reversibly dissociate and re-associate
during the translation cycle. Both, the small and the large subunit contain rRNA
and many ribosomal proteins and were characterized based on their ultracentrifugation sedimentation coefficients (Svedberg constants). In bacteria, a small 30S and a
large 50S subunit form the translation-competent 70S ribosome of approximately 2.3
MDa. Cytosolic eukaryotic ribosomes are more complex and larger than their bacterial
counterparts and sediment at 80S comprising a 40S and a 60S subunit (cf. Figure
1.1) (4, 38, 39). Their increased intricacy is due to additional eukaryote-specific proteins as well as eukaryote-specific extensions and tails that evolved in many eukaryotic
ribosomal proteins in addition to the universally conserved ribosomal protein cores.
Moreover, eukaryotic rRNA has extra insertions termed rRNA expansion segments
(ES) in comparison to prokaryotic rRNA. Archaeal ribosomes represent an evolutionary intermediate between ribosomes from the bacterial and the eukaryotic kingdom.
Thus, there exists a ribosomal core of rRNA and proteins that is universally conserved
across all kingdoms, but at the same time there are some bacteria-specific ribosomal
proteins (like bS6, bS20 or bSTHX), proteins that are only shared amongst eukaryotes
and archaea and proteins that uniquely exist in eukaryotes, for example RACK1 (4,
38).
In general, ribosomal proteins contain many basic, rRNA interacting residues and
adopt elongated folds that wind into rRNA cavities forming extensive interaction networks (4, 38). In this thesis, the nomenclature of ribosomal proteins is based on a review
by Ban and others (40), taking into account the conservation of proteins between kingdoms. Besides, two eukaryotic cellular organelles, mitochondria and chloroplasts, have
evolved specialized ribosomes with specific features and functions. The 55S mitochondrial ribosome consists of a 28S and a 39S ribosomal subunit and exclusively translates
a set of mitochondrial mRNAs. In contrast to the bacterial ribosome, which has an
approximate rRNA:protein ratio of 2:1, the mitochondrial rRNA shrunk throughout
evolution yielding a reverted rRNA:protein ratio of 1:3 (41-43).
The contacts between the small and the large ribosomal subunits are termed intersubunit bridges, many of which are universally conserved. While most of the subunit
interface is actually composed of rRNA, it is interesting to note that approximately
50% of the intersubunit bridges involve ribosomal proteins (cf. Figure 1.2) (3). Although their role is probably not fully investigated yet, they are likely to be of functional importance, since many of them have to be formed and dissolved in a concerted
manner during the translation cycle allowing for characteristically occurring ribosomal
movements, like rotating, ratcheting, swiveling and rolling (3, 39, 44). Both ribosomal subunits possess three tRNA binding sites for tRNAs to bind at the intersubunit
space, termed ”A” (aminoacylation), ”P” (peptidyl) or ”E”(exit) site. An aminoacylated tRNA attaches to the A-site. After the peptide bond formation reaction, it moves
to the P-site with the whole nascent peptide chain attached to it and after the next
round of peptide bond formation it leaves the ribosome in the deacylated state via the
E-site. While the decoding process, i.e. the codon-anticodon matching is facilitated
and monitored on the small subunit, peptide bond formation and nascent peptide exit
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take place on the large subunit. That means that tRNAs bind to the intersubunit
space with their anticodon stems attached to the A-, P- or E-site of the small subunit,
while their aminoacylated acceptor CCA ends point towards the large subunit.

Figure 1.2: Intersubunit bridges within the human 80S ribosome. Intersubunit
bridges as observed in the cryo-EM 3D-reconstruction of the human ribosome at an overall
resolution of 3.6 Å[1]3. Universally conserved bridges are named with B, eukaryote-specific
ones with eB. Many intersubunit bridges (B2a, B2b, B3 and eB14) localize to the top of helix
44, overlapping at least partially with initiation factor binding sites. (Print permission from
(3)).

1.2.1.1

The Large Ribosomal Subunit and the Peptidyl Transferase
Reaction

Based on the hypothesis of an ”RNA world”, according to which RNA preceded DNA
and proteins in evolution, it was postulated by Francis Crick and others that in the
early cell, ribosomes could have existed as purely rRNA containing ribozymes. The
evidence that the ribosome acts as a ribozyme came much later through high resolution
X-ray structures of the large ribosomal subunit visualizing the active site or peptidyl
transferase center at high resolution (4, 32, 45, 46, 47). The peptidyl transferase
center, where the peptide bond formation reaction between the incoming amino acid
and the existing polypeptide chain takes place, comprises the A- and P-sites of the
large ribosomal subunit, which are almost exclusively formed by domain V of the 23S
(28S) rRNA. Helix 80 of the 23S (the P-loop), stabilizes the P-site peptidyl-tRNA
CCA end, while helix 92 (the A loop) interacts with the A-site aminoacyl-tRNA CCA

1. PREFACE

6

end. The only ribosomal proteins in the closer vicinity are the N-terminal tail of bL27
and bL16 (eL29 in eukaryotes), but they are most likely only assisting in the tRNA
positioning, while the more crucial interactions stem from the rRNA.
The catalytic mechanism has been extensively debated. Interestingly, the major
catalytic contributions of the ribosome are of entropic nature and originate from water
exclusion, but also from precise substrate positioning in an ”induced-fit” mechanism.
There exists evidence that A-site tRNA binding promotes conformational changes in
the 23S rRNA which allow P-loop and A-loop interactions within the PTC. As a
result, the nucleophilic α-amino group of the aminoacyl-tRNA is stabilized by the 2’OH hydroxyl group of A76 of the peptidyl-tRNA and N3 of A2451 (A2808) in a position
that allows a nucleophilic attack on the amino acylester of the peptidyl tRNA. In one
rate-limiting step, the α-amino group is deprotonated and a tetrahedral intermediate
is formed, which likely dissociates through a ”concerted proton shuttling mechanism”
with the 3’-OH A76 of the peptidyl tRNA as a final proton acceptor and leaving group.
No catalytic metal ions were visible in the active site and acid-base catalysis by rRNA
base A2451 was excluded based on mutagenesis studies (reviewed in (48)).
Starting at the PTC, the peptide exit tunnel extends all the way through the
large ribosomal subunit and reaches the exterior in the vicinity of ribosomal proteins
uL23, uL29, uL24. The nascent peptide chain that is threaded through the tunnel is
thus shielded from the cytoplasmic environment and assisted in its folding. Secondary
structure elements, like helices, can already form within the tunnel (49), while the final
tertiary structure only forms after tunnel exit, assisted by many co-translational chaperones like trigger factor in prokaryotes or NAC (nascent-chain associated complex) in
eukaryotes (50).
Apart from the PTC, large ribosomal subunits exhibit additional characteristic
structural and functional features, like the central protuberance (including uL18/uL5),
the L1-stalk and the L7/L12-stalk (cf. Figure 1.1). The L1-stalk, a complex of protein
uL1 and helices 76, 77 and 78 of the 23S RNA adjacent to the E-site adopts different
conformations throughout the ribosomal elongation/translocation cycle and interacts
with E-site tRNA coordinating its positioning and expulsion from the ribosome. On the
opposing end of the subunit, the L7/L12 (P1/P2 stalk in eukaryotes) stalk emerges,
which is exclusively built from copies of acidic L7/L12 phosphoprotein dimers. L7
and L12 (L7 being the N-acylated form of L12) are the only ribosomal proteins that
do not occur stochiometrically within the subunit, but in 4 (bacteria) to 6 (archaea)
copies (51). They have most likely co-evolved with some crucial ribosomal interaction
partners, the translocation, elongation, initiation and release factors EF-Tu, EF-G, IF2
and RF3. These ribosome-stimulated GTPases depend on the extended L7/L12 stalk
for recruitment to the ribosome and subsequent GTP-hydrolysis (52, 53). However,
the bL12 proteins do not seem to provide catalytic residues like an arginine finger,
they rather appear to stabilize the GTPases in their active transition state (51). GTP
hydrolysis is supposed to be additionally stimulated by the universally conserved sarcinricin loop (helix 95 of the 23S rRNA) (54), which might orient catalytic residues on
the GTPase itself (e.g. His84 and Asp21 on EF-Tu) into an energetically favourable
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position for attack of the γ-phosphate (55).
1.2.1.2

The Small Ribosomal Subunit and Decoding

Small ribosomal subunits also share several architectural landmark features (38, 56)
(cf. Figure 1.1). On the intersubunit interface, one major groove (”the neck”) divides
the subunit into a head and a body. The groove is the channel through which the
mRNA is threaded during the translation process and harbours the A-, P- and E-site
of the small subunit (57, 58). mRNAs enter the channel between the beak (h33/32
in prokaryotes, eS10 and eS12 in eukaryotes) of the head and the so called ”shoulder”
(formed by h16 of the 16S/18S rRNA). rRNA helices 18 from the body, as well as
h34 and protein uS3 from the head flank the mRNA entry site and form a so called
”mRNA entry latch” (59, 60) that exists in an open conformation permissive for mRNA
exchange and a closed conformation supposed to stabilize the mRNA inside the channel.
The threading of mRNA into the channel requires the unwinding of mRNA secondary
structure. Prokaryotic ribosomal proteins uS3 and uS4 that possess intrinsic RNA
helicase activity (61) flank the shoulder and ATPase-driven RNA helicases like DHX29
or Ded1/DDX3 have their conserved binding sites close to it (62). The small subunit Aand P-sites are located on either side of the top of h44, which is a long and characteristic
helix that spans the whole intersubunit interface of the small subunit. Between the
two sites, the mRNA describes a sharp kink, termed P/A kink, which is universally
conserved, although more pronounced in prokaryotes than in eukaryotes (63, 64).
The mRNA decoding, i.e. the matching of codon and anticodon of incoming tRNAs, takes place in the A-site of the small subunit. A cognate tRNA is supposed
to establish canonical complementary Watson-Crick base pairs at positions one and
two of the codon, while position three is permissive for certain non-canonical wobble base pairs in accordance with the degenerate genetic code (65) or for recognition
via post-transcriptionally modified nucleotides (nucleotides 34 and 37) in the tRNA
anticodon stem loop (66). Upon A-site tRNA binding, the small subunit changes conformation. This ”domain closure” includes a head movement towards the shoulder and
the mRNA channel in combination with a shoulder movement towards h44 (32, 67).
Together, these conformational rearrangements cause a tight accommodation of the
A-site tRNA.
Nucleotides A1492 and A1493 (bacterial numbering) in h44, nucleotide G530 in h18,
the universally conserved protein uS12, a coordinated magnesium ion as well as A1913
in h69 of the 23S rRNA form the decoding center. While A1493 establishes ”A-minor
motif” hydrogen bond interactions with the minor groove of the codon-anticodon duplex at position one, G530, A1492 and uS12 interact with the minor groove of position
2. The third, wobble position is directly contacted by G530 and indirectly via a magnesium ion through uS12 (670. This hydrogen bond interaction network is established
upon binding of a near-cognate tRNA as well as cognate tRNA. While it is energetically
favourable for cognate tRNAs, it sterically forces a near-cognate tRNA into WatsonCrick like conformations at codon positions 1 and 2, possibly resulting in either base
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pair tautomerization or repulsion, both of which are energetically unfavourable and
therefore lead to ejection of non-cognate tRNAs (67).
After having passed the E-site, the mRNA leaves the ribosome next to the ribosomal
platform. The platform itself is a predominantly rRNA-based structure comprising
h19-h27 of the central 16S/18S rRNA domain, but there are also ribosomal proteins
flanking the mRNA exit, for example protein uS7, uS2, uS11 as well as bS18 in bacteria
and eS1 and eS28 in eukaryotes. Many of them act as binding sites for structured
mRNAs that control translation initiation, like the S15 mRNA 68), or the Hepatitis C
Virus-mRNA (11, 69). However, in bacteria, the platform primarily regulates access
to the conserved anti-Shine-Dalgarno sequence (UCCUCC), which is located in the
vicinity of the mRNA exit within the 3’-end of the 16S/18S rRNA (70). This sequence
forms a stable ”SD duplex”with complementary sequences in the 5’-UTR of bacterial
mRNAs, thus recruiting mRNAs to the ribosome (71). Eukaryotes do not rely on a
Shine-Dalgarno mechanism and therefore have to determine the correct start codon
and reading frame for translation by scanning the 5’-UTR, as will be described in the
following chapters.

9

2. Introduction
2.1

The Translation Cycle

Compared to many proteins, ribosomes have a rather long half-life of 3 to 10 days in
the cytoplasm (72), depending on the cellular proliferation status (73). This means
that each ribosome is translating many mRNAs during its lifespan. On each mRNA,
the ribosome has to find the correct translation start site or start codon that allows
translation in the correct reading frame. It has to undergo many repetitive steps of
peptide bond formation and finally terminate translation at the correct stop codon
before it is released from the mRNA and can initiate another translation cycle either
on the same or on a different mRNA. The classical translation cycle is divided into four
different stages: translation initiation, elongation, termination and ribosomal recycling.
At each stage, different regulatory translation-, initiation-, elongation- or release factors
associate with the ribosome or with the ribosome-bound mRNA and tRNAs. They act
in a highly concerted manner (cf. Figure 2.1). During canonical translation initiation,
the elongation-competent 80S ribosome needs to be assembled onto the correct start
codon of an mRNA with the first tRNA, the ”initiator tRNA”, bound with its anticodon
to the start codon in the ribosomal P-site. Usually, the start codon is an AUG codon
and therefore, the initiator tRNA is a methionyl-tRNA. Correct assembly involves
three single-subunit initiation factors (IF-1, IF-2 and IF-3) in prokaryotes and up to
12, often multi-subunit, eukaryotic translation initiation factors (eIF) in eukaryotes.
Reflecting the cyclic character of translation, translation initiation starts with the
preceding ribosomal recycling step (reviewed in (10, 20, 74, 76). The complete initiation
process will be discussed in more detail in a following chapter.

2.1.1

Translocation and Elongation

Once the reading frame has been established via initiator tRNA binding and the 80S is
assembled, the peptide elongation phase starts and the mRNA is translated sequentially
codon by codon.
The concerted conformational changes also affect the G-domain with respect to the
sarcin-ricin loop such that GTPase activation becomes possible and GTP hydrolysis
it triggered. In its GDP-bound form, EF-Tu loses affinity for the tRNA and the ribosome and dissociates (reviewed in (48, 77)). In the next step, the released A-site
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Figure 2.1: The translation cycle in bacteria and eukaryotes. The bacterial cycle
is shown in green, the eukaryotic one in red. The translation cycle is proceeding from initiation through elongation and translocation to termination and ribosomal recycling. (Print
permission from (12))

tRNA relaxes from its constrained A/T conformation into a classical A/A conformation allowing full accommodation of its aminoacyl-end in the PTC of the 50S subunit.
Non-cognate tRNAs either do not provoke domain closure and GTP-hydrolysis in the
first place or they dissociate from the ribosome after EF-Tu release because their binding affinity to the ribosome and a mismatched codon are too low. The aminoacyl end
of a stably bound cognate A/A tRNA, however, reaches into the PTC and interacts
with the A-loop in an ”induced fit” manner such that it is positioned optimally for nucleophilic attack of the peptidyl-tRNA aminoacylester. Once peptide bond formation
has occurred, the nascent polypeptide chain is transferred to the A-site tRNA and the
deacylated tRNA resides in the P-site. The ribosome has to translocate by one codon
in order to free the A-site for the next aminoacyl-tRNA.
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Although translocation can occur spontaneously, especially at low magnesium concentrations, efficient and directed translocation only occurs in the presence of a multidomain GTPase called elongation factor EF-G (eEF2 in eukaryotes) (cf. Figure 2.1).
The precise mechanism of mRNA movement within the mRNA channel has not been
elucidated, but it was demonstrated that the mRNA movement is coupled to the tRNA
movement through the ribosome and that tRNAs also govern the step size of translocation, since tRNAs with anticodon-quadruplets would promote translocation by four
instead of three nucleotides per step (reviewed in (48, 77)). Before the peptidyl transferase reaction, tRNA movement is limited because the E-site of the large ribosomal
subunit sterically precludes aminoacyl-tRNA binding (48, 77). After peptidyl transfer the CCA ends of the tRNAs can move with the large ribosomal subunit, while
their anticodon stems remain in position on the small subunit. This induces hybrid
A/P and P/E tRNA states in the pre-translocation ribosome coupled to intersubunit
”ratcheting” movements, which comprise a rotation of the small subunit platform and
body domain by about 10° with respect to the large subunit (80). The change into
the rotated hybrid state is also accompanied by an inward movement of the L1-stalk
allowing stabilizing interactions with the P/E-tRNA.
Elongation factor EF-G seems to be able to bind both, classical and hybrid pretranslocation ribosomes, but its binding stabilizes the hybrid state and even slightly
increases the subunit ratcheting, thus provoking a A/P tRNA distortion around the
tRNA elbow towards the P-site (81). Like EF-Tu, EF-G binds the ribosome in an
elongated conformation with its G domain close to the sarcin-ricin loop. EF-G binding
causes a characteristic ribosomal movement in addition to subunit rotation: The small
ribosomal subunit head ”swivels” by up to 20° around its long head-to-foot axis. Head
swiveling brings head rRNA residues in a position that would sterically interfere with
tRNA anticodon stem loops and therefore induces a partial movement of tRNAs on
the small subunit. The outcome was described and structurally observed as a chimeric
ap/P-pe/E state in which tRNAs already establish interactions with the P- and E-site
elements of the body of the small subunit, while still maintaining contacts with A- and
P-site elements of the head. Furthermore, the swiveling opens up the mRNA channel
around the P- and E-sites of the small subunit, which is probably a prerequisite for
unrestricted tRNA/mRNA movement during translocation. It is also accompanied by
an outward movement of the L1-stalk into a half-closed position, probably weakening
interactions with the P/E-tRNA (82).
In a not fully understood process, GTP-hydrolysis on EF-G is triggered and head
back-swiveling and subunit back-rotation occur, resulting in a classical non-rotated
post-translocation ribosome with peptidyl P/P-tRNA and deacylated E/E-tRNA. While
mRNA translocation was shown to be coupled to the tRNA movement and subunit
back-rotation in kinetic experiments, there is no clear evidence of coupling between
GTP-hydrolysis and translocation, excluding a ”power-stroke” type of mechanism (reviewed in (48, 77)). However, an important structural rearrangement within EF-G
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accompanies the translocation process, moving its translocation-essential domain IV
closer towards the freed ribosomal A-site. Thus, it likely prevents back-translocation
of tRNA into the A-site. As soon as the inorganic phosphate is released, EF-G-GDP
dissociates from the ribosome, vacating the ribosomal binding site for EF-Tu-tRNA
ternary complex association and the start of a new cycle of elongation and translocation. E-site tRNA exit is promoted by the L1-stalk switching back into its classical
open conformation and therefore diminishing E/E-site tRNA stabilization (82).
Despite of the high degree of conservation, eukaryotic translocation seems to be
slightly more complex than prokaryotic translocation. For example high-resolution
structures of tRNA-bound eukaryotic ribosomes have revealed that eukaryotic pretranslocation ribosomes tend to assume hybrid, rotated conformations, while bacterial
pre-translocation ribosomes predominantly occur in the classical state in the absence
of EF-G/eEF2 (83). Interestingly, the classical non-rotated pre-state as well as the
rotated hybrid pre-states come in two flavors amongst eukaryotes. Hybrid pre-state 1
displays A/A and P/E tRNAs, while hybrid pre-state 2 resembles the bacterial case,
having tRNAs in A/P and P/E positions. Classical states 1 and 2 differ in the way they
contact the A-site tRNA on the small ribosomal subunit via h38 of the 28S rRNA. This
helix is also termed A-site finger and involved in intersubunit bridge B1a. Its interaction
with the tRNA probably slows down translocation, but helps to maintain the reading
frame properly (84). Additionally, classical post-ribosomes differ from classical prestate 1 ribosomes in terms of ”subunit rolling” (85), an apparently eukaryote-specific
rolling movement of the small ribosomal subunit around its long axis towards the L1
stalk, which affects intersubunit bridges and the accessibility of the A-and E-sites for
tRNA exchange (85, 86).

2.1.2

Translation Termination and Recycling

Translation elongation terminates when a stop codon or a nonsense codon is in the
ribosomal A-site. There are usually three stop codons (UAA, UAG and UGA) that
are conserved in the majority of species. Exceptions to this rule are, for example,
ciliates like Tetrahymena or Euplotes. In Tetrahymena, UAA encodes glutamine (87,
88). During elongation, premature peptide release through spontaneous ester hydrolysis needs to be precluded. Conversely, termination requires ester hydrolysis at the
P-site peptidyl tRNA through the nucleophilic attack of a water molecule in order to
release the nascent polypeptide chain through the tunnel. Unlike elongation, termination differs strongly between eukaryotes and prokaryotes, which might reflect early
evolutionary divergence from a common ancestor mechanism. While throughout evolution there might have existed something like a ”termination” tRNA, both, eukaryotes
and prokaryotes, have evolved different sets of protein release factors that recognize
stop codons through a network of specific hydrogen bond interactions in the decoding
centre and are able to trigger ester hydrolysis in the PTC upon correct stop codon
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recognition (reviewed in (89)). The error rates of termination are in the range of those
for normal decoding (10−3 to 10−6 ) (90-92).
2.1.2.1

Translation Termination in Bacteria

In prokaryotes, two homologous class I release factors termed RF1 and RF2 recognize
stop codons UAG/UAA and UGA/UAA, respectively (cf. Figure 2.1). Both can adopt
open, catalytically active and closed conformations in solution and bind to the A-site
of ribosomes such that their domain II, containing the so called recognition loop with
the highly conserved motifs (PxT in RF1 and SPF in RF2) can establish precise hydrogen bond interactions with the nucleotides of the stop codon (93). Interestingly, the
recognition loop displaces the canonical decoding center bases (A1492/3, G530 and
A1913 from H69) from their normal positions by ”squeezing” in between them and
the codon. Like this, the loop is stabilized by a tightly packed, conserved hydrogen
bonding network if a stop codon is present in the A-site. Hydroxyl radical cleavage
studies and FRET experiments could demonstrate that this provokes a conformational
switch of the factor. If a stop codon is present in the A-site, release factors adopt their
open, extended conformation on the ribosome (94, 95). Only like that, their domain
III (containing the conserved GGQ motif) reaches all the way into the PTC of the
large subunit similarly to an A-site tRNA. In the PTC it interacts with bases A2506
and U2585, displacing U2582 such that nucleophilic attack of an otherwise excluded
water molecule on the peptidyl ester becomes possible. The glutamine backbone amide
group out of the GGQ motif stabilizes both, the oxyanion of the transition state as
well as the 3’-hydroxyl group of the P-site tRNA leaving group and thus contributes to
the catalysis of the reaction (96). Ester hydrolysis sets the nascent polypeptide chain
free and leaves a deacylated tRNA in the ribosomal P-site.
While class I release factors are no GTPases, RF3, a class II release factor is a
GTPase with domains and ribosomal binding sites similar to EF-Tu. It binds the posttermination ribosome with the deacylated P-site tRNA in its GDP-bound state, but
the presence of class I release factors promotes GDP dissociation and GTP-binding
(97). GTP-RF3 has a higher affinity for the ribosome and undergoes a conformational
change that triggers subunit ratcheting. In the rotated termination complex, class I
RF binding sites in the decoding centre and close to the GTPase activating centre of
the large subunit are displaced, leading to class I RF dissociation. GTP hydrolysis and
the reversal of RF3 into its ”relaxed” GDP-state allow back-rotation of the subunits
and finally RF3 release (98). It appears that RF3’s major role is to dissociate class I
release factors from the ribosome in an irreversible GTP-hydrolysis driven step such
that the ribosomal subunits can be recycled for another round of translation, but it is
also involved in quality control against pre-mature termination (36, 99).
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Ribosomal Recycling in Bacteria

Ribosomal recycling involves subunit splitting and the release of mRNA and deacylated P-site tRNA from the ribosome. In bacteria, there are two major possible ways
of ribosomal recycling. One is actively catalysed via the essential ribosomal recycling
factor (RRF) (100) and translocation factor EF-G, including EF-G GTP-hydrolysis
(101) (cf. Figure 2.1). The other relies on the synergistic action of translation initiation factors IF1 and IF3 (102).
Vacant ribosomes or 70S-mRNA duplexes with strong Shine-Dalgarno sequences, as
they are stored in stationary cells, are split at a faster rate by IF1/IF3 than RRF/EF-G,
while the opposite is true for typical post-termination ribosomes containing a deacylated tRNA bound to the ribosomal P-site (102). Most likely, this difference stems from
the ribosomal ratcheting state. In post-termination ribosomes, the deacylated P-site
tRNA tends to flip to the P/E conformation, rotating the subunits into a hybrid state,
which frees the RRF binding site at the 50S P-site. As in elongation, EF-G-GTP can
then bind the hybrid state increasing subunit rotation, which stimulates a rotation of
RRF domain II in the direction of uS12 and h44. The movement of RRF, which sterically interferes with intersubunit bridges B2a and B3, was suggested to cause subunit
splitting (103). Subsequent binding of initiation factors IF1/IF3 to the small subunit
would facilitate release of the remaining tRNA/mRNA interactions (104). On the contrary, vacant ribosomes usually adopt classical P/P-states that occlude the high affinity
RRF binding site close to the 50S P-site and therefore IF1/IF3-mediated ”passive recycling” is favoured. Binding of IF1/IF3 has the advantage of allowing immediate
initiation at a new start codon or a new mRNA afterwards. While IF1 on its own possesses weak subunit splitting activity for vacant ribosomes, IF3 binds IF1-associated
subunits with positive cooperate affinity and prohibits subunit re-association because
its 30S binding site is incompatible with 70S formation (reviewed in (105)).
2.1.2.3

Eukaryotic Translation Termination

Eukaryotic termination relies on only one class I release factor, eRF1, a protein of
three (N, M and C) domains, which shares no sequence homology with bacterial class
I release factors RF1 and RF2, but functions highly similarly (106) (cf. Figure 2.1).
In contrast to RF1/RF2, eRF1 recognizes all three stop codons in the ribosomal Asite and displays a very weak peptide release activity on its own. In solution, eRF1
adopts an extended conformation, which would be larger than the distance it needs
to bridge between the decoding centre (DC) and the PTC. Only when bound to the
ribosome-dependent GTPase eRF3, which is the equivalent of prokaryotic RF3, the
M domain of eRF1 adopts a more compact fold suitable for connecting DC and PTC.
Thus, eRF1 relies on eRF3 for proper recruitment to the ribosome and efficient peptide
release activity (107). Upon ribosome binding, the tip of the eRF1 N domain reaches
into the A-site with two conserved sequence motifs (NIKS and YxCxxxF) that form

2. INTRODUCTION

15

an interaction groove in which stop codons fit. When eRF1 recognizes a proper stop
codon in the A-site, it seems to evoke a conformational change in the ribosome. eRF3’s
GTPase activity (108) is stimulated by the simultaneous presence of eRF1 and the 80S
and eRF3 dissociates from the complex upon GTP-hydrolysis (reviewed in (109, 110)).
2.1.2.4

Ribosomal Recycling in Eukaryotes

Interestingly, eRF1 remains associated with the ribosome and acts as a binding platform for the eukaryotic recycling factor equivalent, the AAA-ATPase ABCE1 (reviewed
in (110, 111) (cf. Figure 2.1). ABCE1 stimulates eRF1’s peptide release activity, which
in analogy to RF1/RF2 resides in its conserved GGQ motif of the M domain that
packs into the PTC and promotes ester hydrolysis and nascent peptide release. On the
other hand, the low intrinsic NTPase activity of ABCE1 is enhanced through interaction with the eRF1-bound termination complex, thus coupling eukaryotic translation
termination to ribosomal recycling (112). The directionality of the process is guaranteed by the fact that ABCE1 and eRF3 binding seem to be mutually exclusive and
that ABCE1 does not bind vacant ribosomes, indicating a requirement for the eRF1induced termination complex conformation. ABCE1 changes conformation upon ATP
hydrolysis; from the closed ATP- to the open ADP-state and the hypothesis is that
the opening of the two adjacent asymmetric nucleotide binding domains (NBDs) also
provokes a conformational change in ABCE1’s conserved, charged iron-sulphur (Fe-S)
cluster through which it interacts with the ribosomal rRNA (109). The change in
the Fe-S cluster probably not only interferes with ABCE1s binding stability, but also
with intersubunit bridges. As a result, ABCE1 dissociates and subunit splitting occurs.
While eRF1/eRF3 catalyse the termination on the classical stop codons, the release factor paralogs Pelota (Dom34 in yeast)/Hbs1 evolved as mediators of pre-mature
translation termination on stalled mRNAs or mRNAs without stop codon triggering
”no-go-decay” or ”nonsense-mediated decay” pathways (113, 114). In eukaryotes, the
last step of ribosomal recycling, the removal of mRNA and deacylated tRNA from
the small ribosomal subunit, is clearly linked to subsequent translation initiation (reviewed in (110, 111)). It involves either canonical eukaryotic initiation factors eIF1,
eIF1A and multi-domain factor eIF3 and its substochiometrically and independently
existing domain eIF3j or translation re-initiation factors eIF2D (ligatin) (115) or MCT1/DENR (which will all be discussed in further detail in a following chapter). While
eIF3j and mRNA bind anti-cooperatively to the 40S (116), eIF1 and eIF1A destabilize P-site tRNA interactions and induce an open conformation of the mRNA channel,
which is probably a pre-requisite for mRNA exchange. Furthermore, binding of eIF1
to the subunit interface of the 40S and binding of another initiation factor (eIF6) to
the 60S, both sterically preclude subunit re-association (4, 38). However, complete
and efficient mRNA release requires eIF3 (115). eIF2D and MCT-1/DENR also exhibit mRNA/tRNA release activity. For eIF2D it is stronger than for the complex of
MCT-1/DENR (117).
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Apart from classical translation termination, recycling and initiation, there exists
the possibility that termination complexes are split into ribosomal subunits, but that
the small subunit remains associated with the mRNA. In this case, translation can
”re-initiate” on a downstream AUG start codon after termination. Re-initiation is
mediated by either canonical or non-canonical re-initiation factors and will be treated
in the separate chapter. There exists evidence, that certain initiation factors like eIF3
and eIF4, which do not exclusively bind to the subunit interface, are able to stay
associated with ribosomes and mRNA throughout a whole translational cycle. Their
presence might even prevent ABCE1 binding and subunit recycling. This could favour
re-initiation as an alternative initiation pathway opposed to the classical model that
predicts initiation factor displacement upon 70S/80S formation (111).

2.2

Canonical Translation Initiation in Bacteria

Canonical translation initiation already starts throughout the last steps of ribosomal
recycling when translation initiation factors associate with the small ribosomal subunit. There are three critical events taking place during translation initiation. Firstly,
attachment of the mRNA to the small ribosomal subunit and the determination of
the correct start codon and reading frame on the mRNA. Secondly, the recruitment
of so called ”initiator tRNA” and its full accommodation in the ribosomal P-site and
thirdly, the association of the large ribosomal subunit (cf. Figure 2.2). It is interesting
to note, that in contrast to all other codons, that are first being recognized in the A-site
decoding center of the small ribosomal subunit, the start codon is recognized by an
initiator tRNA in the small ribosomal subunit’s P-site. This leaves the A-site free for
the first aminoacyl elongator tRNA to enter the ribosome, such that dipeptide formation between A- and P-site tRNAs marks the first real elongation step and establishes
the reading frame for elongation.

2.2.1

Initiator tRNA

Initiator tRNA recognizes the AUG start codon and is charged with methionine. It
preferentially binds to the ribosomal P-site even in the absence of initiation factors and
it distinguishes itself by several conserved features from elongator methionyl-tRNAs (cf.
Figure 2.3). Its anticodon stem loop is marked by the universally conserved presence
of three successive G:C base pairs (G29:C41, G30:C40 and G31:C39), which confer
extra rigidity (reviewed in (118)) and interact with rRNA bases A790, G1338 and
A1339 (bacterial numbering) of the P-site (119) (cf. Figure 2.3, marked in palegreen).
The interaction increases the affinity of the initiator tRNA for the P-site and prevents
initiator tRNA from transitioning between P- and E-sites pre-maturely (63, , 120, 121).
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Figure 2.2: Bacterial translation initiation. (a) Bacterial translation initiation is supposed to proceed in three stages from an open 30S-PIC to a closed 30S-IC with accommodated
initiator tRNA to a 70S-IC and relies on three initiation factors, IF1 (yellow), IF3 (red) and
IF2 (green). IF2 recruits the formylated and methionylated initiator tRNA (blue) by anchoring it to the P-site of the 30S. (b) Model of the 30S-IC based on the cryo-EM reconstruction
of (13). Print permission from (15).

Bacterial initiator tRNAs are marked by an absent WatsonCrick base pair at positions 1:72 in the acceptor stem. While there exists only one bacterial methionyltRNA-synthetase that recognizes both, elongator tRNAMET as well as initiator tRNAi
through interactions with the anticodon, it is only Met-tRNAi MET that gets formylated by the bacterial tRNA-methionine-formyl-transferase (TMF), which specifically
recognizes the missing 1:72 base pair in the acceptor stem. Subsequently, exclusive recruitment of f MET-tRNAi MET to the initiating ribosome is ensured via initiation factor
IF2, which selectively binds formylated methionyl-tRNA with high affinity.
In eukaryotes, initiator tRNA possesses a conserved Watson-Crick base pair between
A1 and U72 in contrast to most elongator tRNAs, which contain a G1:C72 pair (123)
(cf. Figure 2.3, marked in red). Eukaryotic initiation factor eIF2 binding affinity is
determined by the presence of this base pair, making it a determinant for initiator
tRNA recruitment to the 40S (124). In mammalian initiator tRNAs, bases A50:U64
and U51:A63 of the T stem also act as discriminatory elements (cf. Figure 2.3, marked
in blue). If mutated to U50:A64 or G51:C63, they would be recognized by elongation
factor eEF1A. The same function was observed for 5’-phoshoribosylation at the 2’hydroxyl group of A64 in plants and fungi. Furthermore, in contrast to elongator
tRNAs, the TψC (T) element is missing from eukaryotic initiator tRNAs and they show
an A60 instead of a Py60 (cf. Figure 2.3, marked green and yellow). The eukaryotic
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initiator tRNA dihydrouridine (D) loop is usually shorter than the prokaryotic with an
A20 as opposed to the modified D20 base (118).

2.2.2

Bacterial translation initiation factors

In bacteria, there are three canonical translation initiation factors, IF1, IF2 and IF3
that are playing important roles in the kinetics of tRNA recruitment, translational
fidelity and subunit association (cf. Figure 2.2).
2.2.2.1

Bacterial Initiation Factor 1

IF1 is a single-domain OB β-barrel protein (18) (cf. Figure 2.5). In a crystal structure of the 30S-IF1 complex from Thermus thermophilus its binding site is located
close to the ribosomal A-site, the 16S rRNA helix h44, the 530 loop and ribosomal
protein uS12 (125). This location would sterically interfere with A-site tRNA binding
and thus prevents premature dipeptide bond formation until all initiation checkpoints
have been passed and the initiation factor dissociates. The crystal structure, chemical
foot-printing, as well as site-directed mutagenesis studies (126) also showed that IF1
provokes several conformational changes within the 30S subunit, especially in h44. It
provokes a flipped-out conformation of the decoding center bases A1492 and A1493,
but also a shift of bases C1411-1412 and a disruption of the A1413:G1487 base pair
in h44. Even bases more distant to the A-site, like A908 and A909, changed chemical
reactivity upon IF1 binding to the 30S (127).
2.2.2.2

Bacterial Initiation Factor 3

IF3 is a basic protein with globular N-terminal (NTD) and C-terminal domains (CTD)
connected via a flexible lysine-rich linker (cf. Figure 2.5). The CTD adopts a α/β
sandwich-type of RNA-binding fold (128) and binds close to the P-site (13), while the
NTD interacts with the platform and the vicinity of the E-site (between proteins uS7
and uS11), but does not have a significant binding activity on its own (129). Kinetic
studies and very recent structural data show that the CTDs and NTDs are able to move
independently and can associate with the ribosomal subunit in a stepwise manner (130).
IF3 influences the association of initiator tRNA with the P-site via direct interactions and indirectly induced conformational changes within the 30S. Cryo-EM reconstructions revealed a direct interaction of the IF3-NTD with the elbow of the initiator
tRNA (13) and recent data demonstrate that a loop of the CTD reaches towards the
anticodon stem loop and the codon-anticodon duplex in the P-site (130). IF3 binding to the 30S causes a rotation of the head of the small subunit and IF3-containing
30S initiation complexes are stabilized in a rotated subunit state, which resembles
subunit ratcheting in the 70S context. The rotation opens up the P-site and makes
it more accessible for tRNA exchange (13). Moreover, changes in intramolecular 16S
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Figure 2.3: Special conserved features of initiator tRNA. The initiator tRNAs differ
from elongator tRNAs by three consecutive G:C base pairs in the anticodon stem loop (palegreen), but also in the terminal base pair at the acceptor end (red), as well as in the D-loop
(darkblue, darkgreen), the T loop (yellow) and other bases (turquoise). (Print permission
from Rasmussen, Louise CV, Laursen, Brian S, Mortensen, Kim K, and SperlingPetersen,
Hans U(Sep 2009) Initiator tRNAs in Bacteria and Eukaryotes. (eLS. John Wiley Sons Ltd,
Chichester)).
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rRNA crosslinking patterns revealed conformational changes close to the decoding centre (C1402 and C1501, C967 and C1400) and the 790 loop (U793 and G1517) upon
binding of IF3 to the 30S or to 30S-tRNAi -mRNA complexes (131).
Taken together, these changes induce increased on- and off-rates of initiator tRNA
for the pre-initiation complex in the presence of IF3 (132). Thus, IF3 has a destabilizing
effect on initiator tRNA binding to the P-site, which might only be overcome upon
cognate codon-anticodon interactions. This could explain the discriminatory effect of
IF3 against non-cognate tRNA binding to the P-site demonstrated in vivo and in vitro
(129, 131, 133-135). In addition, IF3 is able to discriminate against elongator tRNA
binding to the P-site, likely via recognition of the initiator tRNA A37 features (reviewed
in (136)). Eukaryotic translation initiation factor eIF1 is a functional orthologue of IF3.
It also monitors P-site accessibility and fidelity of start codon recognition and provokes
similar conformational changes within the 40S (137).
2.2.2.3

Bacterial Initiation Factor 2

IF2 is a typical ribosome-associated GTPase, similar to EF-Tu. Its core consists of the
GTP-binding G-domains, from which the N-terminal N domain and the C-terminal domains II, III and IV extend in different directions (cf. Figure 2.6). The N domain is not
essential for IF2 function, however, increases IF2’s affinity for the 30S. The G domain
facilitates interactions with the L7/L12 stalk and has a typical GTP nucleotide-binding
fold with conserved G1-G4 loops. It includes an OB-barrel fold that anchors IF2 on
the 16S rRNA towards the 30S foot (h5 and h14). Domain IV is a β-barrel protein,
which interacts specifically with the formyl-methionylated CCA end of the initiator
tRNA acceptor stem (138-141).
In the GDP-bound form, switch I and II loops of G2 are disordered, but they
become ordered in the GTP-bound state (142). These conformational changes within
the nucleotide-binding domain are supposedly transmitted to domain III and IV and
vice versa explaining why IF2-GTP has a higher affinity for the ribosome, which is
additionally increased by initiator tRNA binding (143, 144). Since domain III rotates
by 180° towards the G domain upon ribosome-binding and ends up contacting G switch
II, a direct communication might seem possible. However, the mechanism is not fully
understood because unlike other ribosome-dependent GTPases, domain III and IV are
not connected via a stable helix. Instead, they are connected via a flexible linker, such
that communication between domain III and IV could only occur indirectly via the
ribosome. In contrast to eukaryotes, where the corresponding initiation factor eIF2 is
supposed to bind the tRNA independent of the ribosome and recruit it to the small
ribosomal subunit in the form of a ternary GTP-eIF2-Met-tRNAi complex, there are
indications, that IF2 could recruit initiator tRNA both ways: By binding to the 30S
and acting as an initiator tRNA binding platform, or by ternary complex formation
(145).
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30S Pre-Initiation Complex Formation

IF1, IF2 and IF3 together favour a ribosomal conformation in which f Met-initiator
tRNA binding to the start codon is kinetically favoured over binding of non-acylated
or elongator tRNAs. The initiation process it thought to occur in three stages: Firstly,
formation of a 30S-PIC (pre-initiation complex), in which all three initiation factors
and the mRNA as well as the initiator tRNA are already bound, but the mRNA and the
tRNA do not interact yet (146). Secondly ”locking” of the 30S pre-initiation complex
(PIC) to the 30S initiation complex(IC) a conformational change within the complex,
that leads to full accommodation of the initiator tRNA in the P-site and thirdly, subunit association resulting in the formation of the 70S initiation complex (reviewed in
(136)) (cf. Figure 2.2).
Formation of the 30S-PIC starts already during ribosomal recycling with the association of initiation factors to the 30S subunit. The first initiation factors to assemble
on the 30S are IF3 and IF2 provoking the aforementioned 30S conformational changes
(head and subunit rotation). Together, they form a rather unstable complex with the
30S, which is subsequently stabilized in its specific conformation through IF1 assembly.
IF1 and IF3 mutually stabilize each others binding to the 30S via the conformational
changes they induce in the area of h44 (147, 1480. And IF1 and IF2 stabilize each
other’s binding via direct interaction of the IF2-N domain with IF1 and via the IF1induced h44 conformation (15). Premature 50S association, as well as A-site tRNA
binding, is blocked, but mRNA and P-site tRNA can bind stochastically to this 30SIF1-IF2-IF3 complex (reviewed in (136)).

2.2.4

Start Codon Selection and the Translation Initiation
Region

In contrast to eukaryotic mRNAs that undergo several steps of posttranscriptional
processing and usually carry a 5’-cap structure important for association with the ribosome, bacterial mRNAs are usually unprocessed and the association of the mRNA
with the 30S-PIC is strongly dependent on the ”translation initiation region” (TIR)
around the possible start codon (reviewed in (136)). The AUG codon acts most frequently as the start codon and promotes translation initiation with maximal efficiency
(149). Codons GUG and UUG are also termed ”canonical” start codons because they
are not selected against by IF3 and still reach 12-15% of the maximal initiation efficiency. Other codons, like AUU, AUC, and AUA, can act as initiation codons, but
rarely occur and only allow for approximately 1% of the AUG translation efficiency
(135).
The TIR can include the Shine-Dalgarno sequence (reviewed in (150)) (optimally
4-9 nt upstream the start codon (151)), through which it can bind the ribosomal 16S
rRNA 3’ end, whereby the affinity of the interaction depends on the length of the SD
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sequence. The SD-mRNA-association with the 30S-PIC is a multistep procedure (152),
in which the mRNA first interacts with the aSD and the platform (”stand-by site”)
and then gets inserted into the channel and the P-site. Afterwards, an mRNA movement in 3’ to 5’ direction has been observed that puts the mRNA from the ”stand-by”
to the ”P-site decoding position” (153, 154). The movement stretches the aSD/SD
complex, which is probably a pre-requisite for the subsequent duplex melting during
the initial phase of elongation. If the SD-aSD complex is too stable upon elongation
onset, translational pausing can be observed.
Initially, it was assumed that binding of the Shine-Dalgarno sequence (SD) to the
ribosome was the exclusive determinant for start codon recognition in bacteria. However, instead of a SD sequence, bacterial 5’-UTRs might also contain AU-rich sequences,
so called ”translational enhancer elements” (155) that bind with extra affinity to ribosomal protein S11 (56, 157) or ”downstream boxes” within the open reading frame
that facilitate 30S binding (155, 158, 159). Moreover, a large number of mRNAs in
bacteria, but also in eukaryotes (160) and in archaea (161), is ”leaderless” and lacks a
5’-UTR, which points towards a universally conserved evolutionarily early translation
mechanism (161-163). Overall, it is mainly the ease of accessibility that defines an
AUG codon in the 5’ region as the proper start codon or likewise favours a non-AUG
codon as a start codon if there is no accessible AUG codon present. Thus, the secondary structure of the TIR, its resistance to unwinding by the S1 ribosomal helicase
(164), but also its possible interactions with regulatory molecules that shield the start
site or manipulate the secondary structure formation, are the most decisive aspects for
start codon selection (71, 155).

2.2.5

Initiator tRNA Attachment to the Start Codon (from
30S-PIC to 30S-IC)

Initiator tRNA binding to the 30S-PIC occurs stochastically, but is strongly influenced
by the presence of the IF’s on the 30S. While IF3 accelerates both, association and dissociation of the initiator tRNA with the 30S and together with IF1 prevents premature
non-cognate tRNA accommodation in the P-site, IF2 preferentially binds formylated
initiator tRNA over elongator tRNAs. Thus, the energetically and kinetically most
favourable situation occurs, when a formylated initiator tRNA binds to a cognate start
codon because it will be stabilized in the P-site through its specific interactions with
the rRNA bases G1338 and G1339, through the optimal base-pairing with the start
codon and through its interactions with the IF2-C2 domain. Non-cognate duplexes in
the P-site stabilize IF3 binding and IF3 binding promotes high off rates for the tRNA.
Cognate codon-anticodon base-pairing in the P-site provokes an additional rotational
movement in 30S ribosomal subunit (165), which destabilizes IF3. This marks the
transition from a PIC to a ”locked” 30S-IC, in which IF3 binding affinity is decreased
and IF2 and initiator tRNA stabilize each other (15). In contrast to a canonical P/P
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position, the CCA-end of the initiator tRNA is distorted towards the A-site due to its
interaction with the IF2-C2 domain, a conformation that was termed P/I (13).

2.2.6

70S Initiation Complex Formation

The locked 30S-IC conformation favours association of the 50S subunit, with IF2 and
the initiator tRNA serving as an additional binding scaffold (166). However, to avoid
steric clashes upon subunit binding, the initiator tRNA has to adopt a conformational
state compatible with the 50S. Near-atomic cryo-EM reconstructions of 70S-ICs with
non-hydrolysable GTP-analogues showed different conformational states of the initiator tRNA (165, 167, 168) that were referred to as P/ei and P/pi and might represent
sub-states of the highly similar P/I state described earlier at lower resolution. In the
P/ei state the tRNA anticodon stem is close to the P/E position and the elbow interacts with the L1 stalk, while the acceptor stem is strongly distorted towards the P-site,
where it is complexed with IF2 domain C2. This state probably occurs within an early
70S-IC, because the overall rotational subunit state resembles the one of the 30S-IC 167.
In the P/pi complex, the elbow of the tRNA contacts the central protuberance
of the large subunit and the anticodon stem is overall less far displaced towards the
E-site than in the P/ei state, going along with a less rotated or ”back-rotated” subunit
position. In this complex, the SRL region of the 50S comes in close vicinity of the
IF2 G2 domain and GTP-hydrolysis on IF2 is activated by the ribosome, resulting in
a conformational switch from IF2-GTP to IF2-GDP and a decreased affinity of IF2
for the ribosome and the initiator tRNA (143, 144). The complex changes back into a
non-rotated subunit state, which induces IF3/IF1 release. As soon as the hydrolysed
Pi phosphate dissociates from IF2, the switch I and II regions of the G2 domain relax,
leading to a disruption of the interaction between the IF2 C2 domain and the CCA end
of the tRNA. Initiation finishes such that the tRNA is left in a ”post-initiation” P/P
state, ready for elongation and IF2 is ”ready-to-go” and to be replaced by an incoming
EF-Tu ternary complex with higher affinity for the ribosome (142, 169).

2.2.7

Examples of Non-canonical Initiation Mechanisms in
Bacteria

In the case of leaderless mRNAs, which lack a SD sequence (161, 170), the start codon
represents the only mRNA start site determinant (171). This increases the need for a
canonical AUG start codon and abolishes efficient translation initiation at other codons.
Highest translation efficiencies are indeed achieved, when the AUG is 5’-phosphorylated
(172, 173).Initiation on leaderless mRNAs does not require IF1, but it depends on IF3
and IF2. Since the mRNA-30S interaction is less stable in the absence of a 5’-UTR,
overexpression of destabilizing IF3 can have an anti-leaderless discriminatory effect,
while IF2 overexpression favours translation of leaderless constructs by stabilizing the
initial 30S-PIC (161, 174).
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Furthermore, internal translation ”re-initiation” plays an important role on polycistronic
prokaryotic mRNAs (175), on which open reading frames (ORFs) are arranged in highly
regulated operons and sometimes even overlap (176). In this case, ribosomes can terminate the translation of one ORF and stay associated with the mRNA until the next
downstream start codon, where they ”re-initiate” translation. Similar to de novo translation initiation, the re-initiation process is enhanced by IF2 overexpression, inhibited
by IF3 overexpression and dependent on formylated initiator tRNA (also reviewed in
(177)). Translation efficiency of a downstream ORF can be positively affected by the
presence of an upstream ORF that is located at a short distance.

2.3

Canonical Translation Initiation in Eukaryotes

Canonical translation initiation in eukaryotes differs from prokaryotic translation initiation and is much more complex. Instead of three, it requires at least 12 translation
initiation factors, many of which are complicated multi-domain or multi-subunit proteins. Prokaryotic and eukaryotic mRNAs have different characteristics, which play a
decisive role throughout the canonical translation initiation process (reviewed in (10,
20, 76, 178) (cf. Figure 2.4 and Figure 2.5). While prokaryotic mRNAs are unprocessed and polycistronic, but, eukaryotic mRNAs are post-transcriptionally modified
and non-coding introns are being spliced, resulting in different possible protein spliceoforms of the same transcript. Apart from one or several ORFs and maybe also regulatory uORFs, a eukaryotic mRNA possesses a 5’-UTR (untranslated region) and a
3’-UTR. Since eukaryotic mRNAs have to leave the nuclear compartment before they
get translated, they require higher stability and longer half-life than their prokaryotic counterparts. The posttranscriptional attachment of a 7-methyl-guanosine cap at
the 5’ end and a 3’ end poly-A-tail protect the mRNA against premature nucleolytic
degradation and are important features that are being recognized throughout canonical
eukaryotic translation initiation (reviewed in (179)). Similar to bacteria, an optimal
start codon context has also been described for eukaryotes (180, 181).
Eukaryotic mRNAs lack a Shine-Dalgarno sequence. Thus, mRNA affinity for the
initiation complex as well as the start codon selection rely even more strongly on the
nucleotide sequence, secondary structure and accessibility around the start codon, analogously to bacterial initiation. The usage of AUG as the most optimal start codon is
universally conserved and the optimal surrounding sequence context for the selection of
the start codon was described as the ”Kozak consensus sequence” (5’-(A/G)NNAUGG3’) in mammals, highlighting the particular importance of the purine at position -3
(181). However, while prokaryotic 5’-UTRs, i.e. the distances between the 5’-end
of the mRNA and the start codon, are rather short and usually only contain the
Shine-Dalgarno sequence or ribosome binding site, eukaryotic 5’-UTRs are on average
between 100-200 nucleotides long and can harbor additional cis-regulatory mRNA elements (179). Consequently, when attaching to the mRNA, eukaryotic ribosomes are
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not immediately interacting with the Kozak consensus sequence, but need to scan for
it, by checking the 5’-UTR base by base in the 5’ to 3’ direction ((182) and reviewed
for example in (10, 178).
Eukaryotic translation initiation proceeds through several stages: Recruitment of
the initiator tRNA ternary complex and formation of a 43S ”pre-initiation complex”
(43S PIC), recruitment of the mRNA and formation of the ”open” 48S complex, scanning, start codon recognition and finally the transition to the ”closed” 48S complex
followed by subunit joining (cf. Figure 2.4). Briefly, initiation factors eIF1, eIF1A
and eIF3 assemble first onto the 40S ribosomal subunit. Together with eIF5, this
complex is termed the 43S PIC. eIF1 and eIF1A bind the subunit with positive cooperativity close to the ribosomal P- and A-sites, respectively. eIF1 prevents pre-mature
subunit association and eIF1A prevents A-site tRNA binding (125). In combination
with multi-subunit factor eIF3 that extends on the 40S solvent side from mRNA entry
to exit channel sides, they promote ternary complex (eIF2-GTP-Met-initiator tRNAi )
recruitment to the ribosomal P-site (183). Possibly, initiation factors 1, 1A, 3 and 5
can also pre-assemble into a so called ”multifactorial complex” (MFC) before binding
to the 40S, but although there is evidence for the existence of such a complex, its role
has not been clearly elucidated up to now (184). EIF2 is a GTPase of three (α, β,
γ) domains. The γ, the α and β domains, are stabilizing the initiator tRNA with its
anticodon stem in a not fully accommodated state in the P-site (POUT ), while eIF1
and eIF1A, and eIF3 induce an ”open” conformation of the PIC, which allows mRNA
attachment to the mRNA channel and scanning (60, 185).
mRNA attachment is mediated by initiation factor complexes eIF3 and eIF4F.
The eIF4F complex binds the mRNA in multiple ways: The eIF4E subunit interacts
with the m7 G-cap of the mRNA, while the scaffolding subunit eIF4G harbors binding
sites for both, PABP (poly-A binding protein attached to the mRNA poly-A tail) and
eIF4E in its NTD. Furthermore, RNA-binding motifs in eIF4G allow direct interaction
with the mRNA. The simultaneous interactions with both ends of the mRNA favour
a ”closed-loop” conformation of the mRNA (186). EIF4F likely pre-assembles onto
the mRNA and subsequently interacts via its eIF4G scaffold or via eIF4B with eIF3
in the PIC. eIF4F subunits eIF4A, an ATP-driven RNA helicase, and eIF4B (or its
homologue eIF4H), a stimulator of eIF4A activity, drive the unfolding of mRNA secondary structure, when the initiation complex scans along the mRNA in 5’-3’ direction
in order to localize the correct start codon. Efficient scanning through strongly structured regions usually requires the assistance of additional accessory DEAD-box RNA
helicases, like DHX29 or Ded1/Ddx3 (62, 187).
During scanning, premature translation initiation on a near-cognate start codon is
prevented through eIF1 and the C-terminal tail of eIF1A, sterically interfering with the
accommodation of the initiator tRNA in the P-site (185, 188). The codon-anticodon
interaction with the start codon favours a conformational change in the initiation complex from ”open” to ”closed”. When the initiator tRNA anticodon stem position
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Figure 2.4: The canonical translation initiation pathway in eukaryotes. Canonical
eukaryotic translation initiation starts with the assembly of eIF1, eIF1A, eIF3 and eIF5 onto
the 40S subunit, which can also bind to the 40S as a pre-assembled multifactorial complex
(MFC). They promote recruitment of the ternary complex (TC), resulting in the formation
of the 43S-PIC. Binding of the eIF4F-mRNA complex results in the scanning or ”open” 48S
complex, which scans the 5’-UTR for the correct start codon, unwinding mRNA secondary
structure with ATP energy. Upon start codon recognition and gated phosphate release on
eIF2, the complex transitions to the ”closed” 48S state and eIF1 dissociates from the complex,
followed by eIF5/eIF2-GDP, which are replaced by the GTPase eIF5B. eIF1A remains bound
to the 40S. Together with eIF5B, it facilitates joining of the 60S subunit. eIF5B and eIF1A
dissociate after GTP-hydrolysis on eIF5B and leave the initiator tRNA bound to the P-site
of an elongation competent 80S ribosome. (Print permission from (10).)
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changes within the P-site from POUT to PIN , it has to eject eIF1 and the C-terminal
tail of eIF1A from their initial positions. Concomitantly, the N-terminal tail of eIF1A
stabilizes the initiator tRNA in its new position and the C-terminal tail re-positions to
interact with eIF5. A re-arrangement in eIF5 probably brings its N-terminal domain
that contains the GAP (GTPase-activating) arginine residue, in a different position
with respect to the GTPase active site on eIF2.
While GTP hydrolysis might have already occurred at an earlier stage during scanning, AUG recognition and the conformational change in the complex are coupled to
gated phosphate release on eIF2, which make start codon recognition an irreversible
process. eIF2-GDP loses its affinity for the initiator tRNA and the complex. As a
result, eIF2 and eIF5 dissociate from the complex and the second GTPase involved in
eukaryotic translation initiation, eIF5B, an IF2-homologue, can bind to the 40S subunit interface side. It interacts with eIF1A and the acceptor arm of the initiator tRNA,
positioning it suitably for the subsequent association of the large ribosomal subunit.
60S association is mediated via eIF1A and eIF5B and triggers GTP hydrolysis on the
ribosome-dependent GTPase eIF5B. The resulting conformational change in the complex provokes the release of eIF1A and eIF5B from the intersubunit space and leaves
the 80S complex with a P-site initiator tRNA bound to the start codon. eIF2-mediated
GTP hydrolysis not only requires eIF5 as a GAP, but also eIF2β for recycling eIF2GDP into eIF2-GTP. Thus, the availability of GTP-bound ternary complex in the cell
strongly depends on eIF2B activity. eIF2B is a complex of five subunits (α to ε), of
which the subunit interacts with the G domain of eIF2γ and with eIF2β (189, 190).
eIF2B subunits αβΔ support the complex formation by binding eIF2α (191). This interaction is stabilized, when eIF2α is phosphorylated on Ser51, leading to the formation of
non-productive eIF2B-eIF2-GDP complexes and translation initiation inhibition (192).

2.3.1

Recruitment of the Initiator tRNA Ternary Complex
and Formation of the 43S PIC

The assembly of the 43S pre-initiation complex starts with the binding of translation
initiation factors eIF1, eIF1A and eIF3 to the 40S subunit.
2.3.1.1

Eukaryotic Translation Initiation Factor 1A

eIF1A is the homologue of bacterial IF1. Its solution structure (17) comprises an OB
(”oligosaccharide binding”) barrel fold, which is universally conserved (193), but in
contrast to bacterial IF1, archaeal aIF1 and eukaryotic eIF1A possesses an additional
helix (helix α2), flanked by two adjacent strands (the N- and the C-strand) and a long
unstructured N-terminal tail (NTT) (cf. Figure 2.5). Interestingly, eIF1A shows a similarly long and unstructured extension also at the C-terminus (CTT). OB folds are common RNA-binding folds, occurring in methionyl-tRNAf Met-transformylase, aspartyltRNA-synthetase, but also many ribosomal proteins and EF-Tu-like translation factors.
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Thus, the OB barrel represents an evolutionarily ”old” and conserved mode of proteinRNA interaction. The nucleotide-interacting residues reside within loops L12, Lα3 and
L45 of eIF1A, that form a shallow binding groove on one of the barrel’s faces. The
CTT and NTT are strongly enriched in basic and acidic side chain residues and basic
residues are also likely to be in involved in RNA interactions (193) (and also reviewed
in (194)). While the OB fold of eIF1A was mapped onto the 40S ribosomal subunit
of binary eIF1A-40S complexes and 43S PICs by directed hydroxyl radical cleavage to
the conserved binding site known from the prokaryotic 30S-IF1 structure (125, 188),
mapping of the additional eukaryotic helical domain and the NTT and CTT was less
obvious (188). In both complexes, the α2 helix appeared to contact the 40S head (h30
and h31). NTT cross-links mapped similarly to the head, but also to loop regions in
the platform (h24) and the head-neck-junction (h29-h42). For the CTT, a movement
between PIN and POUT states was postulated. While apparently unstructured in a
40S-eIF1A binary complex, it adopts a more clearly defined fold in the context of the
43S PIC and threads into the P-site into a position where it would sterically interfere
with full P-site initiator tRNA accommodation (188).
2.3.1.2

Eukaryotic Translation Initiation Factor 1

eIF1 is a small, approximately 12 kDa single domain protein that adopts a SUI (suppression of initiation) fold consisting of a central β-sheet, two α-helices and an extended
unstructured N-terminal tail (6) (cf. Figure 2.5). It shares functional homology with
bacterial IF3, but is not related in terms of sequence or fold. However, when bound
to the 40S subunit, it assumes a position similar to IF3 and interacts exclusively with
rRNA helices 44 and 24 between the P-site and the platform (38). Its position sterically
interferes with full initiator tRNA accommodation (38). The interaction with the 40S
is predominantly mediated by residues within helix α1 and the β-hairpin loop between
strands β1 and β2 (38, 195). This β-hairpin loop (β1 loop) is rich in basic arginine and
lysine residues and reaches into the mRNA channel, where it interacts with the mRNA
(38) (cf. Figure 2.5).
The N-terminus of eIF1 extends towards the solvent side where it is accessible for
interactions with the eIF5-CTD (38). Indeed, two interfaces for eIF5 binding have been
mapped on eIF1-one comprising conserved N-terminal phenylalanine residues (in yeast
F9 and F12) (196) and the other a C-terminal basic ”KH” patch on the core (197, 198)
(residues G97 to H106). Interestingly, both patches show an overlap with mutations
affecting eIF2β-NTD binding sites (198, 197, 199). Moreover, eIF1 was shown to
interact with the N-terminal domain of eIF3c/NIP1 (200), via the basic ”KR” motif
in α1 (residues K52-K60 in yeast) that is also involved in eIF1-40S interactions (198),
but also with the CTD of eIF3a/TIF32 (201). In GST-pulldown experiments, it also
appeared to bind to eIF3b (6). Both, eIF1 and 1A, can bind to the 40S independently
of any other factor, tRNA or mRNA (202), but together, they bind with positive
cooperativity in a highly conserved manner (202, 203), ensuring the stability of the
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Figure 2.5: The bacterial and eukaryotic translation initiation factors IF1, IF3,
eIF1 and eIF1A. eIF1 is the functional homologue of IF3, but they share no structural or
sequence homology. eIF1 comprises a conserved SUI fold and a long unstructured N-terminal
tail (NTT) (PDB 2OGH (6)), while bacterial IF3 consists of two flexibly linked domains, the
NTD and the CTD (PDBs 1TIF and 1TIG (14)). Eukaryotic eIF1A (PDB 1D7Q (17)) is the
structural homologue of bacterial IF1 (PDB 1AH9 (18)). Both contain a central OB barrel
fold (purple), however, eIF1A possesses an additional CTD and unstructured NTT and CTT.

TC. Moreover, both, eIF1 and 1A, interact with eIF2 and eIF3 and thus collaboratively
promote eIF2-GTP-initiator tRNA ternary complex recruitment to the 40S subunit
(204, 205). However, maximal and efficient ternary complex recruitment requires eIF1,
eIF1A and eIF3 (205).
2.3.1.3

Eukaryotic Translation Initiation Factor 3

eIF3 is a multidomain initiation factor (8, 62, 206-209) important for mRNA recruitment to the pre-initiation complex, scanning and start codon recognition (204). In
most eukaryotes and all mammals it contains 11-13 subunits (eIF3a-eIF3m), while several yeasts only have a conserved core factor of six subunits eIF3a, b, c and eIF3g, i
and j (cf. Figure 2.6). Interestingly, many of these subunits display redundant and
conserved structural characteristics: Subunits eIF3a, c, e, k, l and m contain PCI (proteasome, COP9 signalosome, initiation factor 3) domains and subunits eIF3f and h
contain MPN (Mrp1-Pad1-N-terminal) domains. At the N-terminus, each PCI module
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starts with a helical domain and at the C-terminus it ends with a winged-helix domain,
which has the potential to dimerize.
On the 40S ribosomal subunit, eIF3 assembles on two binding sites at the solventexposed subunit interface. In yeast, the PCI domain containing subunits eIF3a and c
form a PCI-heterodimer around the 40S platform (8), whereas in mammals, an octamer
of PIC domains binds to the same location and adopts a characteristic five-lobed handlike structure, which protrudes form the 40S in a different angle to accommodate all
subunits (207). eIF3c interacts with eS27 and eIF3a contacts eS1, which brings them
close to the mRNA exit site allowing interactions with the mRNA. Yeast subunits 3b,
g and i bind close to the mRNA entry channel. The eIF3b central domain is a ninebladed β-propeller surrounded by helix 16, expansion segment ES6A, but also proteins
uS4, eS4 and eS24. The α-helical C-terminal domain of eIF3b mediates interactions
with eIF3i, another β-propeller protein, and indirectly with eIF3g. It is probably also
eIF3b, which interacts with the not well resolved eIF3a-C-terminal domain (CTD) that
stretches across from the eIF3a-c heterodimer bridging both parts of the complex (8).
The N-terminal domain (NTD) of eIF3b comprises an RNA-recognition motif and protrudes towards the small subunit beak, where it interacts with the N-terminus of eIF3j
(cf. Figure 2.6).
The substochiometrically associated j subunit is the only eIF3 subunit that reaches
to the subunit interface of the 40S and actually covers the mRNA channel around eS30
and uS12 (206). This effect could explain the anti-cooperative effect between eIF3j
and mRNA binding, but it also reveals that RNA helicase DHX29 and eIF3j would be
mutually exclusive in their position on the 40S (206). Interestingly, eIF3j also binds
in an anti-cooperative manner with initiation factors eIF1 and 1A (203). This points
towards opposing roles in the initiation process: While eIF3j appears to favour a closed
mRNA channel (210), eIF1 and eIF1A favour an ”open” state of the 40S subunit (60)
that would allow mRNA binding to the channel. Apart from the previously mentioned
eIF3c-NTD-eIF1204 and eIF3a-CTD-eIF1 interactions, the CTD of eIF3a also contacts
eIF2β (201) and the eIF3c-NTD binds to the eIF5-CTD (184, 211). Thus, like eIF1
and eIF1A, eIF3 also contributes to an increased stability of the complex, but also an
enhanced affinity of eIF2 and eIF5 for the PIC.
2.3.1.4

Eukaryotic Translation Initiation Factor 5

eIF5 assembles onto the 40S subunit either simultaneously with the ternary complex
or before. It is a two-lobed protein, with a CTD and an NTD connected by a flexible
linker. The NTD harbors the GTPase activating ”arginine finger” (212, 213), adopts an
eIF1-like fold and interacts with eIF2γ (190). The CTD is an α -helical domain, which
shares high structural similarity with the CTD of eIF2Bε apart from an additional
C-terminal helix found in the eIF5-CTD. The helices are arranged in HEAT repeats
(214, 215), which are important for facilitating the various interactions of eIF5 with
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Figure 2.6: Eukaryotic translation initiation factor 3. (a) and (b) show a scheme
of the solvent exposed surface of the 40S ribosomal subunit bound to eIF3 of yeast (a) and
mammals (b) as it is observed in initiation complexes in the absence of mRNA. The eIF3
subunits span the surface from the mRNA entry to the mRNA exit channel. For details refer
to text. (Print permission from (8).)

other initiation factors. The residues involved in inter-factor-interactions with eIF2β
(K box motif), eIF4G and the eIF3c-NTD cluster to two conserved C-terminal ”AA”
boxes of aromatic and acidic residues, as they are also found in eIF2Bε and eIF4G
(184, 216). NMR studies demonstrated a partial overlap of the interaction sites for
binding eIF1 and eIF2β within the eIF5-CTD (196).
2.3.1.5

Eukaryotic Translation Initiation Factor 2

eIF2 is composed of three subunits, of which eIF2γ is the core subunit that contains
the initiator tRNA-, but also the GTP binding- and the GTPase activity (5, 217),
while eIF2α and eIF2β have more auxiliary functions and contribute to initiator tRNA
binding to varying degrees in eukaryotes and archaea (218, 219) (cf. Figure 2.7). The α
and β subunits each interact with the γ core, but not amongst each other (1, 217). The
γ core subunit has a typical GTPase three-lobed structure with a conserved N-terminal
G domain and two β -barrel domains II and III (5, 217), sharing high similarity with
EF-Tu (78). In the PIC, eIF2α binds to the 40S E-site, mimicking an E-site tRNA
and contacting the -3 position of the mRNA, while the ribosomal interaction points
for eIF2γ and eIF2β remain debated (1, 64).
Domain III of eIF2γ was supposed to interact with h44 based on directed hydroxyl
radical cleavage studies (220). This was not confirmed in cryo-EM reconstructions of
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the 48S complex (1), which rather indicated that neither eIF2β nor eIF2γ directly contact the 40S body. The helix-turn-helix motif and parts of the zinc-binding domain of
available eIF2β solution structures (221, 222) were docked into 48S complex cryo-EM
densities. In the open 48S initiation complexes, eIF2β sits between the tRNA, eIF1,
eIF1A, and eIF2γ, and contacts the 40S head across the mRNA channel. In the closed
complex it is in contact with eIF5, but moves away from the head losing the connection
with it and detaching from eIF1A and eIF1. In both complexes, eIF2β’s N-terminal
helix is stably anchored to the G domain of eIF2γ (1, 217). The lack of high resolution
structural information prevents a precise description of the contacts between eIF2β and
the initiator tRNA (1).
Despite of their structural homology, the tRNA binding modes of eIF2 and EF-Tu
differ (5, 217). Instead of contacting the initiator tRNA T-stem minor groove like
EF-Tu, the α subunit interacts with the tRNA elbow and the acceptor stem (218, 219)
(cf. Figure 2.7). Likewise, the interface between domains I (switch I region) and II
of the γ subunit exclusively interacts with the acceptor stem. The terminal methionyl
residue is recognized by a binding groove on domain II that involves the highly conserved residues Tyr51, Leu294, Arg219 and Arg280 (in Sulfolobus solfataricus), which
supports the finding that eIF2 can discriminate against non-methionylated initiator
tRNA. In order to properly bind to this pre-formed eIF2-”binding groove”, the initiator tRNA has to assume a characteristically kinked conformation in its acceptor end
(217).
Changing from eIF2-GTP to eIF2-GDP involves the loss of affinity of the factor
for the 40S as well as the initiator tRNA and goes along with a rotation of eIF2γ
domains II and III around the switch II region of the G domain. Both eIF2γ and
eIF2β contain zinc-binding domains (ZBDs) (221, 222), which is usually unobserved
in ribosomal GTPases (also reviewed in (223)). Once eIF2 and the initiator tRNA
are anchored to the 43S PIC, the initiator tRNA is bound to the P-site, but in a so
called ”POUT ” position, in which the anticodon stem is not deeply intruding into the
P-site. Full P-site accommodation can only be achieved upon start codon recognition
on the mRNA (reviewed in (178)). As initial eukaryotic translation initiation complex
structures revealed, P-site tRNA interactions differ between the different stages of
the 43S and the open and closed 48S complex (described in the following chapters).
However, in both cases, they involve h28 and h44 from the 40S body, h28, h29, h30
and h31, as well as proteins uS19, uS13 and uS9 from the 40S head, but also h24 from
the platform (224). This shows that the P-site is sensitive to conformational changes
evoked by mRNA binding in the platform area, but is similarly affected by 40S head
rotation around the h28 neck helix. Like in bacteria (225), the eukaryotic initiator
tRNA interacts with the conserved nucleotides G1338/A1339 (bacterial numbering) in
h29 via its G:C base pairs in the anti-codon stem loop (ASL) (226).
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Figure 2.7: Initiation factor GTPases. (a) Domain architecture of the initiation factor
GTPases eIF2γ (PDB 3JAP (1)) and IF2/eIF5B (PDB 1G7R (5)) and PDB 4KJZ (7)). All of
them have a G domain (lemon), followed by domain II and III. However, eIF2 does not have
an OB-barrel domain IV. Therefore it recognizes the initiator tRNA acceptor end differently
from eIF5B (PDB 4UJC (9)), whereas in IF2, domain IV is more flexibly connected to the rest
than in eIF5B, adopting a more compact fold. (b) The two factors contact the initiator tRNA
from different sides on the ribosome. (c) Overview over the complete eukaryotic translation
initiation factor 2, comprising eIF2α, β and γ subunits in complex with the initiator tRNA
(PDB 3JAP (1)).
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Attachment of the mRNA and Formation of the
”Open” 48S Complex

The 43S PIC attaches to the 5’-end of the mRNA via initiation factor eIF4F, consisting
of the cap-binding protein eIF4E, the RNA helicase eIF4A, scaffolding protein eIF4G
and eIF4B/H, which leads to the formation of the ”open” scanning-competent 48S
complex (reviewed for example in (76, 78)). eIF4G simultaneously interacts with the
eIF4E-cap complex at the 5-UTR and PABP (poly-A-binding protein) that binds the
poly-A tail at the 3’-UTR of the mRNA, causing eIF4F-bound mRNA to circularize
into a closed loop (178) (cf. Figure 2.4).
The link between the mRNA, eIF4F and the 43S PIC was thought to be mediated
by an interaction between eIF3e and eIF4G in mammals (227). However, this raised
the question how this link would be established in yeast cells that lack both, eIF3e
and the corresponding binding domain in eIF4G (228). In fact, interactions of eIF4F
and the 43S PIC are probably much more complex. More recent studies point out that
eIF3c, d and e subunits as well as two sub binding domains within eIF4G might be involved (229). Besides, in yeast, where eIF3 and eIF4G do not seem to directly contact
each other, eIF5 possibly interacts with eIF4G and bridges eIF3 and eIF4 (211, 230).
Furthermore, an interaction of mammalian eIF4B and eIF3a was demonstrated in vitro
and it could be that eIF4B interacts with the ribosomal RNA via its N-terminal RRM
(231).
eIF3 is more important for mRNA recruitment than eIF4(G), since depletion of
eIF3 causes a severe reduction in mRNA recruitment to PICs and a reduced number
of polysomes, while the eIF4G depletion has only modest effects. This indicated that
the role of the eIF4A helicase is probably widely compensated for by accessory RNA
helicases DHX29 or DDX3. In contrast, eIF3 depletion impairs the recruitment of
mRNAs with long 5’-UTR to the 43S, consistent with the concept that eIF3a and
other subunits bind to the mRNA exit channel area around the platform, where a 5’UTR sequence would have to be anchored during initiation. With the eIF4F complex
attached to the 5’-end, it is not clear, how the mRNA could be threaded into the
mRNA channel. A lateral insertion into the channel after an initial attachment to
the platform area would be possible, but it would likely require repositioning of some
initiation factors, like eIF2β and eIF1A that appear to bridge the mRNA channel by
interacting with the 40S head as well as the 40S body.

2.3.3

Scanning and Start Codon Recognition

2.3.3.1

Scanning of the 5’-UTR

Scanning the 5’-UTR for the correct start codon in a base-per base mode is unidirectional and processive and occurs at a speed of approximately eight nucleotides per sec-
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ond (232, 233). Efficient scanning requires ATP-driven unwinding of mRNA secondary
structure by eIF4A and accessory helicases DHX29 or DDX3 (Ded1), Vasa/DDX4,
RNA helicase A (RHA/DHX9), and Dhh1/RCK/DDX6 (reviewed in (234, 235)) (cf.
Figure 2.4). The RecA domains of activeATP-bound eIF4A are stabilized by eIF4G,
such that, stimulated by eIF4B/H, the helicase can unwind mRNA secondary structure in an ATP-driven process. Unwinding by eIF4A is not processive. Instead, the
helicase possibly in several copies per mRNA molecule taking into account its high
cellular concentration appears to bind to and to dissociate from the mRNA. This is
coupled to ATP hydrolysis, since ATP-bound closed eIF4A has a higher RNA binding
affinity than the ADP-bound closed state. The helicase can bind dsRNA, but during
the opening and closing cycle of the RecA domains, the RNA duplex is disrupted into
single strands (reviewed in (234, 236)).
It remained under debate whether eIF4F would act upstream (at the mRNA entry channel) or downstream (at the mRNA exit channel) of the PIC, i.e. whether it
would actively unwind the mRNA in front of the PIC or act like a Brownian ratchet
by preventing backward sliding of the PIC along the already scanned mRNA. Recent
evidence for a localization of eIF4B and therefore possibly also its interaction partner
eIF4A- to the mRNA entry channel make the first model more plausible (228, 234). It
also remains to be fully investigated how the 43S PIC could scan along the mRNA with
the 5’cap of the mRNA stably bound by the initiation factor complex, or whether some
subunit of eIF4F would detach from the PIC as the scanning proceeds, but there are
cross-linking experiments that show an interaction of eIF4A and eIF4B 52 nucleotides
downstream of the 5’-end of the mRNA (237).
Scanning requires an ”open” conformation of the 40S subunit. Upon start codon
recognition, a conformational change then ”closes” the 40S, such that the mRNA is
clamped and the initiator tRNA changes from a metastable POUT to a stably bound
PIN state deeply anchored to the start codon in the ribosomal P-site (reviewed in
(178, 238)). Premature closing can result in initiation on a non-cognate start codon
(leaky scanning), whereas inhibiting the transition to the closed conformation results
in decreased translation initiation efficiency and scanning through the correct start
codon. Inaccessibility of the start codon (i.e. a suboptimal start codon context with
strong secondary structure) and a non-consensus sequence will prevent start codon
recognition, whereas an accessible AUG codon in optimal context is most likely to be
recognized because its strong interactions with the PIC will attenuate the scanning
PIC and thus increase the likelihood of the conformational switch (239).
2.3.3.2

Suppressor of initiation mutations (Sui- )

Yeast genetics have identified Sui- (suppressor of initiation codon) and Ssu- (suppressor
of Sui- ) mutants that are indicative of an increase in leaky scanning or the suppression
of such a phenotype (240). The SUI system makes use of a mutated HIS4 gene (241,
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242), encoding for an enzyme catalysing the several steps in histidine biosynthesis,
with an AUU start codon (his4-303 ). Under stringent control of start codon fidelity,
cells cannot grow on histidine-free medium. SUI mutants characteristically grow in
the absence of histidine in a his4-303 background, because the mutation leads to a
relaxation of stringency in start codon selection and translation initiates on the third
codon of the ORF, which is a near-cognate UUG (241).
eIF1 was identified as a Sui- mutant (SUI1) in yeast and shown to act as the ”gatekeeper for fidelity of start codon recognition”, promoting a scanning-conducive 40S
conformation and preventing 40S closure (185). EIF1A mutations have adverse effects. Clusters of Sui- mutations were identified in the C-terminal helix (243) and the
CTT, while Ssu- mutations (”Scanning inhibitor” elements) localize to the NTT244.
These findings confirm the previously made observation that the eIF1A CTT interferes
with P-site initiator tRNA accommodation in the 43S PIC and the ”open” 48S complex (188), while the NTT remains unstructured in the ”open” complex, but stably
interacts with the codon-anticodon duplex after cognate start codon recognition (as
discussed further below).
In its normal position, eIF1 firstly prevents initiator tRNA accommodation (38)
because its basic β1 loop protrudes into the mRNA channel and contacts the mRNArestricting the conformational space for codon-anticodon duplex formation. Secondly,
its negatively charged β2 loop would come close to the phosphate backbone of the
initiator tRNA, if the tRNA adopted a P/P or P/E position64. Thus, it is clear,
that eIF1 has to be released from the complex upon start codon recognition in order
to prevent steric clashes. Accordingly, all Sui- mutations in eIF1 lead to a decreased
affinity for the factor to the initiation complex (197, 245) and it was shown that eIF1
release from the initiation complex is accelerated by cognate start codon recognition
(199). Furthermore, gated phosphate release from eIF2, which irreversibly commits
the initiation complex to initiation (241) requires eIF1 release (199) in agreement with
the fact that eIF1 overexpression inhibits phosphate release (197).
Conversely, overexpression of eIF5 decreases the fidelity of start codon recognition
and promotes eIF1 dissociation from the initiation complex (199). NMR and biochemical experiments revealed an intricate interaction network between eIF1, eIF2 and eIF5
with partially overlapping binding sites for eIF1 and eIF2β on the eIF5-CTD and thus
concluded that eIF5 and eIF1 might compete for a binding site on eIF2β (196). Besides,
Sui- mutations were also identified in eIF5 (246), eIF2 (241, 242), eIF3c and eIF4G
(247). In all cases, the SUI-phenotype can stem from two different effects: Either the
relaxation of an interaction that would normally stabilize eIF1 within the initiation
complex or a mutation that favours premature gated phosphate release on eIF2 even
in the absence of a cognate start codon. In eIF2β the mutations map to the ZBD that
interacts with eIF2γ (248) and probably affect the access of the domain to the GTPase
centre. Finally, Sui- mutations also occur within the initiator tRNA: Substitution of
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the conserved ASL G31:C39 base pair as well as disruption of the C3:G70 base pair in
the acceptor stem led to Sui- phenotypes, indicating an important role for the initiator
tRNA-specific G:C base pair of the ASL and their interaction with rRNA bases G1338
and A1339 in regulating the PIN /POUT states of the tRNA (249).
2.3.3.3

Start Codon Recognition and Gated Phosphate Release on eIF2

Based on these findings, start codon recognition was postulated to involve the following
critical conformational rearrangements: Upon start codon recognition, the P-site conformation including the cognate codon-anticodon duplex- changes conformation. The
positive binding energy partially allows overcoming the steric and electrostatic repulsion to eject eIF1 and the eIF1A-CTT from the P-site, but also to re-orient initiator
tRNA along with a rotational downward movement of the 40S head that stabilizes the
new tRNA state (”closed” 48S complex formation). The tRNA insertion deep into the
P-site is also stabilized by a new eIF1A-NTT interaction with the codon-anticodon
duplex.
These changes are indirectly communicated to the GTPase centre of eIF2γ , where
the release of the previously hydrolysed phosphate is accelerated after eIF1 dissociation. Possibly, because eIF1 dissociation frees an eIF2β-binding site on the eIF5-CTD,
such that eIF2β changes conformation, which would affect the interactions of its ZBD
with the γ GTPase centre -maybe making it more accessible for eIF5. It is also possible,
that the eIF1-like eIF5-NTD moves into the former eIF1 position, which would change
the relative position of the eIF5 NTD (including the GTPase-activating arginine finger) with respect to eIF2γ. Since the eIF1A-CTT and eIF5 functionally interact, it
could be that the eIF1A-CTT interacts with eIF5 after its ejection from the P-site,
stabilizing the new position of eIF5 within the PIC. Once the GTPase centre of eIF2γ
changes conformation and the bound Pi is released, all conformational changes become
irreversible. This is not automatically the case: Failure to induce gated phosphate
release after the codon recognition leads to a resumption of the scanning process (250).
Thus, gated phosphate release represents the major final checkpoint for discriminating
against suboptimal start codon recognition.
The simultaneous conformational change within the eIF2 factor leads to its release
from the initiation complex, likely together with eIF5. eIF3 and eF4 also leave the
complex at this stage, but there is accumulating evidence, that eIF3 or parts of eIF3
can stay bound to the 40S throughout the complete initiation cycle. eIF1A remains
bound to the 40S and the initiator tRNA and after eIF5 release its CTT is freed for
new interactions.
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Subunit Joining

The unoccupied interaction sites on the intersubunit space permit association of initiation factor eIF5B with the complex. eIF5B is the orthologue of bacterial IF2/archaeal
aIF2 and a typical ribosome-dependent GTPase protein (cf. Figure 2.7). It occupies
the same GTPase binding site on the ribosome as EF-Tu and IF2 (9, 251). There is evidence that after start codon recognition and phosphate release, eIF2 dissociation from
the 40S is favoured in the presence of eIF5B and the 60S ribosomal subunit (252), and
that eIF5B binding to the 40S subunit accelerates 60S association (253, 254). Subunit
joining essentially relies on the eukaryote-specific interaction of eIF5B with the CTT
of eIF1A (DIDDI motif) (183, 253, 255) indicative of a third, important role of the
eIF1A-CTT in the initiation process. In addition, there is a second conserved binding site between the eIF1A core and eIF5B that also occurs between IF1 and IF2 in
bacteria. eIF5B binds to the 40S in a conformation (9, 251, 256) that is stabilized by
the interaction of its β-barrel domain IV (251) with the initiator tRNA acceptor arm,
recognizing the initiator tRNA-specific A1:U72 base pair. This conformation favours
the formation of the 80S, although it is not completely clear how the 60S is recruited.
A structure of the eIF5B-initiator tRNA-mRNA-80S complex shows that eIF5B
keeps the initiator tRNA in a position similar to the P/I state observed for the bacterial
initiation complex (165). This conformation prevents the CCA-end from contacting the
60S ribosomal P-site and the PTC. It positions the eIF5B G domain in close vicinity
to the ribosomal GTPase activating center, triggering GTP hydrolysis on eIF5B. Most
likely, this leads to a conformational change within the factor and the initiation complex
(in analogy to the bacterial initiation complex), that weakens eIF5B’s affinity for the
initiator tRNA and the complex (31). Since blocking eIF5B-mediated GTP-hydrolysis
retains both, eIF5B and eIF1A on the complex, it was concluded, that eIF1A release is
coupled to eIF5B release and indeed, eIF1A does not dissociate before, but after eIF5B
from the complex as the last initiation factor (255). After eIF1A and eIF5B release
the initiator tRNA is bound to the cognate start codon in the P/P state on the 80S
ribosome-ready to proceed into elongation.

2.4

Regulation of Translation

Translation is a highly regulated process and involves cis- and trans- regulatory mRNA
elements, miRNAs, specialized paralogues of ribosomal proteins, post-translational
modifications of the ribosome, initiation factors and many other regulatory proteins.
Taken together, these factors allow fine-tuning of gene expression during different cell
cycle stages, during differentiation, during proliferation or senescence and when the
cell generally responds to external signals. At the same time, translation requires
many protein and rRNA components, but also GTP and ATP, which represents a big
energy-expenditure for the cell. Consequently, in response to starvation, for example
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low amino acid levels, or in response to hypoxia, oxidative stress or pathogen invasion,
translation is reduced or shut down in order save energy and building blocks (reviewed
for example in (257, 258)). Despite of an abundance of organism and cell-specific regulatory levels and mechanisms of translation regulation, there exist two major regulatory
axes targeting either the eIF4 or the eIF2 complex in translation initiation.
On a molecular level, amino acid starvation, energy depletion and other cellular
stresses inactivate the mTORC1 complex (128) hub that is normally activated in response to growth factors and hormones via the PI3K/Akt or Ras/MAPK signalling
cascades. Normally, mTORC1 activates S6 kinase, but also phosphorylates and thereby
inhibits the translational repressor 4E- binding protein (4EBP1). In its hyperphosphorylated state, 4EBP1 can no longer attach to the cap-binding protein eIF4E. Consequently, eIF4E is liberated for eIF4F assembly and translation initiation on capped
mRNAs. Besides, activated S6 kinase stimulates eIF4B, the auxiliary factor of eIF4A.
Thus, inhibition of mTORC1 during the starvation response specifically downregulates the gene expression for mRNAs with structured 5’-UTRs that depend on eIF4A
helicase activity and were found to encode for proteins involved in cell proliferation
and survival (e.g. cyclins, VEGF, myc, etc.) and for mRNAs with 5’TOP (terminal
oligopyrimidine) motif that usually encode parts of the translational machinery itself
(e.g. ribosomal proteins) (reviewed in (258)). In addition to the reversible control of
4EBPs, eIF4F can also be irreversibly shut down due to proteolysis of eIF4G by viral
proteases (257).
The second major regulatory axis involves eIF2 and the availability of active ternary
eIF2-GTP-initiator tRNA complex. Amino acid starvation and the cellular response
to pathogen invasion triggers the activation of several protein kinases in the cell that
phosphorylate eIF2α on Ser51 and thus inhibit recycling of eIF2-GDP to active eIF2GTP. Amongst these kinases are Gcn2, stimulated by low levels of amino acids; PKR,
activated by double-stranded (viral) RNA, PERK (PKR-like transmembrane endoplasmatic reticulum kinase) activated by ER stress due to protein misfolding, and in
erythrocytes- the haem-regulated kinase. The lack of active ternary complex reduces
eIF2-dependent translation initiation (257) (cf. Figure 2.8).

2.5

Non-canonical Translation Initiation

Interestingly, 5’-UTRs of mRNAs possess a large structural variety that is of functional
significance for the translation initiation process and opens up alternative initiation
modes. 5’-UTR structures can shield the start codon from being accessible for the
initiation complex and therefore cause a decreased translation efficiency or if located
immediately downstream of the start codon- they can attenuate the ribosome on the
start codon and help to increase its translational efficiency (cf. Figure 2.8). Apart from
this, more specific regulatory sequences and folds have evolved (reviewed in (75)).
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Figure 2.8: eIF2 phosphorylation during the cellular stress response. Translation
initiation can be shut down in response to stresses like viral infection, oxidative stress, unfolded proteins (ER stress) and nutrient starvation. The different inputs activate different
kinases (PKR, HRI, PEK, GCN2), which phosphorylate eIF2α at Ser51. The phosphorylation
increases the affinity of eIF2α for eIF2B and this interaction is stable as well as inhibitory.
As a consequence, eIF2B does not catalyse GDP-GTP exchange on eIF2 anymore, reducing
the availability of charged and active ternary complex inside the cell. (Print permission from
(16).)

2.5.1

Translational Control via 5’UTR Structure and IRESs

2.5.1.1

Internal Ribosomal Entry Sites

One well investigated example of cis-regulatory mRNA regions that confer the ability to bind to the ribosomal subunit internally in the absence of a cap-binding eIF4F
complex are IRESs (internal ribosomal entry sites). IRESs were first identified in
viruses, but in recent years have also been detected in cellular mRNAs (reviewed in
(259, 260)). Indeed, possibly 10% of the cellular mRNAs are translated in a capindependent (112,261) way based on an IRES element. For both, the virus as well as

2. INTRODUCTION

41

the cell, cap-independently translated mRNAs offer the possibility to maintain translation initiation even in the presence of down-regulated eIF4F complex availability as a
result to cellular stress. In viruses, specific mechanisms evolved that allow overcoming
the stress response and biasing the host cell translation machinery towards preferentially translating viral transcripts. Viruses that rely on IRES-mediated translation
initiation can out-compete translation initiation on cap-dependent mRNAs by inactivating the cap complex, for example via viral proteases that cleave eIF4G and PABP.
Viral IRESs can be differentiated on a structural basis into three functional classes,
which is not possible for cellular IRESs because of their structure and sequence diversity
(178). For viral IRESs, three classes exist. Class I IRESs primarily occur within the
Dicistroviridae family of viruses with a positive sense strand bicistronic RNA genome.
Initiation on the second open reading frame is mediated via an intergenic region IRES
(IGR), which can mediate translation initiation in the absence of initiation factors,
AUG start codon and cellular initiator tRNA, because it mimics initiator tRNA binding
(65, 76). On the contrary, class III IRESs usually occur in picornaviruses and have
classical, canonical initiation factor requirements except for subunits eIF4E and the Nterminal third of eIF4G that does not contain the eIF3 binding site (262). Apart from
canonical translation initiation factors IRES-mediated translation initiation efficiency
often relies on other RNA-binding proteins (ITAFs or IRES trans-acting factors), which
increase the affinity of the IRES for the 40S, for example the polypyrimidine tract
binding protein PTB (also known as hnRNPI), Unr, the La autoantigen (104, 105) and
PCBP-2 (113).
Class II IRESs Class II IRESs or HCV-like-IRESs also occur within RNA viruses
with positive sense strand genome. The HCV IRES and the CSFV IRES (Classical
Swine Fever IRES) are part of this group and they directly bind to the 40S via a
pseudoknot-like structure in the absence of any other factors (80, 82) (cf. Figure 2.9).
HCV-IRES-mediated initiation is cap-independent and scanning-free because the AUG
start codon is pre-positioned into the 40S P-site once the IRES has properly arranged
onto the 40S (100, 103). In contrast to the IGR, however, the HCV IRES still requires
eIF2 for initiator tRNA recruitment and eIF3 for efficient translation initiation. The
HCV IRES is structured into four different domains, with domain IV containing the
start codon. Domain III is primarily responsible for 40S binding (96, 97, 208) and
the interaction with eIF3 (208). Interestingly, it binds to expansion segment ES7 and
protein eS27 on the 40S, with the latter location overlapping with the eIF3 binding
site on the 40S subunit (11). Domain II occupies a position highly similar to E-site
tRNA or eIF2α. Mimicking tRNA, the tip of domain II (IIb) appears to induce a
conformational change in the 40S, which provokes eIF2 release (263) and promotes
a transition from translation initiation to elongation (264). Thus, critical late steps
of the initiation phase, like joining of the large subunit and eIF5-induced hydrolysis
of eIF2-bound GTP, seem to depend on domain II (263). Like the IGR IRES, HCV
IRES translation initiation critically depends on the interaction with the N-terminal
helix-turn-helix motif of eS25, but also the C-terminal β-hairpin of uS7 (11) that is in
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contact with domain II of the IRES.

Figure 2.9: The Hepatitis C virus IRES. a) Secondary structure diagram and domain
structure of the HCV IRES with nucleotides involved in important interactions with the 40S
ribosomal subunit marked in orange. The AUG start codon is indicated with a box. b)
Structure of the human 40S-HCV-IRES complex (from (11)) viewed from the intersubunit
space and the solved side, showing how the IRES domains fold and interact with the ribosome.
The pseudoknot of IRES domain III binds the 40S platform and domain II reaches into the
E-site of the 40S. (Print permission from (11).)

2.5.1.2

Non-canonical Translation Initiation on IRESs

Importantly, IRES-related research also shed light on the existence of non-canonical
translation initiation factors. IRESs like the HCV IRES that require a host cellular initiation factor to recruit the initiator tRNA to the 40S P-site were thought to
only function properly in the presence of eIF2. However, despite of using eIF2 when
available, HCV IRES translation is up-regulated under cellular stress conditions with
decreased availability of active eIF2 ternary complex (106, 108, 114). It was shown that
two alternative proteins can promote initiator tRNA recruitment to the P-site AUG
start codon of the HCV IRES-40S complex (265): The 40S binding proteins eIF2A and
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eIF2D (or ligatin) (266, 267). eIF2A interacts with the HCV IRES via a stem loop in
domain IIId, binds initiator tRNA and its capability to mediate tRNA recruitment to
a HCV-IRES-40S complex under stress conditions was demonstrated in vivo, whereas
eIF2D/ligatin has so far only been analysed in vitro and will be discussed in further
detail below.
Similar examples are the translation of subgenomic 26S RNA of Sindbis virus (SV)
and HIV-1 mRNA. Binding to SV 26S mRNA and HIV-1 viral RNA up-regulates GCN2
activity, but the translation efficiency of both mRNAs is unaffected by the resulting
upregulation in eIF2α phosphorylation. In the case of SV mRNA, this resistance is
conferred by a stable hairpin loop (termed translational enhancer) in the downstream
vicinity of the start codon. Via an interaction of this translational enhancer stem loop
with ES6 on the solvent side of the 40S, the SV 26S mRNA is attached to the 40S in
a conformation that positions the correct start codon right into the P-site, similar to
the HCV IRES binding mode. This makes scanning of the 5’-UTR obsolete and is a
pre-requisite for eIF2D-mediated initiation (107). Indeed, there is in vitro evidence,
that both, eIF2A and eIF2D can recruit initiator tRNA to the SV 26S mRNA (115,
267), offering alternative non-canonical possibilities of translation initiation.

2.5.2

Translational Control via uORFs and Re-initiation

Another feature, that has great regulatory potential in fine-tuning the translation initiation at the main ORF are short upstream open reading frames (uORFs). They occur
in all eukaryotes, but most frequently in mammals (approximately 50% of all mRNAs)
(122, 144, 143) and less frequently in yeast (approximately 13% of the genes) (116)
with the abundance of uORFs on an mRNA varying between one uORF (75% of all
yeast RNAs) and multiple uORFs (116). Additionally and in contrast to the longstanding concept that only prokaryotic mRNAs were multicistronic and eukaryotic
mRNAs were monocistronic, recent ribosomal profiling and mass spectrometry data
revealed a much higher frequency of alternate different reading frames on eukaryotic
mRNAs than previously expected (268). Thus, our understanding of mRNA features is
steadily expanding and with it our insights in different levels of translation (initiation)
regulation.
uORFs contain usually 100 codons or less. Typically, they occur in the 5’-UTR, but
they can also overlap with the main ORF, be in different reading frames within the main
ORF, or within the 3’-UTR. A recent study in mammalian cell lines points out that
approximately 50% of the predicted uORFs start with near-cognate start codons (145)
and advanced mass spectrometry data was able to reveal that some uORFs actually
encode for stable short peptides (sPEPs). These sPEPs, on their own or in complex
with metabolites, often turn out to stall ribosomes and therefore inhibit translation
initiation at the main ORF (reviewed in (269)). uORFs can affect the translation rate
and efficiency of the downstream main ORF in many ways. The highest translation
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efficiency for a main ORF is usually achieved, when the uORF initiates with a noncognate start codon in poor context, which is very often the case, and the opposite
is true for the main ORF. In this scenario, ”leaky scanning” usually prevents uORF
translation and the main ORF is efficiently translated.
2.5.2.1

Leaky Scanning

”Leaky scanning” (for example reviewed in (270)), means that start codons with nonAUG start codons, poor context (especially at positions -3 and +4 (181)) and consequently reduced translation efficiency are not always recognized by the initiation
complex, which scan (”leak”) past and initiate downstream at a codon with more optimal context (cf. Figure 2.10). However, if the uORF gets translated, the ribosomal
subunits might dissociate at the uORF stop codon and translation of the main ORF is
inhibited. Thus, conditions that favour or disfavour leaky scanning at the uORF essentially modulate or fine-tune main ORF translation. Cellular stress and lack of ternary
complex availability to assemble the pre-initiation complex favour leaky scanning and
thus main ORF expression, while improved cellular conditions and good sequence context around the uORF basically shut down expression of the main ORF.
2.5.2.2

Re-initiation

However, the observation that the insertion of a uORF with a start and an in-frame stop
codon could also strongly enhance the translation at the downstream ORF, pointed
towards a second possible scenario (271). In this case, ribosomes stay attached to the
mRNA after uORF translation and ”re-initiate” translation at the downstream main
ORF with the help of canonical initiation factors (reviewed in (111), cf. Figure 2.10).
Due to an increased local concentration of scanning ribosomal subunits, re-initiation
can boost translation efficiency at the main ORF in contrast to ab initio initiation.
Nonetheless, re-initiation never reaches the same efficiency as normal initiation, but
maximally 50% of it (272). Interestingly, re-initiation efficiency is inversely related
to the time it takes to translate the uORF (dependent on its length and secondary
structure (12, 32, 273)), but augmented with increasing distance between uORF stop
and main ORF start codon up to a distance of approximately 80 nucleotides (271),
which was explained by the fact that the scanning ribosome needs a certain time to
re-acquire a new ternary complex before it can re-initiate translation. In agreement
with this hypothesis, the process is strongly dependent on ternary complex availability
and eIF2-mediated re-initiation less likely to happen under cellular stress conditions
(111). Indeed, if spacing and sequence context permit it, mammalian uORFs appear
to be permissive for re-initiation by default, whereas yeast uORFs are not (210). In
yeast, the only permissive uORFs are located in the GCN4 and YAP1 mRNAs (159,
187, 272). In both cases, re-initiation depends on a nucleotide sequence approximately
180 nucleotides upstream of the first uORF, which is capable of directly interacting
with the eIF3a-NTD and likely tethering the initiation complex to the mRNA (19,
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187), but also on conserved residues within the eIF3g RRM (274) and probably also
the nucleotide context (AU vs. GC rich) of the preceding stop codon (16). Similar
requirements have not been demonstrated for mammals, which rather seem to rely
on eIF3h for the resumption of scanning after termination (186), reflecting the strong
differences between the yeast and the mammalian eIF3 complexes.
2.5.2.3

Re-initiation on Bicistronic Calicivirus mRNA

Another example of re-initiation dependent on the mRNA sequence context was described in caliciviruses, which possess a bicistronic ssRNA plus-strand genome. They
represent an interesting exception to the usually inverse relationship between uORF
length and main ORF translation efficiency (275, 276). On the RNA strand, the stop
codon of the first ORF and the start codon of the second ORF overlap. Re-initiation
is rarely (in 5-20%), but regularly happening despite of the long sequence of the first
ORF (277). The ability for this is conferred by three structural motifs, localizing to the
overlap area between the two ORF, together termed TURBS (termination upstream
ribosome binding site). Upstream motif 1 (UGGGA) facilitates a complementary interaction with h26 of the 40S (a helix that has previously been shown to also interact
with the HCV IRES via its expansion segment ES7 (11, 278), while motif 2 and 2*
are complementary to each other and form a stable loop structure (279, 280). Besides,
the TURBS motif interacts with eIF3 (277) and eIF3 was found to be supportive in
increasing re-initiation efficiency (277). Nonetheless, canonical initiation factors eIF1,
eIF1A and eIF2 are sufficient for re-initiating translation on a TURBS element (281).
2.5.2.4

Re-initiation and Canonical Translation Initiation Factors

Already the initial postulation of the ”re-initiation” concept by Kozak (282) raised
the question about how the ribosomes would assemble and re-assemble between the
termination and the new initiation (reviewed in (12, 282). In order for a capped cellular mRNA to stay bound to the ribosomal subunit, ribosomal recycling would have
to be incomplete and probably either the mRNA/eIF4F/eIF3 interaction or at least
the mRNA interaction with eIF3 would have to be maintained throughout the complete translation cycle at the uORF. In agreement with this, a longer period of time
needed for the translation of a uORF increases the probability of losing the associated
initiation factors and consequently decreases re-initiation efficiency, as it is normally
observed for long uORFs (reviewed in (111)). On the other hand, in order to allow
recruitment of a new initiator tRNA to the P-site, ribosomal subunits and eIF2/5B,
eIF1 and eIF5 would have to dissociate from the intersubunit space in order to allow
start codon recognition and subunit association.
Based on the available structures that show eIF3 bound to the solvent side of
the 40S subunit, it would theoretically be possible for eIF3 to stay associated with
the ribosome throughout the whole cycle of uORF translation and termination and
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Figure 2.10: Translation initiation in the context of uORFs. (a) Overview over
possible locations of short open reading frames on mRNAs. They can occur in the 5’-UTR
upstream of the canonical main ORF (uORFs) or within the coding sequence (CDS) as
sORFs, but also in the 3’-UTR of normal capped mRNAs b) uORFs on their own or in
combination with stable secondary structure features can lead to phenomena like leaky scanning or re-initiation on capped mRNAs. While IRESs (internal ribosomal entry sites) in the
5’-UTR can sequester the ribosome for translation initiation at start codons on uncapped
mRNAs. c) Translation initiation efficiency at the mainORF can be affected by a uORF in
various ways: By regulated stalling at the uORF, by up- or downregulation of translation
efficiency at the uORF or up- or downregulation of re-initiation between the uORF and the
mainORF. Regulatory input (green arrow) can be a change in ternary complex availability,
regulatory peptides or small molecules. Adopted from (19).

2. INTRODUCTION

47

facilitate re-initiation. Similarly, the 40S binding site of eIF4G on the 40S solvent side
that was mapped by hydroxyl radical probing and described with the help of cryo-EM
models (283, 284), would theoretically permit eIF4G to stay associated to the 40S
subunit throughout mRNA translation. In agreement with this, there is experimental
evidence that re-initiation only occurs if the initial initiation round at the upstream
ORF involved the eIF4F complex. If the primary initiation event involved an IRES or
an unstructured model mRNA and no eIF4F complex, initiation on the downstream
ORF does not take place in a system devoid of eIF4F (12, 185).

2.5.3

Translation Re-initiation Factors eIF2D, MCT-1,
DENR

Screens for alternative non-canonical initiation factors focused on identifying proteins
that were able to interact with initiator tRNA, bind to the 40S ribosomal subunit
and form a ”48S complex” equivalent detectable in toe-printing assay, which shows
sensitivity towards the bacterial toxin RelE. This toxin cleaves the A-site codon only if
a methionylated or peptidyl tRNA resides in the P-site. eIF2D (or ligatin), a protein
of approximately 65 kDa that is conserved amongst all eukaryotes, was identified as a
potential candidate.
2.5.3.1

Domain Structure of the Translation Re-initiation Factors eIF2D,
MCT-1 and DENR.

eIF2D’s secondary structure was predicted to comprise several distinct domains. The
N-terminal part starts with a DUF1947 fold, followed by a PUA (pseudouridine synthase and archaeosine transglycosylase) domain and is linked via a more flexible and
unstructured region to the two C-terminal domains, a SWIB/MDM2 domain and a
SUI fold. The DUF1947 fold has so far been primarily characterized within archaeal
proteins, often in combination with PUA or PUA-like domains, but its function has
remained elusive. PUA domains are highly conserved RNA binding domains, with an
overall similar RNA recognition mode and have been frequently detected within RNAmodifying enzymes (reviewed in (285)), like pseudouridine synthases TruB and Cbf5,
but also within RNPs (ribonucleoproteins), for example the H/ACA ribonucleoprotein
complex (286). They adopt a β-sandwich fold, which is able to recognize the groove of
double-stranded RNA , but also single-stranded RNA overhangs (reviewed in (285)).
The SWIB/MDM2 domain usually occurs within the family of SWI/SNF chromatin
remodeling complexes, but also within the oncoprotein MDM2 protein (287), which
binds and thereby inactivates tumor suppressor p53 via the SWIB/MDM2 fold. Thus,
in the case of MDM2/p53, the SWIB/MDM2 fold facilitates a protein-protein interaction. The transactivation domain of p53, an amphipathic helix, is buried within
a hydrophobic cleft on MDM2, inhibiting p53 activity. The SUI fold was identified
within canonical initiation factor eIF1 as an rRNA binding fold, as described in the
preceding chapters. It is tempting to speculate, that the C-terminal SUI part of eIF2D
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occupies the eIF1-binding site on the 40S (38).
Interestingly, two other conserved eukaryotic proteins could be identified that are
homologous to the C-terminal and N-terminal parts of eIF2D and assemble into a
complex of seemingly- redundant function. MCT-1 (malignant T cell amplified protein
or multiple copies of T-cell lymphoma) consists of a DUF1947 and a PUA domain
(288) and was originally identified as an oncoprotein, while DENR (density-regulated
protein) corresponds to the C-terminal SWIB/MDM2-SUI part and was identified as
a protein that is strongly upregulated in densely cultured cells (289). The interaction
of MCT-1 and DENR was demonstrated by yeast-two-hybrid screens, reciprocal GST
pulldowns and immunohistochemistry (290). An N-terminal stretch of the MCT-1
DUF1947 domain shares a high sequence identity with the C-terminal part of Cyclin
H (which interestingly is a p53 interaction partner) and is thought to be involved in
protein-protein interaction (291). On the other hand, the C-terminal MCT-1 PUA
domain appears to facilitate 5’m7 -GTP mRNA cap binding in the presence of eIF4E,
while DENR only interacted with the cap structure in the presence of full-length MCT1 (290).
2.5.3.2

Ribosomal Interactions of eIF2D, MCT-1 and DENR

Yeast homologs of eIF2D, MCT-1 and DENR (termed Tma64, Tma20 and Tma22)
were identified in a screen for translation machinery associated proteins and for eIF2D
a physical interaction with ribosomal protein eS4 and RNA-helicase Ded1 was shown
(292). eIF2D, but also MCT-1 appears to co-sediment with 40S subunits and 80S
ribosomes, but not 60S subunits, in sucrose density gradient centrifugation (267). Preincubation of the 40S with eIF1, or eIF1 and eIF1A, reduced the efficiency with which
eIF2D could bind to the 40S (267), supporting the notion that eIF2D and eIF1 SUI
fold might share a common binding site on the 40S. Conversely, pre-incubation of
eIF2D with the 40S subunit could slightly reduce canonical eIF2-mediated initiator
tRNA recruitment, which is also indicative of overlapping binding sites of the canonical
initiation and re-initiation factors on the tRNA/40S. eIF3 binding to the 40S was
unaffected by pre-incubation with ligatin (267), which would be in good agreement
with the postulated binding site of eIF3 on the solvent side of the 40S subunit, at a
distance to the P-site.
2.5.3.3

Initiator tRNA Recruitment Through eIF2D, MCT-1 and DENR

When characterizing eIF2D’s 48S complex formation capability in vitro, it became
obvious that eIF2D fails to form 48S complexes on classically capped -globin mRNA.
However, it was able to promote 48S complex formation on leaderless mRNAs or mRNAs with single-stranded unstructured A-rich or (CAA)19 5’-UTRs (185) in the absence
of any other initiation factor and in the absence of GTP. These mRNAs characteristically do not strongly depend on the scanning process (i.e. can be translated in the
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absence of eIF1 and eIF4A/B with quite high efficiency). From this, it was concluded,
that eIF2D could promote initiator tRNA recruitment to the P-site of the 40S ribosomal subunit, if start codon recognition did not require scanning (267). The same was
true for the MCT-1/DENR complex, although with lower efficiency, but not for the
individual MCT-1 or DENR proteins.
In vitro ribosomal toe-printing assays confirmed this; by showing that eIF2D or
MCT-1/DENR promote initiator tRNA recruitment to the P-site of different IRESs,
which directly position their start codon into the P-site upon interaction with the 40S
ribosomal subunit (267). The requirements for additional canonical initiation factors
or RNA-helicases differed from IRES to IRES. No 48S complex formation was observed
for eIF2D in combination with EMCV IRES, which relies on 40S binding via eIF4G.
For HCV, CSFV and simian picornavirus type 9 (SPV9), however, which all share an
overall commonly structured 5’-UTR and bind to the 40S subunit directly (maximally
involving eIF3), eIF2D promoted 48S complex formation effectively, though at lower
translation initiation efficiency than canonical eIF2. Addition of eIF3, did not improve
the translational efficiency either. Despite of the fact that eIF2D and eIF1 share a
SUI fold, eIF2D, unlike eIF1, was unable to disrupt initiation complexes on non- or
near-cognate start codons when added to them. Conversely, eIF1 was able to disrupt
eIF2D-48S complexes (267), as previously observed for eIF2-48S complexes, too.
Interestingly, use of a CSFV IRES mutant lacking domain II (ΔdII CSFV IRES),
which abrogates the susceptibility of 48S complexes to disruption by eIF1, enhanced
the translation efficiency of eIF2D to the levels of canonical eIF2 (267). Low levels
of initiator tRNA binding in the absence of initiation factors is observed in the HCV,
CSFV and SPV9 IRESs, which points towards the fact that eIF2D-mediated 48S complex formation depends on a 40S ribosomal subunit conformation that coincides with
this ability. In agreement with this, eIF2D-mediated 48S complex formation on the
ΔdII CSFV IRES mutant occurs at high efficiency levels equaling those of eIF2, and
ΔdII CSFV IRES is known to enhance initiation factor free tRNA recruitment (293).
Nonetheless, eIF2D was also shown to facilitate 48S complex formation on the 26S
subgenomic mRNA of Sindbis alphavirus (SV), which can attach to the 40S in the
absence of eIF4, but does not exhibit factor-free initiator tRNA recruitment (267).
Translation on the SV mRNA can initiate without scanning. As discussed in the
previous chapter, recent cross-linking data suggests, that an interaction between the
”translational enhancer” stem loop of the SV mRNA with expansion segment ES6 allows a scanning-free positioning of the start codon into the P-site and therefore makes
SV 26S mRNA a suitable substrate for eIF2D-mediated translation initiation. In contrast to eIF2D-mediated initiator tRNA recruitment to HCV, CSFV and SPV9 IRESs,
which does not require any additional initiation factor, both, eIF2, as well as eIF2Ddependent initiator tRNA binding to the SV26S mRNA required helicase DHX29 as
well as eIF3. Both proteins appear to guarantee proper mRNA positioning on the 40S.
While eIF2-mediated tRNA recruitment was stimulated by eIF1 and eIF1A, this did
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not have an effect on eIF2D; neither did eIF2D require eIF5 or eIF5B for subsequent
subunit joining (267).
In contrast to eIF2, which specifically recognizes amino acylated initiator tRNA,
the specificity of eIF2D is not fully established. Dmitriev et al. (266) demonstrated
with the help of toe-printing assays that eIF2D could also recruit Phe-elongator tRNAs
or deacylated tRNAs to their respective mRNA codon in the 40S P-site, while Skabkin
et al. confirmed that eIF2D does not discriminate for methionylation, but did not
observe recruitment of elongator tRNA to its respective codon in the P-site (267).
Nonetheless, a role in elongation was excluded, because eIF2D did not facilitate tRNA
delivery to the 40S A-site. A direct interaction between eIF2D and the tRNA in the
absence of the 40S ribosomal subunit has not been reliably demonstrated so far (267),
which speaks against a tRNA delivery mechanism comparable to eIF2. Rather, it has
to be assumed, that eIF2D interaction with the 40S evokes conformational changes in
the P-site that favour tRNA binding.
2.5.3.4

Recycling Activity of eIF2D, MCT-1 and DENR

Toe-printing assays confirmed that eIF2D can mediate release of mRNA and deacylated tRNA (even initiator tRNA) from the 40S, when incubated with pre-termination
complexes, release factors eRF1/3, ABCE1 and eIF6. The complex of MCT-1/DENR
promoted comparable but less efficient mRNA/tRNA dissociation. It was therefore
concluded, that eIF2D as well as MCT-1/DENR can replace the canonical initiation
factors eIF1/eIF1A and eIF3(j) in ribosomal recycling (117). It remains to be elucidated, whether eIF2D/MCT/DENR recycling is redundant to eIF1/1A/3 recycling
or whether the two pathways act during a different cellular context. Furthermore, it
will be interesting to investigate, under which circumstances eIF2D promotes posttermination mRNA release and in which case, the 40S stays bound to the mRNA
allowing for eIF2D-mediated re-initiation.
2.5.3.5

eIF2D, MCT-1 and DENR Functions in Vivo

Yeast in vivo studies demonstrated that eIF2D expression increases under cellular stress
conditions like anoxia, oxidative stress or accumulation of unfolded proteins (UPR),
when eIF2 is inhibited through phosphorylation. Yet, eIF2D is not essential. Depleted strains grow normally, but show impaired sporulation, which raised the question
whether the MCT-1/DENR complex could partially substitute for eIF2Ds functions.
The fact that a double mutant version of eIF2D and MCT-1 yielded severe growth
defect, was supportive of the idea of at least partially- redundant functions of eIF2D
and the MCT-1/DENR complex in the cell (294) and points towards an important role
in proliferation. The upregulated expression of DENR in stressed dense cultures also
underlines these findings (289). Furthermore, co-localization with eIF3, PABP and
ribosomes in the cytoplasm in vivo sustains a role in translation initiation as suggested
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by the in vitro studies (266).
MCT-1 was originally identified as an oncoprotein on a chromosomal region that is
amplified in human T cell lymphomas (291, 295). Likewise, MCT-1 overexpression induces proliferation and cell survival, while reducing apoptosis rates (296). After DNA
damage, MCT-1 overexpression was found to impair cell cycle checkpoint control (291)
and is able to migrate to the cellular nucleus. Besides, it contributes to the transformation of immortalized human mammary epithelial cells and to genomic instability
(297-299). In concordance, up-regulated levels of MCT-1 increased the translational
levels of pro-proliferative cyclin D1, transcription factor E2F1, MRE11A, Dp-1 and
BCl-w (290), whereas the respective mRNA levels remained unaffected. An MCT-1
homologue was identified in Pyrococcus abyssi, which made it the first oncogene homologue to be detected within archaea (292, 300).
More recent in vivo studies shed light on an even broader role of MCT-1/DENR in
eukaryotic translation initiation (301), not only in cap-independent and IRES-mediated
translation initiation or under stress conditions (267), as pointed out by the in vitro
data, but also in cap-dependent translation initiation on cellular mRNAs of unstressed
cells. DENR knockouts in Drosophila melanogaster resulted in phenotypes associated
with diminished cell-cycle regulators (301). In the mutants approximately 100 mRNAs
encoding for pro-proliferative proteins were specifically reduced in their translational
levels. Their dependence on DENR in terms of translation initiation was conferred
by a minimum of three re-initiation permissive uORFs with strong Kozak consensus
sequences in their 5’-UTRs (301), which led to the identification of MCT-1/DENR (as
well as eIF2D) as translation initiation factors for eukaryotic re-initiation (301).
Furthermore, the MCT-1/DENR activity depended on the phosphorylation of the
evolutionarily conserved residues T117 and S118 in MCT-1 and it remains to be investigated whether the Erk2 and Cdc2 kinases that are able to phosphorylated MCT-1
in vitro also regulate re-initiation levels in vivo (302). In mammals, MCT-1/DENR
mediated translation re-initiation might play an important role in gene expression that
is oscillating in circadian rhythms, like it is the case in the iron and generally liver
metabolism (303). Since up to 50% of rhythmically expressed proteins from the liver
metabolism do not show oscillating mRNA levels (304, 305), a regulation on the translational level appeared likely. Additionally, many important oscillators were found to be
expressed from uORF containing mRNAs. The finding that loss-of-function mutants
of DENR resulted in a decreased length of the circadian period of many oscillating
transcripts indicates a role for MCT-1/DENR mediated re-initiation in that process
(303).
Finally, DENR was demonstrated to have a strong effect on murine cortical neuron
migration, positioning and arborization during brain development (306). Two mutations in the SWIB/MDM2 domain (C37Y) and SUI domain (P121L) of DENR were
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detected in patients with autism spectrum disorder. The mutations did not interfere
with MCT-1/DENR complex formation but impaired DENR-mediated re-initiation on
stuORF-containing mRNAs. Impaired localized mRNA translation during the early
mouse brain development caused a defective neuronal positioning, differentiation and
dendritic spine formation, with dendritic morphology having a great impact on synapse
formation and transmission. Interestingly, DENR and MCT-1 co-localize in high abundance in neurons of the mouse brain at all developmental stages, while eIF2D is only
present at very low levels, suggesting possible non-redundant functions in different tissues (306). With respect to translation re-initiation factors in neurons, it is noteworthy,
that neurons are highly specialized and translation is often regulated locally through
the specific accumulation of mRNAs in the axon, the dendrites and the neuronal body.
mRNAs have to be transported from the nucleus to the axon and can cluster in inactive
”neuronal granules” until they reach their destination (reviewed in (307-309)). Furthermore and in contrast to other cells, eIF2α phosphorylation in neurons occurs not only
during a stress response, but on a steady basal level (reviewed in (310)). Modulation of
eIF2α phosphorylation levels affected the behaviour, the neuronal developmental and
memory consolidation. Since memory consolidation involved synthesis of new proteins,
it was surprising to notice that in neurons, canonical translation initiation might be constitutively repressed due to eIF2α phosphorylation relief (311). In the meantime, there
is evidence that eIF2 might only become de-repressed upon a synaptic stimulus and
thus promote stimulus-dependent protein synthesis at the synapse. Furthermore, the
downregulation of canonical eIF2-mediated translation initiation favours translation
re-initiation on uORF-containing mRNAs (312), which probably involves re-initiation
factors DENR and MCT-1. Amongst the uORF-dependent transcripts is the transcription factor ATF4 (activating transcription factor 4), which regulates cAMP response
element binding proteins and therefore plays an important role in synaptic plasticity
and memory consolidation (313-315). On the contrary, eIF2α hyperphosphorylation
could lead to shortfalls in memory (316), highlighting the importance of fine-tuned
eIF2α phosphorylation and consequently translation re-initiation for proper synaptic
gene expression.
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3. Starting point and aim of this
study
3.1

Technical starting point

At the beginning of this project the mechanisms of translation initiation in bacteria
had already been subject to thorough investigation. A good overview of the structure and function of the three canonical bacterial initiation factors existed. Eukaryotic
translation initiation, however, still represented an unexplored, yet highly interesting
field. It was known that eukaryotes do not possess an equivalent to the bacterial
Shine-Dalgarno duplex formation and therefore rely on a ”scanning” process, during
which the eukaryotic ribosome would have to identify the start codon and reading
frame within the 5’-UTR (reviewed in (10, 178)). Biochemical and genetic evidence
had proven the existence of at least 12 eukaryotic translation initiation factors (74) as
opposed to the three bacterial ones. The question remained how these ”new” translation initiation factors would differ from the bacterial ones and how they would interact
with and manipulate the eukaryotic ribosome throughout the initiation process in order to facilitate ribosomal scanning and the assembly of an elongation-competent 80S
ribosome at the correct translation start site.
Obtaining high-resolution structural snapshots of eukaryotic ribosomal complexes
at different functional stages became a major objective in the field. At that time,
electron microscopic studies were able to visualize ribosomal complexes at a resolution
of approximately 6 to 10 Å or lower (e.g. 60 Å) due to technical limitations. Eukaryotic ribosomes had proven to be complicated targets for crystallization over many
years due to their increased size and flexibility. During the onset of this thesis, welldiffracting crystals could be obtained, resulting in high-resolution crystal structures of
the Tetrahymena thermophila 40S (38) and 60S (4) ribosomal subunits as well as the
Saccharomyces cerevisiae 80S (39) ribosome, which represented a major breakthrough
in the structural analysis of eukaryotic ribosomes. They shed light on the increased
complexity of the eukaryotic translation system compared to the bacterial one and
demonstrated that the ribosomes of these eukaryotic species were crystallisable and
thus offered a practical starting point for the investigation of initiation complexes.
Employing the unicellular eukaryotes Tetrahymena thermophila and Saccharomyces
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cerevisiae provided an enormous advantage in terms of cultivation and purification
compared to the use of tissue material or cell cultures from higher eukaryotes. Besides, all three structures benefited from small non-ribosomal factors that bound to
the subunits and stabilized them in a particular conformation or even facilitated crystal packing: the 40S and 60S subunits were crystallized in complex with translation
initiation factors eIF1 and eIF6, respectively, while the 80S ribosome was purified from
starved yeast cells in complex with starvation factor Stm1p.

3.2

Aim

Based on the aforementioned advancements, one aim of this thesis was to structurally
explore eukaryotic translation initiation complexes by x-ray crystallography at high
resolution with a focus on the role of eukaryotic translation initiation factors eIF1A
and eIF1 bound to the 40S ribosomal subunit from T. thermophila. Since the previously existing 40S-eIF1 crystal packing was not permissive for the incorporation of
additional proteins at the intersubunit interface, the aim was to screen for a new
crystal form for the T. thermophila 40S-eIF1-eIF1A complex that would exhibit optimal crystal diffraction properties to high resolution and to explore and optimize
post-crystallization treatments if necessary. This required a stable in vitro complex
formation from natively purified 40S ribosomal subunits and recombinantly expressed
and purified translation initiation factors. By means of a high-resolution structure
we wanted to explore the differences between the 40S-eIF1-eIF1A complex and the
prokaryotic initiation complex of 30S and IF1 (125), but also the eukaryotic 40S-eIF1
(38) structure. The goal was to obtain detailed insights into the interaction of both
factors with the 40S subunit and also amongst each other in order to explain their
cooperative binding behavior and high affinity towards the 40S. Yeast genetics had
demonstrated a pivotal role of these two factors and their long eukaryote-specific Cand N-terminal tails in the fidelity of start codon recognition, whereby Sui- (suppressor
of initiation) mutants lead to a leaky scanning phenotype and initiation at non-cognate
start codons and Ssu- mutations suppress Sui- phenotypes (137, 244). NMR solution
structures of the initiation factors in isolation showed that their terminal extensions
were flexible and we wanted to know whether they would become structured on the
ribosome, allowing us to map the mutation sites located in these tails. Finally, the
aim was to analyze the complex for possible structural rearrangements within the 40S
on a global (”open” vs. ”closed” state (1) and on a local level (for example at the
mRNA channel or the P-site) that would explain eIF1 and eIF1A’s cooperative role
in promoting initiator tRNA-eIF2-GTP recruitment to the 40S or in controlling start
codon recognition.
In the course of our study the advent of direct electron detectors in electron microscopy and the simultaneously emerging possibilities of improved beam induced
motion-correction made the 3D-reconstruction of ribosomal complexes at atomic reso-
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lution possible (317, 318). This allowed the structural investigation of larger initiation
complexes with a greater degree of intrinsic flexibility and lower occupancy, which had
originally been regarded as too flexible and unstable to yield well-diffracting crystals.
Besides, the smaller sample quantities required for electron microscopy experiments
opened up the possibility to work with ribosomes from other eukaryotic sources, like
human cell lines. Thus, the objective within the second half of this thesis was to
obtain structural information about the novel eukaryotic translation initiation factor
2D (eIF2D) and the MCT-1/DENR complex bound to the human small ribosomal
subunit using single-particle electron cryo-microscopy. Since no solution structure of
eIF2D/ligatin existed, the major objective of this project was to determine which quarternary structure the four predicted domains of the factor would adopt and how they
would be accommodated on the small ribosomal subunit.
In comparison to canonical initiation complexes, we aimed to analyze the extent
to which the folds of re-initiation factors mimic canonical functions or interact with
canonical initiation factor binding sites. Furthermore, we intended to understand how
eIF2D interacts with tRNA and how it recruits tRNA to start codons in the ribosomal
P-site without requiring GTP energy. Biochemical and in vivo studies had indicated
that eIF2D-mediated initiation occurs only on mRNAs containing either at least three
uORFs (301) or certain IRESs in their 5’-UTR (267), which position their mRNA
start codon into the 40S P-site without further requirements for ribosomal scanning.
Therefore, this study also included the choice and production of a suitable mRNA
substrate, in this case a mutant version of the HCV-IRES. Further pre-requisites for this
project were the cloning, recombinant expression and purification of the human MCT1, DENR and eIF2D proteins, the native purification of human ribosomal subunits, as
well as the stable in vitro complex formation of these factors with the 40S, the initiator
tRNA and the mRNA.
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4. The crystal structure of the
eukaryotic 40S ribosomal subunit in
complex with eIF1 and eIF1A
Melanie Weisser1 , Felix Voigts-Hoffmann1 , Julius Rabl1,2 , Marc Leibundgut1 and
Nenad Ban1
Affiliation: 1 Institute of Molecular Biology and Biophysics, Swiss Federal Institute of
Technology (ETH Zrich), Zrich, Switzerland Present adress: 2 Friedrich Miescher
Institute for Biomedical Research, Basel, Switzerland
Correspondence should be addressed to Nenad Ban: ban@mol.biol.ethz.ch
Eukaryotic translation initiation factors (eIF) 1A and 1 are central players
in the complex process of start codon recognition. To improve our mechanistic understanding of this process, we determined the crystal structure of
the 40S ribosomal subunit in complex with eIF1A and eIF1 from Tetrahymena thermophila at a resolution of 3.7 Å. It reveals the positions of the
two factors on the 40S and the conformational changes that accompany
their binding.
During translation initiation, a translation-competent 80S ribosome is assembled onto
the mRNA start codon with an initiator tRNA bound at the ribosomal P-site. In
eukaryotes, this process involves 13 core eukaryotic initiation factors (eIFs) and relies
on a scanning mechanism to localize the correct start codon. The first initiation factors
that assemble on the 40S subunit are eIF1A, eIF1 and eIF3 (1). Together, eIF1 and
eIF1A regulate start codon selection2 and promote the recruitment of initiator tRNA
complexed to eIF2 and GTP (3,4) to the ribosome. eIF1A remains bound to the 40S
subunit throughout all stages of initiation and is required for the recruitment of eIF5B
as well as large subunit joining (5).
To obtain insights into the roles of eIF1A and eIF1 during early stages of eukaryotic
translation initiation prior to the recruitment of mRNA and the eIF2-GTP-initiator
tRNA ternary complex we determined the 3.7 Å crystal structure of eIF1A and eIF1 in
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complex with the 40S ribosomal subunit from the eukaryote Tetrahymena thermophila
(Fig. 4.1a, Online Methods, Supplementary Table 4.1 and Supplementary Fig. 4.3).
eIF1A and eIF1 bind to the top of rRNA helix 44 (h44) close to the mRNA channel,
which is situated at the cleft between the head and the body of the 40S subunit (Fig.
4.1a). The factors are in close proximity, but do not directly contact each other with
their core folds (Fig. 4.1b, Supplementary Fig. 4.4). eIF1 is located close to the
ribosomal P-site and the 40S platform. It interacts exclusively with the body of the
40S and contacts rRNA helices (24, 44 and 45). Compared to the 40SeIF1 complex
(6), eIF1 does not undergo major positional or conformational rearrangements upon
binding of eIF1A.
eIF1A extends above the mRNA binding channel at the A-site by bridging ribosomal
protein rpS27A (rpS31 in yeast) in the 40S head with rpS23 (homologue of bacterial
ribosomal protein S12), rpS30 and rRNA helices 18 and 44 of the 40S body (Fig. 4.1b).
It occupies a position on the 40S subunit that is compatible with joining of the 60S
subunit (Supplementary Fig. 4.5). Compared to its bacterial homologue IF1, eIF1A
possesses an additional domain that includes the C-terminal helix α2 flanked by two
stretches of the polypeptide, referred to as the ”N- and C-strands” (7), from which
the eukaryote-specific N- and C-terminal tails (NTT and CTT) extend (7). Conserved
residues in the eIF1A-NTT mediate interactions with rpS27A and with rpS30, both
of which have no bacterial homologs (Fig. 4.1b, Supplementary Fig. 4.6a). The
position of the eIF1A-NTT observed in the structure is consistent with results from
hydroxyl radical probing experiments (8). Compared to the 80S ribosome (9) or the
40S-eIF1 structure (6), the interaction with rpS30 involves a repositioning of the rpS30
N-terminus away from h44 and towards the mRNA channel. The interaction of eIF1A
with the rpS27A N-terminus establishes a direct contact between the factor and the
head of the 40S subunit. This distinguishes the eukaryotic complex from the bacterial
30S-IF1 structure (10), which does not show any contacts between IF1 and the head
of the small subunit. Rather, the N-terminus of bacterial IF1 points towards helix 18
and occupies a position that overlaps with the position of the N-terminal region of
rpS30 (10). Helix α2 of eIF1A is oriented towards the 40S head, but does not engage
in direct interactions. The ”C-strand” points towards the mRNA channel, placing the
last visible residue of the CTT at a distance of ∼ 20 Å from the P-site. Presumably,
the CTT extends towards the P-site where it competes with initiator tRNA binding
(8, 11). Residues 1-18 of the NTT and residues following 116 of the CTT most likely
adopt a structured conformation only upon interaction with their respective partners
in the 43S pre-initiation complex (12, 13).
A key interaction of eIF1A with the 40S subunit involves contacts with the conserved
residue A1709 (A1493 in E. coli ), which can flip out of h44 to monitor the codonanticodon interactions in the decoding center (14) (Fig. 4.1c, Supplementary Fig.
4.6b). Our structure demonstrates that A1709 is stabilized in a flipped-out position
by stacking interactions with Trp69 of eIF1A, a highly conserved residue in eukaryotes and archaea. This is in agreement with experiments in which mutation of the
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conserved sequence motif that includes Trp69 (KKKVW in T. thermophila) impairs
eIF1A binding in in vivo studies in S.cerevisiae, causing defects in the recruitment
of the eIF2-GTP-initiator tRNA ternary complex (Gcd- phenotype) (3) and with the
results of in vitro toe-printing assays (7) that indicate that a point mutation of Trp69
(Trp69Ala) in human eIF1A causes a defect in the assembly of the 48S initiation complex. The second base involved in decoding, A1708 (A1492 in E. coli ) base-pairs with
G1617. In contrast, both decoding center bases A1492 and A1493 are recognized in
a flipped-out conformation by conserved residues Arg41 and Arg46 of IF1 in bacteria
(10).
Biochemical studies show that eIF1A and eIF1 bind to the ribosome in a cooperative
manner (15). Since we observed no direct contacts between the factors in our structure,
cooperativity is likely to be mediated by h44, the only area of the 40S subunit that is
in contact with both factors (Fig. 4.2a). In such a model, the flipped-out orientation of
A1709 observed in the 40S-eIF1 complex (6) may facilitate the recruitment of eIF1A by
providing a pre-formed binding site, whereas the dissociation of eIF1 upon start codon
recognition would shift the equilibrium back to the stacked-in base conformation possibly reducing affinity of eIF1A for the 40S. Accordingly, A1709 does not adopt the
flipped-out orientation in the 80S ribosome in the absence of mRNA, tRNA and initiation factors (9). In addition, the eIF1A binding region of h44 is shifted considerably
towards eIF1A in the 40S-eIF1A-eIF1 complex (Fig. 4.2a). It contacts the conserved
side chains of Asn43, Arg45 and Lys87 as well as main-chain amino- and carbonyl
groups of eIF1A. Such a conformational change is also observed upon binding of IF1 to
the bacterial 30S subunit (10, 16). Rearrangements in h44 may also affect the eIF2γ
binding site that has been mapped to the middle of h44 by hydroxyl radical probing
experiments (17), providing a possible explanation for the more efficient recruitment
of the eIF2-GTP-initiator tRNA ternary complex caused by eIF1A and eIF1 binding
to the 40S subunit (3, 12) (Fig. 4.2a).
Comparison of the 40S-eIF1A-eIF1 structure with the 40S subunits in the 80S context
and in the 40S-eIF1 structure reveals that the conformational changes induced by the
two factors are locally restricted to their binding sites on the 40S subunit (Fig. 4.2a
and b). Apart from the movement of the conserved rpS30 N-terminus (Fig. 4.2b, Supplementary Fig. 4.7a) and the described rearrangements of h44, our structure shows
no other conformational changes in the channel region resembling the previously described interactions between the 40S shoulder and beak in the 40S-eIF1A-eIF1 complex
from S. cerevisiae (18). Since the swivel of the head in the 40S subunit varied for the
four molecules in the crystallographic asymmetric unit, we have no evidence that the
interactions with initiation factors 1A and 1 favour a defined head-to-body conformation. It is possible that in T. thermophila the additional binding of eIF3 locks the
40S head and body in a defined conformational state since many eukaryotic organisms,
other than yeast, require eIF3 in addition to eIF1A and eIF1 for efficient loading of
the eIF2-GTP-initiator tRNA ternary complex to the 40S (1).
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Mutations in eIF1A and eIF1 affect scanning and start codon recognition, leading
to Sui- and Ssu- phenotypes. Sui- mutations promote initiation at non-cognate start
codons, which can be suppressed by Ssu- mutations (4, 11) (Supplementary Tables
4.2 and 4.3). Mapping these mutations on the 40S-eIF1A-eIF1 complex (Fig. 4.2c
and d) revealed that the Sui- mutations of eIF1 affect mainly residues in the 40S
binding interface or residues implicated in contacts with eIF5 and eIF3c (Fig. 4.2c,
Supplementary Fig. 4.7b). This suggests that the Sui- mutations promote initiation
on non-cognate start codons by reducing the binding affinity of eIF1 for the 43S preinitiation complex (4). In contrast, the Ssu- mutations affected primarily conserved
residues in the eukaryotic expansions of eIF1A, but not the 40S binding interface
in the OB-barrel (Fig. 4.2d, Supplementary Fig. 4.7c). The ”N- and C-strands”
together with helix α2 form a domain that is anchored to the core β-barrel of eIF1A
mainly by hydrophobic interactions (7). Therefore, Ssu- mutations in the DEVR3,
LVFK11 and Scanning Inhibitor Element 2 (SI2) (11) motifs in this domain are likely
to disrupt its integrity, affecting the positioning of the NTT and CTT. The tails of
eIF1A have opposing functions: While Sui- mutations localized to the far CTT, which
points towards the P-site where it may interfere with initiator tRNA binding (8), Ssumutations mapped to the NTT (11, 19. Our structure reveals that conserved residues
of the Scanning Inhibitor Element 1 (SI1) (11) in the NTT mediate the only observable
contact between eIF1A and the 40S head by interaction with rpS27A (Fig. 4.1b and
4.2d, Supplementary Fig. 4.7d). The strong Ssu- phenotype resulting from mutations
of this element suggests that the bridging interactions between head and body of the
40S subunit mediated by the eIF1A-NTT play an important role in initiator tRNA
accommodation.
The structure of the early eukaryotic translation initiation complex described here rationalizes previously accumulated biochemical and genetic data on this system and
provides a good starting point for investigations of larger pre-initiation complexes. It
reveals how eIF1A bridges the head and the body of the 40S subunit with possible
implications for start codon recognition. Furthermore, the observed structural rearrangements of h44 may provide an explanation for the cooperative binding of the two
initiation factors as well as their role in recruitment of the eIF2-GTP-initiator tRNA
ternary complex and the formation of the 43S pre-initiation complex.
Accession codes.
Atomic coordinates, together with structure factors for the T. thermophila 40S-eIF1AeIF1 complex have been deposited in the Protein Data Bank under accession number
4BPE.
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Figure 4.1: eIF1A and eIF1 bound to the 40S subunit. (a) eIF1A (purple) and eIF1
(orange) bound to the top of h44 (yellow) of the 40S subunit (ribosomal proteins light blue,
18S rRNA gray). (b) eIF1A contacts h18, h34 and h44, as well as rpS27A (green), rpS30
(blue) and rpS23 (pink), but not eIF1. Blue and red spheres indicate N- and C-termini,
respectively. (c) eIF1A recognizes A1709 (green) via Trp69 and stabilizes its flipped-out
conformation. A1708 (green) is not flipped-out. The 2Fobs -Fcalc difference Fourier electron
density map is contoured at 1.2 and 2.5 σ.
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Figure 4.2: Rearrangements and interactions in the 40S-eIF1A-eIF1 complex.
(a) Superposition of 40S-eIF1A-eIF1, 30S-IF1 (10), 70S (20), 80S (9). Upon binding of
eIF1A, h44 rearranges (orange vs. green structures), shifting towards eIF1A. A similar shift
is observed for IF1 binding to the 30S (10). The rearrangements propagate to the mapped
binding site of eIF2γ (gray spheres) (17). (b) Local conformational changes upon binding
of eIF1A and eIF1 occur in h44 and the rpS30-NTT (light blue and dark blue), but do not
affect the beak, shoulder and mRNA channel in general. (c) Mapping of Sui- mutations
and eIF2, eIF3 and eIF5 binding sites on eIF1 (Supplementary Table 4.2). (d) Mapping of
Ssu- and Gcd- mutations on eIF1A (Supplementary Table 4.3). SI1 in the NTT interacts
with rpS27A. SI2, LVFK and DEVR do not interact with the ribosome. The Gcd- mutation
includes Trp69.
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Online Methods
Cloning, expression and purification of Tetrahymena thermophila eIF1A
and eIF1
T. thermophila eIF1 was cloned, expressed and purified as previously described (6).
For T. thermophila eIF1A (UniProt identifier: I7MK (25), a codon-optimized sequence
for expression in E. coli was purchased from GenScript USA Inc. This sequence was
recloned into a SspI-cut custom-made LIC (ligase independent cloning) 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 LB medium. Cells were harvested and the pellet stored at −80°C until further use. Pellets were thawed and resuspended in buffer B1 (100 mM HEPES pH 7.6,
500 mM NaCl, 20 mM imidazole and 10% glycerol supplemented with 0.5 mM TCEP,
0.5 mM PMSF, 10 mM Pepstatin, 10 mM Leupeptin and 10 mM Bestatin) and lysed
using a cell cracker (Constant Cell Disruption Systems, Constant Systems Limited,
UK) applying 25 Kpsi pressure. 0.15% polyethylene imine was added to the lysate to
precipitate the DNA. Cell debris and precipitated DNA were removed by centrifugation
and the cleared lysate was loaded onto a nickel sepharose column (His Trap Fast Flow,
GE Healthcare). The column was washed with buffer A1 (100 mM HEPES pH 7.6,
50 mM NaCl, 40 mM imidazole and 10% glycerol, supplemented with 0.5 mM TCEP)
and the protein was eluted with buffer B2 (100 mM HEPES pH 7.6, 50 mM NaCl,
600 mM imidazole, 10% glycerol, 0.5 mM TCEP). The protein solution was applied to
a Q column (HiTrap Fast Flow, GE Healthcare) and eluted with a gradient of buffer
B1. The tag was removed from eIF1A by overnight TEV-cleavage at 4°C followed by
an orthogonal nickel sepharose column run using buffer A1. eIF1A was transferred
into buffer C2 (50 mM HEPES pH 7.6, 400 mM NaCl, 5 mM MgCl2, 10% glycerol, 10
mM DTT) using a gel filtration column (Superdex 200, 16/60, GE Healthcare). The
protein was concentrated to 15 mg/ml, flash-frozen in liquid nitrogen and stored at
−80°C. The correct mass of the protein was confirmed by mass spectrometry.
Fermentation of Tetrahymena thermophila cells and purification of the
40S ribosomal subunits
T. thermophila cells were fermented and the 40S subunits were purified as previously
described (6). The final sample was concentrated to approximately 25 mg/ml in buffer
FCB (20 mM HEPES pH 7.6, 100 mM KCl, 10 mM MgCl2, 2 mM DTT).
Complex formation
Freshly purified 40S ribosomal subunits (in FCB buffer) were mixed with eIF1A and
eIF1 (in C2 buffer) in a 1:6.5 molar ratio to give final concentrations of 1.52 mg/ml of
eIF1A, 0.8 mg/ml of eIF1 and 14.9 mg/ml of ribosomes. The complex was incubated
for 10 min at 28°C and immediately transferred to 19°C for crystallization setup.
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Crystallization and cryoprotection
Crystals were grown in 24-well sitting drop plates using the vapour diffusion technique.
2 µl of the 40S-eIF1A-eIF1 complex were mixed with 4 µl of reservoir solution (100 mM
MOPS-KOH pH 7.7, 100 mM ammonium sulphate, 7.5% PEG 8000, 1 mM putrescine)
and the plates were incubated at 19°C. 64 Crystals were stabilized by increasing the
cryoprotectant (PEG 400) and precipitant (PEG 8000) concentrations to 25% and 10%,
respectively, prior to flash-freezing in liquid nitrogen.
Data collection and processing
Data were collected at the beamline X06SA of the Swiss Light Source (SLS) at the Paul
Scherrer Institut (PSI) in Villigen, using a PILATUS 6M detector at a wavelength of 1.0
Å and at a temperature of 100K. The data were integrated and scaled using XDS and
XSCALE21. Resolution estimation and data truncation were performed by using an
I/sigma(I) criterion of 1.5 for the highest resolution shell. Additionally, we used a split
half correlation CC(1/2) criterion of >50% to avoid discarding highly significant data
(22). Crystals containing the 40S-eIF1A-eIF1 complex belonged to space group P21
and diffracted to 3.7 Å resolution with unit cell dimensions of a=209.99 Å, b=471.55
Å , c= 298.54 Å and a β angle of 91.018°(Supplementary Table 4.1).
Structure determination, model building and refinement
Molecular replacement was performed with the program PHASER (23) using the 40SeIF1 structure (PDB 2XZM) (6) as a search model, which revealed four molecules in
the asymmetric unit. Initial molecular replacement phases were improved by consecutive steps of rigid body refinement in PHENIX (24) using the 40S heads and bodies
and later individual proteins and 18S rRNA helices as rigid groups, followed by 5 cycles
of positional refinement combined with TLS- and residue-wise B-factor refinement in
PHENIX (24). RNA and protein secondary structure as well as Ramachandran restraints were used throughout. Refinement of the structure was further facilitated by
the presence of four subunits in the crystallographic asymmetric unit and the use of
non-crystallographic symmetry (NCS) restraints during the refinement. Based on the
higher resolution maps obtained in this study and the comparison to the recently published structure of the yeast 80S ribosome (9) it was possible to improve the original
40S model from the 40S-eIF1 complex, determined at 3.9 Å resolution (6), by correcting several register shifts in the peripheral regions of the 18S rRNA and proteins.
Model building was carried out using O (25) for proteins and COOT (26) for rRNA.
Critical areas were verified by map averaging of unbiased omit maps (Supplementary
Fig. 4.3 and 4.6). eIF1A was built using the bulky side chains as landmarks (Supplementary Fig. 4.3) and by comparison with the NMR structure of human eIF1A
(7). The final model was refined to working and free R-factors of 20.09% and 23.02%
with good geometry (Supplementary Table 4.1) and validated with PROCHECK (27)
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(92.3% of residues in most favoured, 7.1% in additionally allowed, 0.5% in generously
allowed and 0.1% in disallowed regions).
Figure generation and calculation of surface potentials
All figures showing the atomic model or the electron density were prepared using
PYMOL (W.L. DeLano, 2002, www.pymol.org) and APBS (M.G. Lerner, 2009 (28))
for calculation of surface potentials.
Sequence alignments and structural superpositions
Protein sequences were aligned using BLAST (29) and CLUSTALW (30), edited manually where mentioned and visualized with Jalview (www.jalview.org (31)) and Aline
(32). The structural superpositions shown in Figures 4.2a, 4.2b and Supplementary
Figure 4.5 were performed in PYMOL (W.L. DeLano, 2002, www.pymol.org), using a
subset of conserved RNA backbone residues.
Nomenclature of ribosomal proteins
The nomenclature of ribosomal proteins in this article follows the nomenclature of human ribosomal proteins, provided where necessary, along with the names of ribosomal
proteins in yeast and bacteria as outlined in a recent review (33).
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Supplementary Figures

Figure 4.3: Unbiased four-fold non-crystallographic symmetry averaged Fobs Fcalc Fourier difference electron density omit maps showing eIF1A. For the calculation of the omit maps, eIF1A was omitted from the manually built initial model in all four
copies of the asymmetric unit prior to refinement to convergence. The initial working and
free R-values of the refinement were 38.0% and 38.3%, respectively. All maps are contoured
at 1.7 (green) and 4.0 (red) σ levels. (a and b) Overview of the averaged eIF1A omit electron density from two sides. (c and d) Detailed views of salt bridges and large hydrophobic
residues in eIF1A, which allow an unambigous register assignment of the polypeptide chain.
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Figure 4.4: Surface charge representations of eIF1A and eIF1 in complex with
the 40S ribosomal subunit. Rotating the 40S-eIF1A-eIF1 structure (middle panel) gives a
view of the eIF1 interface pointing towards eIF1A (left panel) or vice versa (right panel). The
strong positive charge (blue) of both initiation factors at the 18S rRNA binding interface,
which is complementary to the negative charge of the RNA backbone, explains the high
affinity of both factors for 40S binding even in the absence of other initiation factors in yeast
(15). The solvent-exposed sides of the initiation factors (middle panel) are dominated by
negatively charged (red) or hydrophobic (white) residues. Especially on the solvent-exposed
side pointing away from eIF1, eIF1A shows a strongly negatively charged patch. This patch
likely represents the proposed interaction area with domain II of eukaryotic eIF5B (13).
Between the parts of eIF1A and eIF1 that are visible in this structure, no direct interactions
via hydrophobic residues or complementary charged amino acids can be observed.
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Figure 4.5: eIF1A is compatible with 60S ribosomal subunit recruitment and
association. A model of a T. thermophila 80S ribosome was obtained from a superposition
of the 40S ribosomal subunit of this structure and the T. thermophila 60S ribosomal subunit
(PDB codes 4A18 and 4A1E) (34) with the crystal structure of the Stm1p-bound 80S ribosome from S. cerevisiae (PDB codes 3U5B and 3U5C) (9). eIF1, which is an anti-association
factor, was omitted from the model. (a) The overview of the modelled T. thermophila 80SeIF1A complex demonstrates that within the non-ratcheted 80S context, the eIF1A binding
site is not occluded by the 60S ribosomal subunit. eIF1A is shown in purple, the rRNA in
gray, and the 40S and 60S ribosomal proteins in blue and green, respectively. (b) A close-up
view of eIF1A shows that the only close interaction between the initiation factor and the 60S
ribosomal subunit is mediated via helix H69 of the 25S rRNA (highlighted in yellow) which
is part of the intersubunit bridge B2a (9).
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Figure 4.6: Unbiased four-fold non-crystallographic symmetry averaged Fobs Fcalc Fourier difference electron density omit maps showing the interactions between eIF1A, helix 44 of the 18S rRNA and the ribosomal proteins rpS27A and
rpS30.. For the calculation of the omit maps, eIF1A and bases 1705-1713 or the N-termini
of rpS27A and rpS30 were omitted from the manually built initial model in all four copies
of the asymmetric unit prior to refinement to convergence. The initial working and free Rvalues of the refinement runs were > 37.8% in all cases. (a) The unbiased electron density
maps show the close contacts between the N-terminus of eIF1A (green) and the N-termini
of rpS30 (blue) and rpS27A (yellow). The N-terminal residues of rpS27A (Lys72) and rpS30
(Met1) are indicated by large spheres, while the first 17 residues of the eIF1A N-terminus
are disordered in the structure (sketched as dashed line). The maps are contoured at 3.2
(blue), 1.7 (green), 3.7 (yellow) and 5.0 (red) σ levels. (b) Detailed view of the eIF1A contact
with base A1709 via residue Trp69, which keeps the base in a flipped-out conformation by
stacking interactions. Base A1708 is base-pairing with G1617 via a GA imino purine-purine
interaction only partially, as implicated by its considerably weaker electron density compared
to the neighboring bases, which is an indication of its intrinsic flexibility. The omit maps are
contoured at 2 (gray) and 3.7 (red) σ levels, respectively.
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Figure 4.7: Sequence alignments of initiation factors eIF1, eIF1A and ribosomal proteins rpS27A and rpS30. (a) Protein sequence alignment of rpS30 from eukaryotes and archaea. rpS30 only occurs in eukaryotes and archaea and is synthesized as a
ubiquitin-fusion precursor-protein in mammals and nematodes (35), but not in yeast, plants
and protozoa. The N-terminus of the deubiquitinylated peptide is highly conserved and interacts with eIF1A on the 40S ribosomal subunit. For this alignment, the protein sequences
of the eukaryotic rpS30 of T. thermophila (XP 001028056.2), O. trifallax (EJY84079.1),
P. tetraurelia (XP 001347054.1), H. sapiens (NP 001988.1), B. taurus (NP 777156.1), R.
norvegicus (NP 001153703.1), D. rerio (NP 957031.1), D. melanogaster (NP 650922.1), S.
cerevisiae (NP 013390.1), S. pombe (NP 595969.1), D. discoideum (XP 644762.1), E. cuniculi (AGE96200.1) and of the archaeon S. solfataricus (NP 342424.1) were used.
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Figure 4.7: (Continued): Sequence alignments of initiation factors eIF1, eIF1A
and ribosomal proteins rpS27A and rpS30. (b) Protein sequence alignment of eIF1
from eukaryotes and archaea. Previously identified and described Sui- (green boxes) and Ssumutations (pink boxes), which were mapped onto the eIF1 structure in Figure 4.2c of the main
text, are marked. In one case, the phenotype of the mutation can switch from Sui- to Ssu- ,
depending on the substituting base and the genetic context (blue box): A Gln84Pro mutation
in S. cerevisiae results in a Sui- phenotype (36), while Gln84His suppresses the Sui- phenotype
of a mutation in eIF5 (37). The mutations are listed in Supplementary Table 4.2. The protein
sequences of the eukaryotic eIF1 T. thermophila (DAA33997.1), O. trifallax (EJY66360.1),
P. tetraurelia (XP 001443228.1), H. sapiens (NP 005792.1), B. taurus (NP 001014884.1),
R. norvegicus (NP 001099307.1), M. musculus (AAH96656.1), G. gallus (NP 001161207.1),
D. rerio (NP 955882.1), X. laevis (NP 001079402.1), D. melanogaster (NP 647792.1), D.
discoideum (EAL70012.1), S. cerevisiae (EDN62581.1), S. pombe (NP 595863.1), E. cuniculi
(AGE94999.1), G. lamblia (XP 001706747.1) and of archaea S. solfataricus (ACX91656.1),
M. jannaschii (NP2 47438.1)andM. thermoautotrophicus(N P 275155.1)

were aligned.
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Figure 4.7: (Continued): Sequence alignments of initiation factors eIF1, eIF1A
and ribosomal proteins rpS27A and rpS30. (c) Protein sequence alignment of eIF1A
from eukaryotes and archaea. eIF1A is an initiation factor that is conserved throughout all
kingdoms. While bacteria possess a minimal form comprising just the central rRNA-binding
OB-fold, archaea and eukaryotes possess a C-terminal α2 helix in addition. Further, eukaryotic initiation factor 1A has long and flexible NTT and CTT. Mutating the conserved
sequence motif around Trp69 (T. thermophila) leads to a Gcd- phenotype (blue box). Mutations of conserved sequence motifs within the NTT result in lethal phenotypes (black boxes),
which can only be rescued by eIF1 overexpression, or in a Ssu- phenotype (pink boxes).
The only Sui- mutations (green boxes) found so far in eIF1A were mapped to the far CTT.
The two identified motifs are called Scanning enhancer element 1 and 2. Except for their
characteristic phenylalanine residues (Phe121, Phe123, as well as Phe131 and Phe133 in S.
cerevisiae) they are much less conserved than the regions associated with Ssu- mutations.
For this alignment, protein sequences from the eukaryotes T. thermophila (XP 001027987.3),
H. sapiens (NP 004672.2), B. taurus (NP 001020500.1), M. musculus (NP 034250.3), G. gallus (NP 001025975.1), X. laevis (NP 001086071.1), D. discoideum (XP 642206.1), S. pombe
(NP 596359.1), C. albicans (EEQ47552.1) and L. elongisporus (XP 001525762.1), from archaea S. solfataricus (NP 343736.1), M. jannaschii (NP 247419.1) and M. thermoautotrophicum (NP 276139.1) as well as from the bacteria E. coli (ZP 03033693.1), T. thermophilus
(YP 005274.1) and D. radiodurans (NP 295846.1) were used. (Cf. also Table 4.3.)
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Figure 4.7: (Continued): Sequence alignments of initiation factors eIF1, eIF1A
and ribosomal proteins rpS27A and rpS30. (d) Protein sequence alignment of rpS27A
(yeast rpS31) from eukaryotes and archaea. rpS27A is expressed as a ubiquitin (brown box)fusion protein in eukaryotes and is present in the mature 40S ribosomal subunit head in its
deubiquitinylated form. The conserved positively charged patch at the N-terminus of the deubiquitinylated rpS27A core domain (red box, starting with residue Lys72 in T. thermophila)
is involved in interactions with the N-terminus of eIF1A. For this alignment, sequences
from T. thermophila (DAA33995.1), H. sapiens (AAH66293.1), B. taurus (NP 777203.1),
R. norvegicus (NP 112375.1), M. musculus (NP 001029037.1), G. gallus (NP 990284.1), D.
rerio (NP 956796.1), X. laevis (NP 001086065.1), D. melanogaster (NP 476778.1), S. cerevisiae (NP 013268.1) and G. lamblia (EFO63971.1) were used. The sequence alignment had
to be manually readjusted in the case of the G. lamblia sequence to account for the conserved
Zinc-finger binding motif.
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Supplementary Tables

Table 4.1: Data collection and refinement statistics (molecular replacement).

40S-eIF1A-eIF11
Data collection
Space group
Cell dimensions
a, b, c (Å)
α, β, γ (°)
Resolution (Å)
Rmerge (%)
I\σ
Completeness (%)
Redundancy
Refinement
Resolution (Å)
No. reflections
Rwork /Rfree
No. atoms
Protein and RNA
Protein
Ligand/ion
Water
B-factors
Protein and RNA
Ligand/ion
Water
r.m.s. deviations
Bond lengths (Å)
Bond angles (°)

P21
209.99, 471.55, 298.54
90, 91.018, 90
50.0-3.7 (3.93-3.7)*
15.2 (76.6)
7.69 (1.66)
98.8 (96.8)
3.1
49.75 - 3.703 (3.745 - 3.703)
557638 (14502)
0.2009 (0.3418) / 0.2302 (0.3432)
315512
313284
166768
332
1896
139.8
139.6
161.6
163.0
0.006
1.14

1

Number of crystals: 1

*

Values in parentheses are for highest resolution shells.
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Table 4.2: Overview over functional mutations and binding sites of other initiation factors mapped on eIF1.

Phenotype

Residues mutated
in S. cerevisiae
Sui
K56
K60
L96
D83
Q84 mutated to P
I93 S94 Q95 L96 G97
K100 K101 K104 H106
G107
SsuK56
T15
E48
L51
D61
Q84 mutated to H
Binding sites for Possible binding
other eIFs
sites identified
eIF2 and eIF5
L6
F9
F12
K100 K101 K104 H106
eIF3c
K52 R53 K56 K59 K60

Homologous positions
in T. thermophila
K56
K53
E88
D76
H77
S86 E87 E88 G89
A92 V93 T97 H99
G100
K56
E41
Y44
W54
H77
Homologous positions
in T. thermophila
Not conserved
I12
F15
A92 V93 T97 H99
E45 K46 K49 K52 K53

Ref.
No.
37
37
37
36, 38, 39
36
38
38
4, 40
37
37
37
37
37
37
Ref.
No.
36, 38
36, 38
36, 38
38
38
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Table 4.3: Overview over functional mutations and binding sites of other initiation factors mapped on eIF1A.

Phenotype

Residues mutated
in S. cerevisiae
Sui
F121 G122 F123 E124 S125 D126 E127
(Scanning enhancer
element 1, SE1)
F131 G132 F133 G134 N135
(Scanning enhancer
element 2, SE2)
SsuN17 D18 S19 D20 G21
(Scanning inhibitor
element 1, SI1)
Q106 G107 E108 L109
(Scanning inhibitor
element 2, SI2)
D53 G54 N55 K56
D98 E99 A100 R101
L26 I27 Y28 K29
Gcd
R66 K67 K68 V69 W70
lethal
K7 G8 G9 K10 K11
G12 R13 R14 g15 K16
117-153
(ΔC mutant)
Binding sites for Possible binding
other eIFs
sites identified
eIF2 and eIF3
Residues 1-25
eIF5B
Residues 141-153

Homologous positions
in T. thermophila
not conserved

Ref.
No.
11, 19

F127 E128 D129 S130 D131

11

N17 E18 N19 E20 -21

11

Y105 G106 E107 I108

11

D52 G53 K54 R55
D97 E98 V99 R100
L25 V26 F27 K28
K65 K66 K67 V68 W69
R7 G8 G9 K10 N1
Y12 R13 R14 G15 K16
163-193

19
19
11
19
19
19
11

Homologous positions
in T. thermophila
Residues 1-24
Residues 187-193

Ref.
No.
12
12
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Abstract: After having translated short upstream open reading frames,
ribosomes can re-initiate translation on the same mRNA. This process,
referred to as re-initiation, controls the translation of a large fraction of
mammalian cellular mRNAs, many of which are important in cancer. Key
ribosomal binding proteins involved in re-initiation are the eukaryotic
initiation factor 2D (eIF2D) or the homologous complex of MCT-1/DENR.
We determined the structures of these factors bound to the human 40S
ribosomal subunit in complex with initiator tRNA positioned on an mRNA
start codon in the P-site using a combination of cryo-electron microscopy
and x-ray crystallography. The structures, supported by biochemical
experiments, reveal how eIF2D emulates the function of several canonical
initiation factors by using three independent flexibly connected RNA
binding domains to simultaneously monitor codon-anticodon interactions
in the ribosomal P-site and position the initiator tRNA.
One Sentence Summary: Structural analysis of a translation re-initiation
complex reveals how initiation factors eIF2D and MCT-1/DENR monitor
start codon recognition and initiator tRNA recruitment.
Main Text: Untranslated regions of eukaryotic mRNAs found upstream of the start
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codon (5’-UTR) play an important role in translational control (1). Approximately
50% of all mammalian mRNAs contain short regulatory upstream open reading frames
(uORFs) in their 5’-UTR [1] (2), which significantly influence the translation efficiency
of the downstream main ORF, frequently through ”translation re-initiation” (3). In
this process, the small ribosomal subunit remains attached to the mRNA after uORF
translation to re-initiate translation at the start codon of the downstream main ORF
(4, 5). Re-initiation requires the delivery of new initiator tRNA and can be mediated
by canonical initiation factors (6), however, many mRNAs permit, or even require,
alternative sets of re-initiation factors (7, 8). They are therefore translated even when
the canonical translation initiation is inhibited due to eIF2α phosphorylation in the
course of a cellular stress-response upon viral infection (9), amino acid deprivation, accumulation of unfolded protein in the endoplasmatic reticulum or heme deficiency (10).
In vivo studies (8) identified the heterodimeric complex of MCT-1 (product of
malignant T-cell-amplified sequence 1 oncogene) (11) and DENR (density regulated
protein) (12), as well as the homologous multidomain protein eIF2D (eukaryotic translation initiation factor 2D, also known as ligatin, Fig. 5.1) as conserved re-initiation
factors in eukaryotes. They are essential for the efficient expression of proteins whose
translation is controlled by re-initiation events, including many proteins important for
cell growth and proliferation (7, 8).
eIF2D as well as MCT-1 bind the 40S subunit in vitro (7). The eIF2D-mediated
delivery of tRNAs to the 40S subunit is possible independently of other canonical
translation initiation factors and GTP nucleotides (7, 13). It occurs only if positioning
of the start codon into the P-site is possible without ribosomal scanning (7), a
criterion that is met by re-initiating ribosomes and several viral mRNAs with 5’
internal ribosomal entry sites (IRESs). This enables viruses to exploit translation by
re-initiation under eIF2-inactivating stress conditions (7, 14). For example, it has
been shown in vitro that eIF2D is sufficient to recruit initiator tRNA to the start
codon of a 40S-bound Hepatitis C Virus (HCV) IRES (7).
The functionalities of DENR and MCT-1 are combined within eIF2D as indicated by
the sequence homology between DENR and the C-terminal half of eIF2D, whereas
MCT-1 is homologous to the N-terminal half of eIF2D (Fig. 5.1). Except for a
crystal structure of MCT-1 (15), there is currently no structural information on reinitiation factors and their functional ribosomal complexes with mRNA and tRNA. To
gain deeper functional insights into the regulation of re-initiation, we biochemically reconstituted stable translation re-initiation complexes comprising either human eIF2D
or MCT-1/DENR together with eukaryotic initiator tRNA bound to a P-site AUG
start codon on the human 40S ribosomal subunit and determined their structures by
cryo-electron microscopy (cryo-EM). In addition, we solved the high-resolution crystal structure of the previously uncharacterized C-terminal DENR-like half of eIF2D.
In combination our results explain how a single re-initiation factor is able to recruit
and position the initiator tRNA into the P-site by taking over multiple functions of
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canonical initiation factors.
Formation of functional ribosomal complexes for structural analysis
We assembled eIF2D and initiator tRNA on 40S ribosomal subunits that were bound to
ΔdII HCV IRES in order to provide an mRNA start codon in the P-site as a substrate
for eIF2D-mediated initiation (16, 17) [see supplementary materials and methods (18)].
In contrast to previous results, which suggested that eIF2D and MCT-1 are able to
bind both 40S subunits and 80S ribosomes (7), our experiments demonstrate that
eIF2D prevents ribosomal subunit association in sucrose density gradients at otherwise
”associative” low-salt conditions and that it binds only to the 40S ribosomal subunit
but not to the 80S ribosome (Fig. 15.1, A and B). Furthermore, we investigated
the assembled 40S-complex by single particle cryo-EM and determined its structure
by calculating a 3D-reconstruction based on 27,754 (4.8% of all) particles. The overall
resolution of the map was 4.6 Å with factors sufficiently resolved to recognize secondary
structure elements (Supplementary figs. 5.6 and 5.7).
Structural interpretation of eIF2D and MCT-1/DENR ribosomal
complexes
The cryo-EM map of the 40S re-initiation complex was of sufficient quality to allow the
unambiguous placement of known structures into the density. (Fig. 5.1C). We docked
structural models of the head and the body of the human 40S ribosomal subunit, of
the HCV IRES (PDB 5A2Q) (17) and of the yeast initiator tRNA (19, 20) into the
cryo-EM map as rigid bodies (Fig. 5.1C) (18). Three distinct areas of extra density at
the intersubunit face of the small ribosomal subunit were observed, which correspond
to eIF2D: One region is located at the top of the ribosomal rRNA helix h44, close to
the mRNA channel between the 40S P- and E-sites (average local resolution of 7.5 Å),
one below the platform (at 8.1 Å) and one interacting with the central part of h44 (at
7.3 Å). A connection between the three regions is only visible at a low contour level of
the EM density (Supplementary fig. 5.8), suggesting that they are not connected via
well-ordered regions of the protein.
In our reconstruction there are no contacts between the IRES and eIF2D, which is
consistent with previous observations that eIF2D delivers initiator tRNAs to various
mRNAs as long as the start codon is positioned in the P-site of the 40S subunit
(7). Therefore, it is reasonable to assume that the visualized re-initiation complex
is representative for a range of naturally occurring substrate mRNAs. In addition
to interactions with the 40S subunit the density reveals that the factor contacts the
tRNA aminoacyl acceptor arm and the anticodon stem loop in the vicinity of the
mRNA channel (Fig. 5.1C). Within the density attributed to eIF2D it was possible to
unambiguously position homology models for the N-terminal MCT-1-like DUF1947 and
PUA domain and the C-terminal SUI domain (18) (Fig. 5.1, C to E and Supplementary
fig. 5.9).
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Re-initiation factors bound to the 40S subunit exhibit a modular
architecture
The SUI domain of eIF2D adopts the same fold and occupies the equivalent position
on the 40S as translation initiation factor eIF1 (21) (Fig. 5.1C and supplementary
fig. 5.9). This agrees well with biochemical data revealing that the presence
of eIF1 inhibits eIF2D-mediated translation initiation (7) and that MCT-1 is able
to promote initiation with the help of either eIF1 (though less efficiently) or DENR (7).
The MCT-1-like half of eIF2D contacts rRNA helices h23 and h24 and binds the
40S subunit below the platform in a region that was recently suggested as a binding
site of bacterial initiation factor 3 (IF3) (22) and the eukaryotic N-terminal RNA
recognition motif (RRM) of eIF3b (23) (Fig. 5.1C and supplementary fig. 5.9).
Although it was likely that the area of EM density on top of the SUI domain
represents the SWIB/MDM2 domain (24) the fold and the orientation of this domain
could not be established due to the lack of a reliable structural homolog. Therefore,
we recombinantly expressed, purified and crystallized a construct that contained
the entire C-terminal DENR-like part of eIF2D and were able to determine the
SWIB/MDM2-SUI crystal structure de novo by single anomalous dispersion (SAD)
phasing using a platinum derivative (18). The resulting crystal structure, refined to
1.7 Å with working and free R-factors of 18.7% and 24.2%, respectively, (Fig. 5.2A,
supplementary fig. 5.10 and table 5.2), revealed that the SWIB/MDM2 and the SUI
domain are tightly connected through a hydrophobic three-stranded β-sheet. Fitting
of our crystal structure as one rigid body explains the additional features of the
cryo-EM map very well, allowing us to unambiguously assign these two domains and
their position relative to each other (Fig. 5.2B).
The remaining region of unassigned density was observed interacting with helix 44
at the subunit interface side of the 40S subunit and we tentatively assigned it to
the winged helix (WH) domain found between the MCT-1 and DENR-like halves
of eIF2D. However, although a homology model of the WD domain explains the
density reasonably well, its orientation could not be established with confidence
(Supplementary fig. 5.9).
To further investigate the nature of this additional density and gain information into
the structure and function of the homologous translation re-initiation factors MCT-1
and DENR in comparison to the eIF2D re-initiation complex, we determined a cryo-EM
reconstruction at 10.9 Å (based on 10,825 particles, corresponding to 3.66% of all) of
an analogous re-initiation complex that contained human proteins MCT-1 and DENR
instead of eIF2D (Fig. 5.1F and supplementary fig. 5.11). In this reconstruction,
MCT-1 and the SUI domain of DENR occupy the same positions on the 40S ribosomal
subunit as the fitted homologous domains of eIF2D (Fig. 5.1). However, the density
interacting with the central part of helix 44 in the eIF2D complex is absent in the
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MCT-1/DENR complex as predicted by sequence analysis, which indicated that the
WH domain neither exists in MCT-1 nor in DENR (Fig. 5.1, E and F). This observation
conclusively confirmed our assignment of the WH domain.
Individual domains play distinct roles in start codon recognition and the
positioning of tRNA
The position of the SUI fold domain of eIF2D on the 40S subunit suggests its role in
initiation. The positively charged loop β1 that is conserved among eIF1, eIF2D and
DENR contacts the codon-anticodon duplex (Fig. 5.2B and supplementary fig. 5.12),
which implies a role in controlling the fidelity of start codon recognition as established
for eIF1 (25). The β2 loop of eIF2D is less negatively charged and longer than the
homologous hairpin loop in eIF1 and DENR (Fig. 5.2, B and C and supplementary
fig. 5.12) and would therefore clash with the tRNA in the ”ep/I” (26) state previously
described for initiator tRNA bound to a start codon in the context of a yeast 48S
initiation complex (26) (Fig. 5.2D and supplementary fig. 5.13, C and D). In our
complex, loop β2 contacts the initiator tRNA D (dihydrouridine)-loop at nucleotides
C11 and G12, thereby likely contributing to the observed tilt of the initiator tRNA
anticodon loop and its elbow towards the E-site, which is increased compared to the
canonical initiation complex (Supplementary figs. 5.13, A to D, and S10). The resulting
state of the initiator tRNA resembles a hybrid P/E-like state (27) that would not be
possible in the context of a canonical initiation complex (26) due to the presence of
initiation factor eIF2α in the E-site, which would sterically prevent tRNA tilting.
The observed initiator tRNA conformation is also stabilized through
contacts with the SWIB/MDM2 and PUA domains of eIF2D or
MCT-1/DENR.
The SWIB/MDM2 domain laterally binds to the acceptor stem via patches of positively charged amino acids, which include Lys22/Lys23 and Lys67 that point towards
tRNA nucleotides A1/G67 as well as U47/U50/C51/G65 (Fig. 5.2C). The CCA tail
of the tRNA is in contact with the PUA domain (Fig. 5.3A). Guided by the previously determined crystal structure of the archaeosine tRNA-guanine transglycosylase
(ArgTGT) PUA domain in complex with a tRNA CCA tail (28), we were able to model
the interactions between the CCA tail of the initiator tRNA and the PUA domain of
eIF2D (Fig. 5.3B). According to this model the CCA residues are located in a cleft
between helix α1 and β strands 2 and 6 of the PUA domain lined by residues that are
highly conserved between MCT-1 and eIF2D (Fig. 5.3B and supplementary fig. 5.15)
(29). A terminally methionylated CCA tail could be accommodated within this binding cleft without the necessity for a conformational change, however, the methionine
would protrude beyond the conserved area (Fig. 5.3B) in agreement with biochemical experiments showing that eIF2D shows no preferential affinity for acylated versus
non-acylated initiator tRNA (7) (13). The mode of CCA tail recognition by eIF2D is
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unique when compared to previously described translation initiation factors eIF2, IF2
and eIF5B (30, 31), all of which interact with the tRNA CCA tail via a β-barrel OB
fold and approach it from a different angle (Fig. 5.3C).
The structure rationalizes known mutations and modifications of
re-initiation factors
The similarity between the re-initiation complexes containing eIF2D and MCT1/DENR suggests functional redundancy while allowing for factor-specific regulation of
the re-initiation process. To better understand how known mutations or modifications
of these factors may affect their function, we mapped them onto our structures. For
example, the CDC2 phosphorylation site S118 in MCT-1 (32) is located at the border
of the tRNA binding groove of the PUA domain close to the terminal adenosine residue
of the initiator tRNA CCA tail (Fig. 5.3D). This suggests that phosphorylation by
kinase CDC2, an important and universal cell-cycle regulator activated by the accumulation of cyclins, modulates the activity of MCT-1 by interfering with its capacity
to properly position the acceptor stem of the tRNA during re-initiation. Furthermore,
the missense mutation P121L, which was identified in autism spectrum disorder patients and has been shown to negatively affect dendrite arborization during neuronal
development (33), can be mapped within the β1 loop of the DENR SUI domain. Its
immediate vicinity to the P-site codon-anticodon duplex (Fig. 5.3D) suggests that it
might interfere with the fidelity of start codon recognition, thereby impairing crucial
DENR functions in neuronal translation initiation (33).
Re-initiation factors emulate the roles of canonical initiation factors
Our attempts to demonstrate a stable interaction between eIF2D and initiator tRNA
in solution in the absence of the ribosome by size exclusion chromatography were
unsuccessful, in agreement with the reported lack of UV-crosslinks between these
two molecules (7). In our cryo-EM map, the linkers between the eIF2D domains
were not resolved in detail (Supplementary fig. 5.8), probably due to their intrinsic
flexibility, indicating that the 40S may be required as a scaffold to arrange and
stabilize the tRNA and the different domains of eIF2D in an optimal orientation and
conformation, thereby increasing eIF2Ds affinity for the initiator tRNA. Taken together, these observations suggest that eIF2D may not bind and deliver initiator tRNA
to the 40S like canonical eIF2 (30) but that it rather anchors tRNA on the 40S subunit.
A comparison with a yeast 48S translation initiation complex (26) shows that eIF2Ds
binding sites on the 40S ribosomal subunit not only coincide with that of eIF1, but
also at least partially overlap with those of eIF2β, eIF2γ, domain 4 of eIF5B and parts
of eIF3. Interestingly, the MCT-1-like domain and the WH domain occupy positions
similar to the eIF3b-RRM and the long α-helix of the C-terminal domain of eIF3a,
respectively, that were only recently described in the context of a canonical yeast 48S
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initiation complex (23) (Fig. 5.4B). These similarities indicate that one aspect of
eIF2D function is to account for the roles of several canonical translation initiation
factors by competing for the same binding sites on the 40S subunit (Fig. 5.4, A and B).
Consistent with our biochemical experiments, the structure reveals that both DENRand MCT-1-like halves of eIF2D as well as the WH domain bound to helix 44 would
clash with the 60S subunit upon formation of the 80S complex. Considering that eIF2D
seems to be composed of flexibly connected domains and that MCT-1 and DENR are
physically separated factors homologous to two halves of eIF2D, it is possible that
subunit joining occurs through sequential dissociation of individual eIF2D domains. In
analogy to the dissociation of canonical eIF1 upon tRNA accommodation, one plausible
sequence of events would involve the initial dissociation of the DENR-like half of eIF2D
that includes the SUI domain, followed by the dissociation of the WH domain. Upon
60S subunit joining, the MCT-1-like domain would have to be repositioned between
the subunits, in agreement with biochemical experiments that show binding of MCT-1
to the 80S ribosome (7), while still remaining attached to the flexibly disposed CCA
tail of the initiator tRNA. Finally, to allow accommodation of initiator tRNA into the
P-site on the large ribosomal subunit, the MCT-1-like domain would have to dissociate
from the CCA tail analogously to the release of the CCA tail from domain 4 of eIF5B.
Concluding remarks
Our data provide architectural and functional insights into re-initiation complexes involving initiation factors eIF2D, MCT-1 and DENR and provide an excellent starting
point for structure-based experiments. We show how these factors can substitute for
the entire canonical initiation machinery to prevent premature formation of the 80S
initiation complex, monitor tRNA-mRNA interactions at the start codon, and position
the initiator tRNA on the small ribosomal subunit for subsequent accommodation into
the active site on the large subunit. Our findings also explain the basis of regulation
of re-initiation through modifications of the factors involved and rationalize the effects
of mutations in re-initiation factors causing human disease.
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Figure 5.1: Overall view over the human eIF2D- and MCT-1/DENR-re-initiation
complexes. (A) Absorption profiles at 260 nm after sucrose density gradient centrifugation
under associative conditions of mixed human 40S and 60S subunits (run 1), 40S and 60S in the
presence of ΔdII HCV IRES and initiator tRNA (run 2) as well as 40S, 60S, ΔdII HCV IRES,
initiator tRNA and 6x-His tagged eIF2D (run 3). 80S (peak 1) forms in runs 1 and 2. 60S
(peak 2) and 40S (peak 3) remain separated in the presence of eIF2D (run 3). (B) Binding of
eIF2D to the 40S ribosomal subunit was confirmed by a Western Blot for run 3. (C) Cryo-EM
map of the human eIF2D-initiator tRNA-ΔdII HCV IRES-40S complex, low-pass filtered to
8 Å, segmented and colored according to the docked structural models: Human 40S head and
body (grey) (17), yeast initiator tRNA (blue) (19, 20), ΔdII HCV IRES (orange) (17), MCT1-like domain (purple) (15), WH domain (pink) (34) and the crystal structure comprising the
SUI (green) and SWIB/MDM2 domain (red) (this study). (D) Domain architecture of eIF2D
as observed in (A) with flexible linker regions indicated as dashed lines. (E) Domain schema
for eIF2D, MCT-1 and DENR. Residues marking the borders between domains are shown
as numbers. (F) Filtered, unsharpened cryo-EM map of the human MCT-1/DENR-initiator
tRNA-ΔdII HCV IRES-40S complex at 10.9 Å with docked models of the 40S head and body,
initiator tRNA and HCV IRES. The map is segmented and colored in analogy to (A). No
extra density is visible on helix 44 (black circle).
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Figure 5.2: The SWIB/MDM2-SUI domain of eIF2D. (A) Crystal structure of the
C-terminal half of human eIF2D. (B) Points of interaction between the AUG-bound P-site
initiator tRNA with the SWIB/MDM2-SUI domain viewed from the A-site: SUI loop β1
contacts the codon-anticodon duplex (1); loop β2 binds the D loop at bases C11 and G12
(2); the SWIB/MDM2 domain and tRNA acceptor stem interact around bases A54, G65 and
C66 (3) and base A1, including the terminal 5’-phosphate of the initiator tRNA (4). Map
and structural models are shown as in Fig. 5.1, with the EM map corresponding to 40S head
and body subtracted for clarity. (C) Surface representation of the eIF2D SWIB/MDM2-SUI
domain colored by electrostatic potential and in complex with the P-site initiator tRNA.
Interaction points (1)-(4) show up as positively charged patches (blue). (D) Superposition
of the canonical yeast 48S initiation complex [PDB 3JAP (26)] onto the 40S body of this
complex. For clarity, only canonical eIF1 and initiator tRNA of the 48S complex are shown
(palecyan).
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Figure 5.3: Interaction between the eIF2D PUA domain and the CCA tail of the
initiator tRNA. (A) Overview of the complex from the E-site. The map and structural
models are colored as in Fig. 5.2B. (B) View of the superimposed PUA domain of eIF2D
(residues 93-182, purple) and of the archaeosine tRNA-guanine transglycosylase (ArgTGT)
[residues 506-582, PDB 1J2B (28), grey] complexed with a tRNA CCA tail (upper panel).
The structurally conserved PUA RNA binding cleft comprises helix α1 and β strands 2 and
6. The lower panel shows a surface representation of the eIF2D PUA domain colored by
levels of conservation ranging from low (dark grey) to high (orange), which were determined
based on a multiple sequence alignment (Supplementary fig. 5.15). The tentative position
of a tRNA-bound methionine residue is indicated with a blue circle (M). (C) P-site initiator
tRNA (blue) as it is bound by the eIF2D PUA domain in this complex, by eIF2 [PDB 3JAP
(26)] and by eIF5B [PDB 4UJC (31)]. (D) Structural model of the MCT-1/DENR-initiator
tRNA-ΔdII HCV IRES-40S complex. The model was generated by superposition of the
MCT-1 crystal structure (15) and a homology model of DENR onto the eIF2D complex.
The 40S rRNA is shown in grey, the ΔdII HCV IRES in orange and yeast initiator tRNA in
blue. Phosphorylation site S118 (32) and the missense mutation site P121L described within
patients of autism spectrum disorder (33) are indicated as spheres.
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Figure 5.4: Comparison between the eIF2D re-initiation and a canonical 48S
initiation complex. (A) Surface representation of the eIF2D-40S-initiator tRNA complex.
(B) Model of a canonical 48S translation initiation complex [based on PDBs 3JAP (26)
and 5K1H (23)]. Components of initiation factors occupying a similar position on the 40S
ribosomal subunit (grey) in both complexes are shown in the same color in (A) and (B).
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Materials and Methods
Cultivation of HEK293-6E cells
Human HEK293-6E cells were grown in suspension culture, harvested and stored as
described previously by Quade and colleagues (17).
Purification of the small human ribosomal subunit
The human 40S ribosomal subunit was purified from HEK293-6E cells similarly to
previously described protocols (17, 21). Briefly, frozen cells were thawed and lysed
by stirring at room temperature in a threefold excess of lysis buffer [50 mM HEPESKOH pH 7.6, 6 mM MgAc, 300 mM NaCl, 0.03% sodium azide and 0.5% Nonidet P-40
substitute (Nonylphenylpolyethyleneglycol, Fluka)] freshly supplemented with protease
inhibitors (2 mM PMSF, 50 nM E-64, 20 M leupeptin, 20 µM bestatin, 5 µM pepstatin
A, 20 µM phenanthrolin) and 2 mM DTT. The lysate was cleared at 4°C for 20 min
in a SS-34 rotor (Sorvall) at 20,000 rpm and another 20 min at 37,500 rpm in a 70 Ti
rotor (Beckman Coulter). 80S ribosomes were pelleted from the lysate through a 60%
(w/v) sucrose cushion (50 mM HEPES-KOH pH 7.6, 6 mM MgAc, 50 mM KCl, 5 mM
EDTA pH 8.0, 0.03% sodium azide and 2 mM DTT) for 20 h at 50,000 rpm and 4° C
in a 70 Ti rotor (Beckman Coulter). Pellets were resuspended on a shaker for 1.5 h at
140 rpm and 4° C in 1 ml pellet resuspension buffer (50 mM HEPES-KOH pH 7.6, 6
mM MgAc, 150 mM KCl, 6.8% (w/v) sucrose, 0.03% sodium azide and 2 mM DTT).
The resuspension pool was cleared at maximum speed for 15 min at 4° C in a table-top
centrifuge, and the supernatant was loaded onto 10-40% (w/w) sucrose gradients (50
mM HEPES-KOH pH 7.6, 6 mM MgAc, 500 mM KCl, 0.03% sodium azide, 2 mM
DTT and 10% or 40% (w/w) sucrose). Gradients were centrifuged in SW 32 Ti rotors
at 26,000 rpm for 16 h at 4° C and manually fractionated with a syringe. Fractions
containing 40S ribosomal subunits were pooled and concentrated in 100 kDa MWCO
Amicon Ultra Centrifugal Filter units (Millipore) at 4000 rpm and 4° C in a table-top
centrifuge. Final samples were flash-frozen in liquid nitrogen at a concentration of 0.25
mg/ml (OD260 of 3) prior to storage at -80° C.
Recombinant expression and purification of human eIF2D, MCT-1 and
DENR
Open reading frames of C-terminally TEV-cleavable 6x-His-tagged human eIF2D
(isoform 1), MCT-1 and DENR were commercially synthesized by GenScript USA Inc.
into pUC57 vectors, amplified via PCR and inserted into pLIC and pLIC-His6 vectors
by ligation-independent cloning [adopted from (35)]. For expression in chemically competent Escherichia coli BL21 (DE3) Codon Plus pRIL cells (Agilent), the full-length
C-terminal 6x-His-TEV-tagged versions of eIF2D and MCT-1 in pLIC vectors and
the full-length N-terminally 6x-His-TEV-tagged version of DENR in the pLIC-His6
were used. Cells were grown at 37° C and 85 rpm in LB medium and induced with
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0.25 mM isopropyl-β-D-thiogalactoside (IPTG) at an OD600 ∼ 0.6. Expression was
carried out at 18° C and 85 rpm o/n. Cultures were harvested for 10 min at 5300 rpm
and 4° C in a SLC-6000 rotor (Sorvall) and cell pellets were frozen and stored at -80° C.
The human eIF2D SWIB/MDM2-SUI construct (comprising residues 380 to 584 of
eIF2D) was amplified from the Genscript eIF2D-pUC57 vector and inserted into a
pLIC-His6 vector by ligation-independent cloning [adopted from (35)]. From the
resulting construct an N-terminally 6x-His-tagged TEV-cleavable version of the eIF2D
SWIB/MDM2-SUI domain was expressed as a protein in chemically competent
Escherichia coli BL21 (DE3) Codon Plus pRIL cells (Agilent). Pre-cultures were
grown in minimal medium and expression cultures in 2xYT medium at 37° C and
85 rpm. Protein expression was induced with 0.25 mM isopropyl-β-D-thiogalactoside
(IPTG) at an OD600 ∼ 0.6, and the cells were subsequently incubated at 18° C and
85 rpm o/n before being harvested at 5300 rpm and 4° C in a SLC-6000 rotor (Sorvall)
for 10 min. Cell pellets were frozen and stored at -80° C.
Recombinant human eIF2D, MCT-1, DENR and the eIF2D SWIB/MDM2-SUI
domain were purified via combinations of nickel affinity, ion exchange, heparin and size
exclusion chromatography. Frozen cell pellets of 9 l expression culture were thawed
at RT in 200 ml lysis buffer (50 mM HEPES-KOH pH 7.6, 500 mM NaCl, 10mM
imidazole pH 7.6, 10% glycerol, 2 mM TCEP) supplemented with 2 mM PMSF, 50
nM E-64, 20 µM leupeptin, 20 µM bestatin, 5 µM pepstatin A, 0.02 mg/ml aprotinin
and 30 µg/l DnaseI (Roche) and lysed by sonication on ice at ∼ 55 W in 4 cycles of
20 sec. The lysate was cleared in an SS-34 rotor (Sorvall) at 20,000 rpm and 4° C for
1 h, and the supernatant was loaded onto a 5 ml HisTrap FF column (GE Healthcare)
equilibrated in lysis buffer.
For the human N-terminally 6x-His-tagged full-length DENR protein cells were lysed
as described above and purified via nickel affinity chromatography (wash buffer: 50
mM HEPES-KOH pH 7.6, 150 mM NaCl, 10 mM imidazole pH 7.6, 10% glycerol, 1
mM TCEP, 2 mM PMSF; elution buffer: 50 mM HEPES-KOH pH 7.6, 100 mM NaCl,
250 mM imidazole pH 7.6, 10% glycerol, 1 mM TCEP, 2 mM PMSF) using a HisTrap
5 ml FF column (GE Healthcare). The sample was further purified via a HiTrap 5
ml HP heparin column (GE Healthcare) equilibrated in lysis buffer and washed with
wash buffer. Elution was carried out with 50 mM HEPES-KOH pH 7.6, 1 M NaCl, 10
mM imidazole pH 7.6, 10% glycerol, 1 mM TCEP, 2 mM PMSF. The 6x-His-tag was
cleaved with TEV at 4° C o/n and removed via a second nickel affinity purification step
(50 mM HEPES-KOH pH 7.6, 300 mM NaCl, 10 mM imidazole pH 7.6, 10% glycerol,
1 mM TCEP). The sample was then subjected to size exclusion chromatography on
a HiLoad Superdex 200 16/60 PG column (Amersham Biosciences) equilibrated in 50
mM HEPES-KOH pH 7.6, 300 mM KCl, 10% glycerol, 1 mM TCEP, and the protein
was concentrated to approximately 15 mg/ml.
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C-terminally 6x-His-tagged eIF2D was purified applying a similar strategy except
that no Heparin column step was included and slightly modified buffers were used
(lysis buffer: 50 mM Tris-HCl pH 8.0, 500 mM NaCl, 10 mM imidazole pH 7.6,
10% glycerol, 2 mM TCEP; nickel affinity wash buffer: 50 mM Tris-HCl pH 8.0,
300 mM NaCl, 20 mM imidazole pH 7.6, 10% glycerol, 2 mM TCEP; elution buffer:
50 mM Tris-HCl pH 8.0, 300 mM NaCl, 250 mM imidazole pH 7.6, 10% glycerol,
2mM TCEP). TEV cleavage of the 6x-His tag was performed during dialysis at
4C o/n (10 kDa MWCO) against 2L of dialysis buffer (50 mM Tris-HCl pH 8.0,
300 mM NaCl, 10 mM imidazole pH 7.6, 10% glycerol, 1 mM TCEP), and the tag
was removed via nickel affinity purification (equilibrated in dialysis buffer) prior
to a final size exclusion chromatography step in buffer containing 50 mM Tris-HCl
pH 8.0, 200 mM NaCl, 10% glycerol, and 2 mM TCEP. For binding assays, the
6x-His-tagged version of eIF2D was purified analogously. In these cases dialysis was
carried out in the absence of TEV and no orthogonal nickel column run was performed.
C-terminally 6x-His-tagged human MCT-1 was purified and TEV-cleaved as described
for eIF2D (nickel affinity wash buffer: 50 mM HEPES-KOH pH 7.6, 200 mM NaCl,
20 mM imidazole pH 7.6, 2.5 mM TCEP, 10% glycerol, 0.1 mM PMSF; nickel affinity
elution buffer: 50 mM HEPES-KOH pH 7.6, 200 mM NaCl, 300 mM imidazole pH 7.6,
2.5 mM TCEP, 10% glycerol, 0.1 mM PMSF; TEV cleavage/dialysis/second nickel
affinity/Superdex200/final buffer: 50 mM HEPES-KOH pH 7.6, 200 mM NaCl, 2.5
mM TCEP, 10% glycerol, 0.1 mM PMSF). For the N-terminally 6x-His-tagged human
eIF2D SWIB/MDM2-SUI construct, cells were lysed as described for the other recombinantly expressed proteins in supplemented lysis buffer (50 mM HEPES-KOH pH 7.6,
800 mM KCl, 20mM imidazole pH 7.6, 10% glycerol, 1 mM TCEP), and the protein
was purified via a nickel affinity column. The protein was washed (wash buffer: 50
mM HEPES-KOH pH 7.6, 50 mM KCl, 20 mM imidazole pH 8.0, 10% glycerol, 1 mM
TCEP) and eluted in elution buffer (wash buffer plus 500 mM imidazole pH 8.0) onto
a heparin column, washed with wash buffer and eluted with lysis buffer. TEV cleavage
of the 6x-His-tag and the following orthogonal nickel affinity column run were carried
out as described above in buffer containing 50 mM HEPES-KOH pH 7.6, 300 mM KCl,
20 mM imidazole pH 8.0, 10% glycerol, and 1 mM TCEP. The concentrated sample
was purified via size exclusion chromatography on a HiLoad Superdex 200, 16/60 PG
column (Amersham Biosciences) equilibrated in 50 mM HEPES-KOH pH 7.6, 300 mM
KCl, 10% glycerol, 1mM TCEP. and the protein was re-buffered into low salt buffer
(50 mM HEPES-KOH pH 7.6, 150 mM KCl, 1 mM TCEP) prior to crystallization in
a 10 kDa MWCO concentrator (Amicon) at 4° C and at 3200 g. The identity of all
proteins was confirmed by proteolytic digestion of SDS PAGE gel bands and LC/ES
mass spectrometry performed by the Functional Genomics Centre Zurich.
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Production of HCV IRES delta domain II deletion mutant
As an mRNA substrate we chose the HCV IRES mutant lacking domain II because
such a mutant has been previously described to allow efficient eIF2D-mediated reinitiation in the case of the highly related CSFV (Classical Swine Fever Virus) IRES
(7). The mutant lacking domain II (ΔdII HCV IRES (16)) was created from the
puC57-HCV IRES construct comprising residues 40-354 of the full-length IRES (17)
by replacing residues 45 to 117 with a small stem loop CCUGCUUCGGCAGG via
quick-change deletion. The HCV sequence is followed by an EcoRV restriction site.
RNA was synthesized via T7 polymerase-mediated in vitro transcription from a plasmid
linearized with EcoRV, and the RNA was fractionated by lithium chloride precipitation.
The purified RNA was flash-frozen in liquid nitrogen and stored in ddH2O at -80° C.
Prior to use, the RNA was refolded at an approximate concentration of 0.7 mg/ml in
25 mM HEPES-KOH pH 7.6, 2.5 mM MgAc and 100 mM KCl by heating the sample
for 1 min at 95° C, cooling for 1 min on ice, followed by incubation for 1 min at 95° C
and 10 min on ice.
EM sample preparation and data acquisition
Frozen human 40S ribosomal subunits were thawed on ice and simultaneously concentrated and buffer-exchanged into sucrose-free binding buffer (25 mM HEPES-KOH
pH 7.6, 75 mM KCl, 2.5 mM MgAc, 2 mM DTT) in 100 kDA MWCO Amicon Ultra
Centrifugal Filter units (Millipore) as described above. The complex was formed in
binding buffer by adding a 5x molar excess of refolded ΔdII HCV IRES, a 20x molar
excess of yeast initiator tRNA purchased from tRNA Probes (www.trnaprobes.com)
and a 10x molar excess of untagged human eIF2D to a solution containing 40S
ribosomal subunits at 80 nM concentration in this order. After each addition, the mix
was incubated at RT for 5 min, and the final mix was incubated at RT for another
15 min. Initial cryo-EM analysis indicated that the 40S ribosomal subunit tends to
preferentially orient itself flat on the grid. However, a mild cross-linking (36) prior
to grid preparation substantially reduced the preferential orientation due to altered
surface properties of the 40S and the more globular shape of the stabilized initiation
complex compared to apo-40S.
The final complex was cross-linked with 0.02% glutaraldehyde for 20 min on ice, and
the reaction was subsequently quenched with 25 mM Tris-HCl pH 7.5. 5 µl of the
complex were applied to Quantifoil R2/2 holey carbon grids (Quantifoil Micro Tools)
coated with a thin carbon film (prepared using a Balzers BAE 120 thin-film coating
system) and glow-discharged for 25-30 sec at 25 mA (EmiTech K100). After 40 s of
incubation on the grid at 4° C and 100% humidity, grids were automatically blotted
for 4-8 s and plunge-frozen by a Vitrobot (FEI Company) into a mixture of liquid
37%:63% ethane:propane (37) and kept at liquid nitrogen temperature. Three sessions
of automated data collection using the EPU software (FEI Company) were performed
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at a Titan Krios cryo-transmission electron microscope (FEI Company) equipped
with a Falcon II direct electron detector (FEI Company). Images were collected
at 300 kV, a calibrated magnification of 100,000 and defocus values of 1.2 µm to 3.6 µm.
Complexes and grids for the MCT-1/DENR complex were prepared similarly by adding
a 20x molar excess of untagged MCT-1 and DENR, pre-mixed at a 1:1 ratio, to a
solution containing 40S ribosomal subunits at 80 nM concentration. As described previously (17), images were acquired in movie mode using seven movie frames (combined
dose of approximately 20 electrons per Å2 ) per exposure (combined exposure time 0.77
s) after discarding the first frame (55 ms). Beam-induced specimen motion was corrected for by aligning the movie frames with the DOSEFGPU DRIFTCORR software
(38).
Structure calculation
Grid squares and holes with good ice thickness and particle distribution were chosen
visually. Using the CTF estimation of CTFFIND4 (39, 40) implemented in RELION
1.3 (41) micrographs were selected based on the quality of the Thon rings in their
power spectra. From the selected micrographs, particles were automatically picked
with batchboxer [EMAN1 (42)], using 2D-projections of the 40S [PDB 5A2Q (17)] as
a reference. All subsequent data processing steps were carried out with RELION 1.3
(41) (Supplementary fig. 5.7). For the eIF2D- initiator tRNA-ΔdII HCV IRES-40S
complex, 203,287, 97,088 and 281,888 particles were extracted from 1,965, 1,148 and
1,996 micrographs of the three data collection sessions. For each session, reference-free
two-dimensional alignment and classification of four-fold binned images (pixel size 5.6
Å) into 80 classes was performed, and classes that contained 40S ribosomal subunits
(123,799, 46,644 and 101,445 particles) were further subjected to an initial round of
3D-classification into 10 classes at a pixel size of 5.6 Å using a 3D-reconstruction
of the 40S-HCV IRES complex low-pass filtered to 60 Å [PDB 5A2Q (17)] as a reference.
Classes showing density for the ΔdII HCV IRES, eIF2D and the initiator tRNA from
all three data sets were selected, combined and refined at 5.6 Å pixel size against the
60 Å low-pass filtered 40S-HCV IRES reference (in total 117,789 particles). Focused
classification into 6 classes using a circular mask around eIF2D and the initiator tRNA
(created in UCSF Chimera (43)), without alignment and imposing a high resolution
limit of 25 Å allowed to further distinguish different tRNA and initiation factor states.
Two classes that exhibited occupancy for all structured initiation factor domains and
the initiator tRNA were combined for further refinement. Some classes displayed density in the A-site of the 40S ribosomal subunit, which might correspond to an A-site
tRNA. To remove A-site tRNA-bound 40S subunits, particles showing a strong density
in the A-site were subtracted from the pool of particles displaying re-initiation factor
density. The resulting pool was refined to full pixel size (1.4 Å) prior to another round
of focused classification without alignment and to full resolution, applying a mask
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around the 40S ribosomal subunit and the SUI domain. The classification resulted
in one predominant class (27,754 particles, 4.8%), which was used for the final high
resolution refinement at a pixel size of 1.4 Å. The resulting map used for structural
interpretation was resolved at a resolution of 4.6 Å according to the ”gold-standard”
(44) FSC=0.143 Fourier shell correlation criterion (Supplementary fig. 5.6).
The local resolution of the final unfiltered maps was calculated with ResMap (45).
For structural interpretation, B-factor sharpening with RELION (41) was applied and
maps were low-pass filtered to resolutions of 6 and 8 Å with RELION (41). Segmented
maps were created using UCSF Chimera (43).
For the MCT-1/DENR-initiator tRNA-ΔdII HCV IRES-40S complex, the classification
procedure was carried out similarly. 296,029 particles were picked automatically from
one data set, 119,972 of which were selected after 2D-classification. After one round
of 3D classification into 10 classes at a pixel size of 5.6 Å using a 3D-reconstruction of
the 40S-HCV IRES complex low-pass filtered to 60 as a reference [PDB 5A2Q (17)],
classes 1, 5, 8 and 10 were selected showing initiator tRNA bound to the P-site as well
as extra density for the factors attached to the 40S (Supplementary fig. 5.11). This
pool of 77,291 particles was refined using four-fold binned images (80x80 pixels) at a
pixel size of 5.6 Å. One round of focused 3D-classification without alignment using a
circular mask around the initiator tRNA and factor densities at the intersubunit space
was performed imposing a high resolution limit of 25 Å. Two classes (5 and 9) were
pooled yielding a final class of 10,825 particles. These particles were refined at full pixel
size (1.4 Å), resulting in final maps with an overall resolution of 10.9 Å according to
the ”gold-standard” (44) FSC=0.143 Fourier shell correlation criterion (Supplementary
fig. 5.11).
Modelling and docking
To interpret the obtained EM maps and to generate a pseudo-atomic model of the
initiation complex, first the atomic coordinates of the human 40S head and body and
of the HCV IRES [PDB 5A2Q (17)] were docked into the EM density as rigid groups
using UCSF Chimera (43). IRES domain II (residues 45 to 117) was deleted from the
HCV IRES model, and the small RNA stem-loop present in our construct that replaces
domain II was not re-built due to limited local resolution. Models of eIF2D domains
and initiator tRNA could then be docked into the remaining density. For the eIF2D
SWIB/MDM2-SUI domains, we were able to unambiguously position the coordinates of
our crystal structure at the top of 40S helix h44. For the eIF2D DUF1947-PUA domain,
using the PHYRE server (46) a homology model was generated, which is based on the
crystal structure of human MCT-1 [PDB 3R90, (15)] and shares 27% sequence identity
with the corresponding segment of eIF2D. The homology model could be docked into
the density based on visible secondary structure features. The initiator tRNA model
was generated by positioning the anticodon stem loop of PDB 3J81 (20) (nucleotides
27-42, canonical yeast initiator tRNA numbering) into the density and combining it
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with the separately docked acceptor stem (residues 1-26 and 43-76) from PDB 1YFG
(19) to account for the observed tRNA conformation. Finally, the outermost end of
the acceptor stem (residues 1-6 and 67-72) was manually fitted to account for the
observed tilt and rotation of the CCA tail, which was modeled by superimposing a
structure of a PUA domain in complex with a tRNA [PDB 1J2B (47)] onto our docked
PUA domain. The positioned tRNA fragments were fused and regularized in COOT
(48). To remove clashes between the docked rigid body groups and to optimize the
geometry of the assembled eIF2D complex, the final model was energy minimized
in PHENIX (49) using phase restrained reciprocal space refinement against the mlhl
target with amplitudes and phases back-calculated from the experimental EM maps
(50). To stabilize the refinement at intermediate resolution, RNA base pair and protein
Ramachandran and secondary structure restraints were used throughout (table 5.1).
Although the remaining density in the middle of helix 44 undoubtedly represents the
winged-helix domain, we only tentatively positioned a PHYRE (46) homology model
of this domain based on the NMR structure of human DNA/RNA binding protein
kin17 [PDB 2V1N (34)] into this area for visualization purposes. Due to limited local
resolution and the small globular size of the domain, which would allow docking of this
domain in alternative orientations, the coordinates for this domain are not included in
the deposited PDB model.
Binding Assays
For monitoring subunit association in the presence of eIF2D and for verifying eIF2Dinitiator tRNA-ΔdII HCV IRES-40S complex formation, we performed binding assays
using sucrose density gradient centrifugation. For this, human 40S and 60S subunits
were thawed and re-buffered into binding buffer (25 mM HEPES-KOH pH 7.6, 75
mM KCl, 2.5 mM MgAc, 2 mM DTT) as described for the grid-making process, and
three different complexes were formed. Complex 1 (run 1) was reconstituted from
0.25 µM 40S and 0.25 µM 60S, complex 2 (run 2) by mixing 0.25 µM 40S with a 5x
molar excess of refolded ΔdII HCV IRES, a 20x molar excess of initiator tRNA and
with 0.25 M of 60S in this order. Complex 3 (run 3) comprised all the components
of complex 2, except that a 10x molar excess of C-terminally 6x-His-tagged eIF2D
was added prior to the 60S ribosomal subunit. The complex components were added
sequentially in the listed order and the mix was incubated at RT after each individual
addition. Thus, the ΔdII HCV IRES was added to the 40S subunit first, followed by 5
min incubation. Secondly, the initiator tRNA was added and incubated with the other
components for 5 min until eIF2D was added. Finally, after 15 min of incubation,
the 60S was supplemented and the complete complex was incubated another 10 min
before being loaded onto pre-cooled 10% (w/v) to 45% (w/v) linear sucrose gradients
prepared using binding buffer. The gradients were centrifuged for 17.5 h at 25,000 rpm
in a SW 32 Ti swing-out rotor (Beckman Coulter) before being fractionated into 0.5
ml aliquots at 4°C while monitoring the absorption at wavelengths of 260 and 280 nm
as well as the conductivity. Peak fractions (corresponding to the 80S, 60S and 40S
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peaks) were pooled, and half of each pool was TCA-precipitated for subsequent sample
analysis of the protein components using 12% SDS-PAGE. The gel was blotted onto
a nitrocellulose membrane using the iBlot dry blotting system (Invitrogen) for 7 min
(1 min at 20 V, 4 min at 23 V and 22 min at 5 V). The transfer was controlled by
brief staining of the membrane with Ponceau S before blocking the membrane o/n at
4°C in 1xPBS with 5% (w/v) dry milk powder. HRP-conjugated anti-Histag-antibody
from mouse (GenScript) was added at a ratio of 1:5000 to a final concentration of 0.1
g/ml in washing buffer [1x PBS, 0.05% Tween 20, supplemented with 1% (w/v) BSA],
followed by shaking for 1 h at room temperature. The membrane was washed 4 x 10
min in washing buffer and developed with 2 ml 1:1 ECL solutions (GE Healthcare).
Pictures were taken after an exposure of 5 min. The other half of the peak fractions was
precipitated in two steps with trizol/chloroform and 100% cold isopropanol for further
analysis of the RNA components on a 10% denaturing 7 M urea polyacrylamide gel.
The gel was run for 15 min at 10 W, stained with SYBR gold and visualized under
UV.
Crystallization
Crystals were grown in 24-well sitting drop plates using the vapor diffusion technique.
2 µl of the freshly purified eIF2D SWIB/SUI protein at a concentration of 19 mg/ml
were mixed with 2 µl of reservoir solution (100 mM HEPES-KOH pH 7.6, 25 mM
sodium formate, 25 mM ammonium acetate, 25 mM sodium citrate tribasic, 25 mM
sodium potassium tartrate, 10.7% PEG3350, 10.7% MPD, 10.7% PEG1000) in the
case of native crystals. In the case of the heavy atom derivatized crystals, a reservoir
solution containing 100 mM HEPES-KOH pH 7.6, 25 mM sodium formate, 25 mM
ammonium acetate, 25 mM sodium citrate tribasic, 25 mM sodium potassium tartrate,
9.33% PEG3350, 9.33% MPD and 9.33% PEG1000 was used. The crystallization plates
were incubated at 19° C for 3 days prior to harvesting and flash-freezing crystals in
liquid nitrogen. Heavy atom derivatization of pre-grown crystals was performed by
adding to the drop 1 µl of reservoir solution supplemented with 5 mM potassiumtetrachloroplatinate (K2PtCl4), resulting in a final concentration of approximately 1.5
mM K2PtCl4 in the drop. After incubation for 1.5 h at 19° C, the crystals were directly
flash-frozen in liquid nitrogen.
Data collection and crystal structure determination
Data sets from native and heavy atom derivatized crystals were collected at the beamline X06SA of the Swiss Light Source (SLS) at the Paul Scherrer Institut (PSI) in
Villigen, using a EIGER 16M detector and a temperature of 100K. For SAD phasing,
data collection of the potassium-tetrachloroplatinate derivatized crystals was carried
out at a wavelength of 1.072 Å (11559.9 eV) corresponding to the L(III)-absorption
edge of platinum, using 4% beam transmission, an oscillation range of 0.1° and 0.05
s exposure time per frame. Because the Pt derivatization turned out to be weak,
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data collection from a single derivatized crystal was continued until sufficient anomalous signal for phasing was detected, resulting in a dataset comprising 36,000 frames
(10 x 360°) with 100-fold anomalous redundancy (table 5.2). For native crystals, a
complete dataset was collected at a wavelength of 1.0 Å and an oscillation range of
0.1using 20% beam transmission, and 0.1 s exposure time per frame. The data were
integrated and scaled using XDS and XSCALE (51). The crystals belong to space
group P41212 with unit cell dimensions of a=50.72 Å, b=50.72 Å, c=197.39 Å and α=
β=γ=90° and diffracted to 1.7 Å (native) and 1.9 Å (Pt derivative) resolution (table
5.2). Initially, 11 platinum sites per ASU could be localized using SHELX (44). Later,
heavy atom search and experimental SAD phasing was performed as implemented in
the automated PHENIX.AUTOSOL pipeline (52), resulting in a readily interpretable
experimental map after improvement of the initial SAD phases by density modification
(Supplementary fig. 5.10).
Atomic model building, structure refinement and validation
An initial atomic model was obtained using PHENIX.AUTOBUILD (49), which refined
to working and free R-factors of 30.63% and 35.47% and encompassed 147 out of total of
206 residues, 53 belonging to the SWIB/MDM2 and the remaining to the SUI domain.
The model was completed by iterative model building in COOT (48) and refinement
using PHENIX.REFINE (49), resulting in final working and free R-factors of 18.67%
and 24.23%, respectively, with excellent model geometry (table 5.2).
Multiple sequence alignments
Protein sequences were aligned using BLAST (53) and Clustal Omega (54) and visualized with Jalview [www.jalview.org (55)].
Figure generation
Figures depicting EM density maps were created with the UCSF Chimera package version 1.11.2 from the Computer Graphics Laboratory, University of California, San Francisco (supported by NIH P41 RR-01081) (43). Figures of atomic models were generated
using PyMOL (The Pymol Molecular Graphics System Version 1.8.4.0 Schrdinger,
LLC.). The electrostatic surface potential was calculated with the PyMOL plug-in
APBS (Adaptive Poisson-Boltzmann Solver) Tools (56, 57). The surface representation of sequence conservation was calculated in Chimera based on multiple sequence
alignments done with Clustal Omega (54). The figure panels were assembled using
Adobe Illustrator.
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Supplementary figures

Figure 5.5: eIF2D and subunit joining. After sucrose density gradient centrifugation
(Fig. 1, A and B), the presence of the ΔdII HCV IRES in complexes 2 (run 2) and complex
3 (run 3) was confirmed in a denaturing 7 M urea 10% polyacrylamide gel.
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Figure 5.6: Local resolution scheme and Fourier shell correlation curve. (A)
Fourier Shell Correlation (FSC) curve for the final EM map. Applying the 0.143 criterion,
the overall resolution was estimated to be around 4.6 Å. (B) shows a sharpened map, filtered
to 8 Å and (C) shows the unsharpened and unfiltered map of the final refined class, colored
according to local resolution as determined with ResMap (45). (D) The local resolution
varied between 3 Å for the core of the ribosomal subunit and >10 Å for the peripheral parts
of the 40S rRNA expansion segments, parts of the 40S beak and the IRES, but also for parts
of eIF2D. As expected, the local resolution of the density corresponding to eIF2D decreases
with increasing distance to the ribosomal core. It displays the highest local resolution for the
SUI domain (5.6 Å), medium resolution for the MCT-1-like domain (8.1 Å) and the small
WH domain (7.3 Å), and the lowest local resolution for the SWIB/MDM2 domain, which is
rather flexibly bound to the SUI domain and the initiator tRNA (9.2 Å). In combination, the
SWIB/MDM2-SUI domains display an average local resolution of 7.5 Å.
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Figure 5.7: 3D-classification and refinement scheme for the eIF2D-initiator
tRNA-ΔdII HCV IRES-40S complex. Three different data sets were collected and
processed from the human eIF2D-initiator tRNA-ΔdII HCV IRES-40S complex as described
in Materials and Methods (18). After 2D-class averaging and one round of 3D-classification,
particles from all three data sets belonging to classes that showed good ΔdII HCV IRES
occupancy as well as occupancy for the initiator tRNA and eIF2D were combined and 4x
binned images were refined. With the refined pool of images, two different alternative runs
of focused classification were performed. One using a circular mask around all eIF2D domains, including the initiator tRNA (A) and one focusing on the A-site of the 40S ribosomal
subunit (B). Classes A1 and A5 showed a defined conformation of both, eIF2D and the initiator tRNA, and were pooled for further classification while particles also occurring in class
B1 were subtracted from that pool. After one round of refinement at full pixel size (1.4
Å/pixel), a last round of focused classification at full image size was performed, applying
a mask around the 40S ribosomal subunit and the stably attached SUI domain of eIF2D.
Particles belonging to the predominant class (class 1) were refined at full image size up to
Nyquist frequency, resulting in a 3D-reconstruction at a resolution of approximately 4.6 Å
according to the FSC=0.143 criterion (Supplementary fig. 5.6). This final class represents
approximately 4.8% of the initial particles from all three collected data sets.
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Figure 5.8: Density features visible at low resolution. (A) and (B) Two different
views of a low-pass-filtered cryo-EM 3D-reconstruction of the eIF2D-initiator tRNA-ΔdII
HCV IRES-40S complex at resolution of 12 Å. Apart from the features corresponding to the
individual domains of eIF2D described in the main text we see extra density at a low contour
level in the area of the A-site of the 40S subunit (yellow). Due to very low local resolution this
density is uninterpretable, but likely represents the flexible linker region that is connecting
the WH domain with the SWIB/MDM2 domains.
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Figure 5.9: Contacts of the eIF2D domains with the ribosome. (A) to (D) Cryo-EM
map of the human eIF2D-initiator tRNA-ΔdII HCV IRES-40S complex, low-pass filtered to
8 Å. 40S rRNA helices interacting with eIF2D are labelled. (A) View from the foot of the
40S (grey model) on the SUI domain (green) and the MCT-1-like domain (purple), both
interacting with the initiator tRNA (blue). An interaction site between the two domains is
not clearly visible at the low local resolution, except for one small tentative interface (*). (B)
Close-up of the tentatively placed WH domain (pink). (C) View from the E-site onto the
MCT-1-like domain (purple). The DUF1947 domain (lower part) interacts with the rRNA,
the PUA fold (upper part) binds and stabilizes the tRNA CCA tail (blue). (D) Close-up
of the density for the SUI domain (green) and its N-terminus, which forms a hydrophobic
3-stranded β-sheet (red) with the C-terminus of the SWIB/MDM2 fold.
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Figure 5.10: Examples of the unbiased crystallographic experimental electron
density map used for building of the eIF2D SWIB/MDM2-SUI domain. Panels (A)
to (C) depict the initial experimental electron density map from PHENIX.AUTOSOL (49)
after solvent modification at two contour levels (pink and grey). The refined coordinates of the
model are shown for orientation (red). (A) Example of two helices within the SWIB/MDM2
subdomain [map contoured at 2 σ (grey) (grey) and 3.5 σ (pink) levels]. (B) depicts the
hydrophobic β-sheet that bridges the SWIB/MDM2 and SUI subdomains [map contoured at
1.8 σ (grey) (grey) and 3.5 σ (pink) levels], while (C) is a close-up view of residue Tyr472
and surrounding amino acids, showing the quality of the map for the amino acid side chains
[maps shown at 2.3 σ (grey) and 4.1 σ (grey) (pink) contour levels].

5. THE 40S-EIF2D RE-INITIATION COMPLEX

117

5. THE 40S-EIF2D RE-INITIATION COMPLEX

118

Figure 5.11: 3D-classification and refinement scheme for the MCT-1/DENRinitiator tRNA-ΔdII HCV IRES-40S complex. One data set was collected from the
human MCT-1/DENR-initiator tRNA-ΔdII HCV IRES-40S complex as described in Materials and Methods (18). After one round of 3D-classification with RELION (41) into 10 classes,
four classes with good 40S density and factor/tRNA occupancy on the subunit interface were
refined. One run of focused classification was performed applying a circular mask including
the initiator tRNA and all MCT-1 and DENR domains. Two classes of defined and similar
factor/tRNA conformation were then combined. The resulting pool was refined at full pixel
size and to a resolution of approximately 10.9 Å according to the gold-standard FSC=0.143
criterion (44). The final class represents approximately 3.66% of the initial particles.
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Figure 5.12: Sequence alignments. (A) Aligned sequences of the eIF2D SUI domain
and of (B) the SUI domains of eIF2D, DENR and eIF1 from different eukaryotic organisms.
The sequence identity is highlighted in different shades of blue. Residues belonging to β loop
regions 1 and 2 are marked with red boxes in both alignments.

5. THE 40S-EIF2D RE-INITIATION COMPLEX

120

5. THE 40S-EIF2D RE-INITIATION COMPLEX

121

Figure 5.13: Comparison of different initiator tRNA states with the tRNA state
in the eIF2D re-initiation complex. The tRNAs from the different ribosomal complexes
were either superimposed using the 40S head (upper panels) or the 40S body (lower panels) as
a reference. (A) Side view of the initiator tRNA anticodon stem loop from our human eIF2Dinitiator tRNA-ΔdII HCV IRES-40S complex (dark blue). The initiator tRNA conformation
is compared to tRNAs in the classical P/P and E/E states [PDB 4V51, beige (58)], in the
chimeric pe/E and ap/ap states [PDB 4W29, gold (59)] or in the hybrid P/E state [PDB
4V9H, cyan (27) or PDB 4V8Y, lightblue (60)]. The initiator tRNA of this study adopts
an anticodon stem loop tilt that rather resembles the hybrid P/E state than the classical or
chimeric states. (B) Top view of the superpositions shown in (A). The tRNA acceptor stem
and its CCA tail in the eIF2D complex are oriented in a similar direction as the P/E hybrid
tRNAs. (C) Comparison of the initiator tRNA anticodon stem loop from this study (dark
blue) with initiator tRNAs from the 43S complex (eP/I state, [EMDB 3057, magenta (61)],
the eIF5B-80S-HCV IRES complex pre-like P/I’ state, [PDB 4V8Z, yellow (60)], the eP/I’
state from the mammalian 40S-eIF1A-initiator tRNA complex [PDB 4KZZ, grey (62)], the
eP/I’ state from the closed 48S yeast initiation complex [PDB 3JAP, green (26)] and the sP/I
(scanning P/I) state from the open yeast 48S complex [PDB 3JAQ, red (26)]. The elbow or
T-stem of our tRNA shows a more pronounced tilt towards the E-site than observed for the
other initiator tRNA states. Its CCA tail is less rotated towards the P- and A-site than in
most other initiator tRNA states. (D) Top view on the superposition of (C).
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Figure 5.14: 40S conformation in the eIF2D-initiator tRNA-ΔdII HCV IRES40S complex. (A) Comparison between head-to-body conformations occurring in the small
ribosomal 40S subunits of different initiation complexes. As a reference for superposition,
the bodies of each 40S subunit were superimposed onto our eIF2D-40S structure (shown in
pink). Relative to the 40S bodies, the heads are in different orientations and reflect different
rotational 40S states with different degrees of head swiveling. The following complexes were
superimposed: Yeast open (red) and closed (green) 48S [PDBs 3JAQ (26) and 3JAP (26)],
human 40S-HCV IRES [orange, PDB 5A2Q (17)], mammalian eIF1A-initiator tRNA-40S
complex [dark grey, PDB 4KZZ (62)] and several eIF1/eIF1A containing 40S complexes
[different shades of light grey, from yeast, PDB 3J80 (20), from Tetrahymena thermophila,
PDB 4BPE (63), and from rabbit, PDB 4KZY (62)]. For comparison, the yeast apo-40S
subunit from the 80S structure [PDB 4V88 (64)] is shown in black. (B) Zoom view of the
”latch” that forms across the mRNA channel in proximity to the 40S shoulder between rRNA
helices h18 (from the body) and h34 (from the head). The latch conformation of our eIF2D
re-initiation complex (pink) resembles the closed latches observed in the apo-40S (black),
the closed 48S (green) and eIF1-eIF1A-40S complexes (light grey), but differs from the open
latch observed in the 40S-HCV IRES complex or the open 48S yeast initiation complex. (C)
The conformation of the 40S P-site depends on the position of helices h31 and h29 of the 40S
head that flank the initiator tRNA anticodon stem loop (thin cartoon tubes) and interact
with it via the conserved nucleotides G1639 and A1640 [sticks, human numbering (65)]. The
P-site conformation of the re-initiation complex is similar to the one of the eIF1-eIF1A-40S
complex (light grey), but differs from the open and closed 48S yeast initiation complex (red
and green), as well as the 40S-HCV-IRES complex (orange). (D) Likewise, the 40S head of
our complex appears to occupy a half-rotated position like the eIF1-eIF1A-40S complexes.
Its rotation around the rotational axis through helix h28 is neither fully rotated as the open
48S complex (red), nor as ”un”-rotated as the apo-40S (black).
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Figure 5.15: Sequence alignments. (A) Excerpt of a sequence alignment of eIF2D
and MCT-1 from different species showing the part of the PUA domain that interacts with
the initiator tRNA in our cryo-EM reconstruction. The percentage of sequence identity is
indicated in different shades of blue. The approximate boundaries of the secondary structure
elements that make up the RNA binding ”cleft” of the PUA domain are marked in green
boxes. Residues around β strands 2 and 6 that are flanking the CCA tail binding cleft are
highly conserved among eIF2D and MCT-1.
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Supplementary Tables

Table 5.1: Data collection and refinement statistics for the eIF2D-initiator tRNAΔdII HCV IRES-40S and MCT-1/DENR-initiator tRNA-ΔdII HCV IRES-40S
complexes.

Dataset

EMDB entry of map
Final number of particles
Pixel size (Å)
Defocus range (µm)
Voltage (kV)
Electron dose (e- Å2 )
Resolution (Å)
Map sharpening B-factor (Å2 )
Model validation statistics1
Average B-factor (Å2 )
Clashscore (all atoms)
Protein
Good rotamers (%)
Rmsd (bonds)
Rmsd (angles)
Ramachandran plot (%)
favored
allowed
outliers
RNA
Correct sugar puckers (%)
Good backbone conformation (%)
1

eIF2Dinitiator tRNAΔdII HCV IRES
complex
EMD-3770
27,754
1.4
1.2-3.6
300
20
4.6
-216.5

MCT-1/DENRinitiator tRNAΔdII HCV IRES
complex
10,825
1.4
1.2-3.6
300
20
10.9
-475.3

199.6
13.3
89.9
0.007
1.05
95.5
4.3
0.2
95.5
64.6

The model was validated using the MolProbity server (66).
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Table 5.2: Data collection and refinement statistics for eIF2D SWIB/MDM2-SUI
domain crystals.

Dataset
Wavelength (Å)
Resolution range (Å)
Space group
Unit cell dimensions (Å)
Total reflections
Unique reflections
Multiplicity
Mean I sigma (I)
Wilson B-factor
R-merge (%)
CC 1/2

Pt derivative
1.07253
49.22-2.14 (2.22-2.14)
P41 21 2
a=b=50.75 c=196.90
α= β= γ = 90(°)
3311515
27112
122.12
63.46 (9.55)
38.9
7.3 (102.0)
100.0 (99.3)

Refinement
Molecules in the ASU
R-free reflections (%)
Resolution range (Å)
R-work
R-free
Non-hydrogen atoms
macromolecules
waters
Protein residues
RMS (bonds )
RMS (angles)
Ramachandran plot (%)
favored
allowed
outliers
Clashscore
Average B-factor
macromolecules
solvent
2
Anomalous multiplicity

native
1.0
49.35-1.8 (1.91-1.8)
P41 21 2
a=b=50.72 c=197.39
α= β= γ = 90(°)
172109
24936
6.9
14.9 (2.03)
37.75
5.2 (95.0)
99.9 (71.0)
1
7.9
24.67-1.8 (1.86-1.8)
0.1867 (0.3105)
0.2423 (0.3403)
1743
1604
139
205
0.013
1.3
96.6
2.4
1.0
3.37
58.60
59.00
54.20

Statistics for the highest-resolution shell are shown in parentheses.
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6. Conclusion and future
perspectives
6.1

Biomedical significance

The studies presented in this thesis aimed at obtaining a basic structural and
mechanistic understanding of canonical eukaryotic translation initiation and reinitiation factors and complexes thereof with a focus on eIF1, eIF1A, but also eIF2D,
MCT-1/DENR and initiator tRNA. Being responsible for start codon selection and
fidelity of canonical translation initiation of most cellular mRNAs, eIF1 and eIF1A
are highly conserved and essential for the cell’s homeostasis, growth and viability
(295, 298). Frequent incorrect choice of start codon and reading frame will lead
to an accumulation of mistranslated polypeptides, protein aggregation and cellular
stress, and could ultimately contribute to the formation of neurodegenerative diseases
(319). Furthermore, the structural and mechanistic understanding of ribosomes
has contributed to the design of antibiotics that specifically interfere with bacterial
translation and to the elucidation of the underlying mechanism of action. There are
specific translation-initiation inhibiting antibiotics: Inhibition of IF-2 binding to the
ribosome through thiostrepton, interference with P-site initiator tRNA binding by
edeine or kasugamycin, or perturbation of stable 30S-initiation complex formation by
GE81112 are prominent examples. They broaden the limited spectrum of available
30S-targeting aminoglycoside compounds, and a full comprehension of their binding
modes relies on structural information on initiator tRNA and initiation factor binding
to the ribosome (for example reviewed in (320)). Besides, novel structures of eukaryotic
translation initiation complexes and initiation factors reveal differences between the
prokaryotic and eukaryotic initiation process that could be exploited for de novo
structure-based design of new classes of antibiotics with lower side effects. Moreover,
eukaryotic translation, and in particular translation initiation, is a highly regulated
process at the heart of cell growth and proliferation. mRNAs are expressed at different
levels in response to the cell’s energy status, growth, but also to stress signals like
hypoxia, starvation, DNA damage or pathogen infection. Consequently, aberrant
translation initiation and gene expression can lead to deregulated proliferation, which
is a risk factor for malignant cell transformation during carcinogenesis.

6. CONCLUSION AND FUTURE PERSPECTIVES

130

The discovery of initiation factors such as eIF2A, eIF2D (ligatin) and MCT-1/DENR
sheds light on possible alternative translation pathways in hypoxic tumors and virusinfected cells, in which the canonical translation initiation is shut down. Interestingly,
a great majority of mRNAs that are permissive for non-canonical translation initiation encode proteins involved in tumor formation. Proteins like p53, Apaf-1 or c-jun
are encoded by cellular mRNAs with IRES-elements (321), and mRNAs depending on
re-initiation encode for oncogenic kinases PKC/PKA, IGF and cyclins (301). Taken
together, our structure-based mechanistic insights into both, canonical translation initiation as well as re-initiation complexes and factors do provide a basis for understanding
the regulation of gene expression during tumorigenesis and viral infection. Ultimately,
the MCT-1 oncogene, but also eIF2D and DENR could become important targets for
therapeutic approaches against cancer or viral infections. Recently, several links between misregulated translation initiation in neurons and developmental brain disorders
were established. Diseases like X-linked intellectual disability and leukoencephalopathy
were associated with mutations in eIF2γ (322) and eIF2B (323). Missense mutations
in DENR that caused impaired developmental migration, arborization and differentiation of cortical neurons were identified in patients of autism spectrum disorder and
are likely to be relevant in epilepsy and intellectual disability, too (306). Further analysis of translation re-initiation regulation in neurons may help to identify therapeutic
targets for this type of neurodevelopmental diseases.

6.2

Technical approach

In this thesis, two structures have been presented that represent a canonical translation
initiation and a re-initiation complex. The structure of the 40S-eIF1A-eIF1 complex
was solved through crystallization, while the translation re-initiation complex was
solved by a hybrid approach including single-particle electron cryo-microscopy and
x-ray crystallography. In both cases the method was chosen accounting for the
most recent advances of the respective technology. At the time of the first project,
macromolecular crystallography had advanced considerably in terms of synchrotron
technology. With the Swiss Light Source we had access to a third-generation
synchrotron providing a beam of high brilliance with state-of-the-art hybrid pixel
single photon-counting detectors, which offered high resolution, a good signal-to-noise
ratio, a broad dynamic range and fast read-out-times. The beamline settings had
been adopted to specifically improve the analysis of small crystals with large unit
cell dimensions, which typically applies to ribosomal crystals like ours. For example,
microfocused beams allowed reducing radiation damage throughout the data collection.
Taken together, all these technological improvements had opened up the opportunity
of collecting diffraction data from crystals of macromolecular complexes at atomic
resolution, while at that time single-particle cryo-EM 3D-reconstructions of ribosomal
complexes were still limited to lower resolution. Therefore and to achieve the highest
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possible resolution, a crystallographic approach was optimally suited for structural
investigation of an initiation complex like the 40S-eIF1A-eIF1 assembly. In addition,
the publication of the crystal structures of the 40S-eIF1 and 60S-eIF6 complexes from
T. thermophila at near-atomic resolution had provided evidence for the feasibility
of the crystallographic approach to analyse eukaryotic translation initiation complexes.
At the starting point of the second project concerning translation re-initiation mediated
by eIF2D, the field of electron cryo-microscopy had just experienced several technological breakthroughs in terms of detector properties and data processing algorithms.
Direct electron detectors with ”back-thinned” sensors had replaced the CCD cameras,
which improved the detective quantum efficiency and the signal-to-noise ratio in the
electron micrographs. Moreover, splitting of the total electron dose over many individual frames, which are corrected for beam-induced motion via movie-frame alignment
algorithms before being integrated into image stacks, opened up another new possibility
to increase the resolution of cryo-EM reconstructions considerably. Cryo-EM seemed
to represent the more promising method for solving the structure of the re-initiation
complex since bigger multi-component initiation complexes proved increasingly difficult
to crystallize due to their intrinsic conformational heterogeneity and flexibility.

6.3
6.3.1

The canonical 40S-eIF1-eIF1A complex in the
light of the recent literature
Structures of the 43S and 48S initiation complexes

More recently, after the first part of this thesis had already been published, several landmark structures of canonical eukaryotic translation initiation complexes were solved,
including crystal structures of the rabbit 40S-eIF1 and 40S-eIF1-eIF1A complexes, as
well as a 40S-eIF1A-tRNA-mRNA complex at resolutions of 7.9 to 9 Å (224). Furthermore, a cryo-EM structure of a partial mammalian ”43S PIC” from rabbit was solved
at 11.6 Å , including the ternary complex, eIF3 and the RNA helicase DHX29. However, this complex did not show any density for the factors eIF1, eIF1A and eIF5 and
only partially revealed eIF2, preventing any placement of eIF2α or eIF2β (62). These
reconstructions at intermediate resolution were followed by Cryo-EM structures of the
yeast 40S-eIF1-eIF1A complex and of the so called ”open” and ”closed” states of the
yeast 48S complex published at 6 Å (1) and 4.9 Å (1)/4 Å (64), respectively. The 48S
complexes were assembled on an uncapped model mRNA, rendering eIF4F obsolete.
For the ”open” state a non-canonical AUC start codon was located at the P-site, and
for the ”closed” state a canonical AUG start codon was included into the mRNA construct. Both complexes included all initiation factors except eIF4F and in the case of
the ”open” state eIF5. Taken together, these complexes have added significant new
insights to our mechanistic understanding of the initiation process including initiation
factors, mRNA, initiator tRNA and associated conformational changes within the 40S
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subunit. This allows us to discuss the 40S-eIF1A-eIF1 complex presented in this thesis
in a new context.
6.3.1.1

New insights into the role of eIF1A

In the 40S-eIF1A-eIF1 complex presented in this thesis, we were able to determine
the structure of ribosome-bound eukaryotic initiation factor 1A for the first time.
Moreover, we were able to confirm that eIF1A stably binds to a conserved position
next to the 40S A-site and interacts with intersubunit bridge B2a, where it can
contact the decoding center and prevent A-site tRNA binding at the same time. In all
follow-up structures (1,62,64,224), the eIF1A OB-barrel core was localized at exactly
the same position, confirming our results (cf. Figure 6.1). Similarly, the position of
the eukaryotic extra domain bridging the head and body domains of the 40S correlates
among all complexes.
In the case of our crystal structure, the long C- and N-terminal tails of eIF1A turned
out to be predominantly disordered, as observed in the NMR solution structure of the
isolated protein (17). This led us to conclude that initiator tRNA or other initiation
factors might be required as stabilizing interaction partners. Nonetheless, we were
able to predict that both, the N- and the C-terminus of eIF1A extend towards the
P-site, and that the NTT contacts the head of the 40S. However, neither in the
Lomakin study (224), nor in the cryo-EM maps of the ”open” 48S complex structures
from yeast, the CTT could be traced unambiguously (cf. Figure 6.1). Therefore,
the current hypothesis that the CTT of eIF1A interferes with initiator tRNA accommodation during the ribosomal scanning process is solely based on the hydroxyl
radical cleavage study by Yu et al. (188). It is possible that the CTT never adopts
a conformation that is stable enough to be visualized using the currently available
structural biology methods (cf. Figure 6.2). In the case of the NTT, the presence of a
bound cognate initiator tRNA in the 40S-eIF1A-tRNA-mRNA complex (224) as well
as in the ”closed” 48S complex1,64 sufficiently contributed to the stability of the tail
to visualize the first 20 amino acids (including the previously characterized conserved
scanning inhibitor element comprising residues 7 to 11) of the protein. It threads into
the mRNA channel and contacts the codon-anticodon duplex in the P-site (cf. Figure
6.1).
We observed the NTT of eIF1A extending into the direction of the mRNA channel and
the head of the 40S subunit. The more recent ”closed” 48S complex reveals that the
eIF1A-NTT is indeed involved in mRNA contacts if an mRNA is present in the channel:
A comparison between the ”open” and ”closed” 48S complexes shows that the mRNA
follows a similar path through the 40S, with a mRNA kink between the A- and P-site
that is supposed to prevent mRNA slippage and frameshifting. However, the mRNA
density is more continuous and stronger in the ”closed” 48S complex, probably because
the mRNA is stabilized by interactions with eIF2α and the eIF1A NTT. These contacts
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Figure 6.1: eIF1A and eIF1 in the context of different initiation complexes.
a) Superposition of the 40S body domains of the structural models of the 40S-eIF1A-eIF1
complex from this study (orange) and from rabbit (PDB 4KZY, cyan) in comparison to
the rabbit 40S-eIF1A-tRNA-mRNA complex (PDB 4KZZ, lightblue) and the ”open” and
”closed” yeast 48S complexes (PDBs 3JAQ (green) and 3JAP (yellow), respectively). The
40S subunits and mRNAs are shown in grey, while the factors are coloured as indicated.
For clarity, all other factors present in the complexes are omitted from this picture. In all
structures, eIF1 and eIF1A bind to the same positions on both sides of the top of helix 44.
c) The eIF1 β 1 loop of our complex, the mammalian 40S-eIF1A-eIF1 and the ”open” 48S
yeast complex are incompatible with the P/I and eP/I’ initiator tRNA states observed in the
40S-eIF1A-tRNA-mRNA and ”closed” 48S complexes, but compatible with sP/I initiator
tRNA from the scanning ”open” 48S complex. d) The NTT of eIF1A becomes stabilised
and visible only in the ”closed” 48S complex and reaches into the mRNA channel, where the
scanning inhibitor element interacts with the codon-anticodon-duplex (tRNA not shown for
clarity).
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are not established in the ”open” scanning complex, when the mRNA is supposed to
slide. Taken together, these findings structurally confirm the biochemically predicted
opposing roles of eIF1A’s CTT and NTT in promoting or preventing initiator tRNA
accommodation and scanning, respectively (cf. Figure 6.2).
6.3.1.2

New insights into the role of eIF1

The position of eIF1 as observed in our 40S-eIF1A-eIF1 crystal structure is identical to
the one described in the T. thermophila and rabbit 40S-eIF1 complexes (38, 224) and
the 40S-eIF1A-eIF1 or ”open” and ”closed” 48S complexes from yeast (1, 64). This
shows that the position of eIF1 is not significantly affected by the presence of other
initiation factors or initiator tRNA (cf. Figure 6.1). Despite some conformational
flexibility, the β1 loop of eIF1 reaches into the mRNA channel to recognize the P-site
codon or the codon-anticodon RNA duplex in all structures determined so far. The
β2 loop is positioned in close vicinity to the tRNA D-loop. One reason why eIF1 is
released from the 40S upon cognate start codon recognition may be the electrostatic
repulsion between the negatively charged residues (Asp71/Glu73/Glu76) of the β 2 loop
and the phosphate backbone of the ASL. This is supported by the observation that the
conformation of eIF1 in our complex was sterically incompatible with a superimposed
initiator tRNA from the ”closed” state (1, 64) (cf. Figure 6.1). Nonetheless, eIF1
remains bound in the ”closed” 48S complex structure from yeast. However, the weak
electron density for eIF1 seen in the cryo-EM map of this complex is indicative of a
reduced affinity of the factor in the ”closed” state, and small conformational changes
within the β loops away from the accommodating initiator tRNA are observed. It
remains to be established whether eIF1 is really part of the ”closed” complex after
start codon recognition and the ”closed” 48S complex structure represents a metastable
intermediate preceding eIF1 dissociation, or whether the artificially high molar excess
of factor used during in vitro complex formation did provoke an inhibition of eIF1
release.
6.3.1.3

New insights into initiator tRNA positioning within initiation
complexes

All attempts to incorporate initiator tRNA or an initiator tRNA anticodon stem
loop (ASL) in combination with mRNA containing an AUG start codon or a UUG
near-cognate start codon into our 40S-eIF1A-eIF1 complex remained unsuccessful.
We tried both soaking of the tRNA into existing 40S-eIF1A-eIF1 crystals or inducing
a new crystal form through co-crystallization. Similarly, soaking of eIF1A, tRNA
and mRNA into 40S-eIF1 crystals and incorporation of eIF1, tRNA and mRNA into
40S-eIF1A crystals was tested. In all crystals that diffracted to resolutions sufficient to
visualize incorporated tRNA (i.e. 5-6 Å), no additional electron density was observed
in the P-site of the 40S. Previous unpublished data in the group had shown that a
mRNA-AUG construct together with an initiator tRNA ASL could in principle be
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soaked into the published 40S-eIF1 crystal form (38) and could be visualized in the
electron density maps at 5 Å resolution. However, in these cases, the initiator tRNA
ASL was found in the A- and not the P-site of the 40S and therefore did not represent
a biologically relevant complex. Nonetheless, the result ruled out the existence of
many technical issues such as possible misfolding of constructs or the inability of the
mRNA/tRNA to diffuse into the crystal under the given crystallization and soaking
conditions. It rather suggested that the P-site was shielded from tRNA interaction
due to crystal packing in the 40S-eIF1 crystal form or that eIF1 would destabilize or
sterically interfere with tRNA accommodation in the P-site.
In the light of the study on the mammalian initiation complexes 40S-eIF1, 40S-eIF1eIF1A and 40S-eIF1A-initiator tRNA-mRNA by Lomakin et al. (224), published
shortly after the 40S-eIF1A-eIF1 crystal structure from T. thermophila (this thesis),
it seems rather likely that formation of a 40S-eIF1A-eIF1-initiator tRNA-mRNA
complex is impeded on a biological level. The authors describe an eIF1 position
that is identical in their 40S-eIF1 and 40S-eIF1A-eIF1 complexes, but would cause
steric clashes via β loops 1 and 2 with the initiator tRNA in their 40S-eIF1A-initiator
tRNA-mRNA complex. Thus, it appears that the presence of initiator tRNA and
canonical initiation factor eIF1 are mutually exclusive in the absence of additional
initiation factors, like eIF2 or eIF2D, which counteract the destabilizing effect of the
SUI domain by anchoring the tRNA to the ribosome. Yet, the aforementioned steric
repulsion between the eIF1 β2 loop and the D-loop of the initiator tRNA raised the
question, which state or conformation an initiator tRNA would have to adopt in
order to be compatible with the position and conformation of eIF1 in our structure.
The structural models of the ”open” and ”closed” 48S complexes from yeast (1, 64)
reveal two initiator tRNA states that both differ from the P/I state observed in the
eIF1-deficient complex by Lomakin et al. (224).
In the ”closed” complex, the tRNA acceptor end is displaced towards the A-site and
the T-loop of the tRNA is oriented further towards the E-site through the interactions
with eIF2α (eP/I’ state). Such a lateral movement is prevented by rRNA helices h29
and h24 in the P/I state of the rabbit 40S-eIF1A-tRNA-mRNA complex. Nonetheless,
the anticodon stem loop of the ”closed” 48S complex is still in the same position
as in the 40S-eIF1A-eIF1 complex and would therefore clash with our observed eIF1
conformation (cf. Figure 6.1). However, a decreased affinity of eIF1 for the complex, as
well as small-scale conformational changes within eIF1, appear to allow eIF1 binding
in the ”closed” 48S complex. In contrast, the tRNA acceptor end is not displaced
towards the A-site and both the mRNA channel and the P-site are wider and scanningcompatible in the ”open” 48S complex (sP/I or scanning P/I state). The widened
channel enables a lateral movement of the anticodon stem loop away from eIF1 by
approximately 7 Å compared to the ”closed” complex. As a result, the sP/I tRNA
conformation is compatible with the eIF1 position in our complex.
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New insights into the overall conformation of the 40S-eIF1-eIF1A
complex

At the stage of describing the conformational state of the 40S in our 40S-eIF1A-eIF1
complex, not many comparable 40S ribosomal complexes were published at a similar
resolution except the 40S-eIF1 complex from Tetrahymena thermophila (38). Due
to the lack of structural information on functionally related complexes it had been
difficult to draw functional conclusions from the observed head-to-body conformation
in our complex. We were particularly cautious in our interpretation because the four
molecules present in the asymmetric unit of our crystal structure were not identical
with regard to their head position relative to the body. In the meantime, the pool
of available structural data has increased. The overall 40S conformation we observe
in our structural model of the 40S-eIF1A-eIF1 complex adopts a state, in which a
clockwise head rotation of a few degree around the neck helix h28 is observed when
compared to the 40S-eIF1A-tRNA-mRNA complex (224) and the ”closed” 48S complex
(1, 64). However, the 40S head of our structure rotates by only half as many degrees
as the one in the ”open” 48S complex (1). The head-to-body conformation of the
40S in our 40S-eIF1A-eIF1 structure essentially agrees with the mammalian (224) and
the yeast 40S-eIF1A-eIF1 complexes (64), which were described as a ”half-rotated”
intermediates between a fully rotated head in the ”open” 48S complex and a nonrotated state in the ”closed” complex (1, 64). The 40S head rotation is coupled to the
P-site conformation and P-site accessibility, which influences the tRNA state. Based
on the head rotation, h31 moves laterally, thus avoiding a steric clash with the moving
ASL, while h29 approaches the ASL more closely, maintaining the interactions with
the G:C base pairs of the ASL. The rotation also affects uS5 and h28 and the mRNA
channel ”latch” of h34-h18-uS3. In our 40S-eIF1A-eIF1 complex, the position of helices
h29 and h31 flanking the P-site neither resembles the ”open” nor the ”closed” 48S (1,
64), but it agrees well with the helix positions of other half-rotated 40S-eIF1A-eIF1
complexes (64, 224). The situation regarding the ”latch” is similar: In our complex,
the mRNA channel appears closed and the distance between the ”latch” helices is
narrow. This resembles the other yeast and mammalian 40S-eIF1A-eIF1 complexes as
well as the ”closed” 48S complex, but differs from the ”open” 48S complex, in which
the mRNA channel is widened, the helices move apart and the mRNA is kept in a
scanning-compatible position1. Since eIF1A and eIF1 had been proposed to keep the
40S in an ”open” conformation that promotes ribosomal scanning, a closed ”latch” was
not expected. It is possible, however that the fully ”open” and scanning-competent
48S conformation is only established upon initiator tRNA binding to the P-site in the
not fully accommodated POUT state.
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Figure 6.2: Schematic overview of the roles of eIF1A and eIF1 during start
codon recognition. eIF1A (purple) and eIF1 (orange) influence the transition from an
open scanning to a ”closed” 40S initiation complex conformation upon start codon recognition
that is accompanied by a back-rotation of the 40S head and a closure of the h34-h18 latch,
anchoring the mRNA in the channel. While eIF1 (orange) and the eIF1A-CTT (green) favour
the open state and a POUT or sP/I conformation (green) of the initiator tRNA and sterically
interfere with a deep insertion of the anticodon stem loop into the P-site, the NTT of eIF1A
(pink) stabilizes the accommodated PIN conformation of the initiator tRNA (eP/I’) (pink).
In the closed complex, eIF1 is about to dissociate and the eIF5 (lightblue) changes its position
and is free to interact with the eIF1A-CTT. In the open complex, the NTT of eIF1A is not
fully structured and not fully inserted into the mRNA channel, but it extends towards the
40S P-site (scheme adopted from (20)).
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New insights into the interaction partners of eIF1 and eIF1A on
the 40S ribosomal subunit

When interpreting the small-scale conformational changes in helix h44 of our 40SeIF1A-eIF1 complex structure, we observed a distortion of the helix in an area, which
had been suggested by hydroxyl radical cleavage (220) to act as an interaction site
between eIF2γ (domain III) and h44. Based on that observation, we predicted that eIF1
and eIF1A modify eIF2γ’s interaction with the 40S and thereby modulate the affinity
of the ternary complex for the 40S. The structures of the yeast 48S complexes shed
further light on the position of eIF2 and on the interactions of other initiation factors
with eIF1 and eIF1A. They show that in the ”open” complex eIF2β reaches towards the
head of the 40S and binds to eIF1 and eIF1A via a conserved helix-turn-helix motif. In
contrast, eIF2β loses its contacts to eIF1 and the tRNA ASL in the ”closed” complex,
when it moves away from the closing 40S head. Moreover, the structures visualize eIF2α
binding to the 40S E-site and eIF2γ wrapping around the initiator tRNA acceptor end.
In contrast to our hypothesis, however, eIF2γ does not interact with h44 neither in the
”open” nor in the ”closed” 48S complex, although conformational rearrangements in
the course of the initiation process might transiently bring eIF2 into close proximity of
helix h44. Interestingly, however, recent structures of mammalian 48S complexes (296)
suggest a re-positioning of eIF3 to the intersubunit interface of the 40S possibly taking
place upon mRNA binding. They attributed density next to h44, h14 and h27 to the
eIF3a-CTD, in contrast to previously discussed structures of mRNA-deficient 40S-eIF3
complexes, which mapped eIF3 to the solvent side of the 40S (8, 207). The new studies
position the long α -helix of the eIF3a-CTD to the part of h44, in which conformational
changes are induced upon eIF1 and eIF1A interaction in our 40S-eIF1A-eIF1 complex.
It is tempting to speculate that perhaps not the eIF2 domain III but eIF3a binding
to the 40S might be affected by eIF1A and eIF1-mediated conformational changes.
The new studies also dock the eIF3c-NTD onto helices h11, h24, h27, h44 and protein
uS15 in agreement with previously described direct interactions among eIF3c and eIF1
and the eIF3i/eIF3b-CTD/eIF3g-NTD complex to h44/uS12 in the vicinity of eIF2γ.
Notably, all the new alternative positions of eIF3 would still be compatible with the
positions of eIF1A and eIF1 as observed in our structure.

6.4

Outlook

The structures presented in this thesis provide a basis for gaining insights into the
interactions of canonical translation initiation and re-initiation factors with the ribosome. This study suggests that the canonical translation initiation as well as the
re-initiation pathways proceed along a trajectory that involves a multitude of rather
unstable initiation complex intermediates states. Protein extensions like the eIF1A
NTT and CTT, and multi-subunit as well as multi-domain initiation factors, such as
eIF3 and eIF2D are likely to undergo small and large-scale conformational changes and
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repositioning on the ribosome and it remains challenging to capture structural snapshots of these metastable states. Collecting large electron cryo-microscopy data sets at
optimized signal-to-noise ratios allows the identification of a multitude of different substates of a complex within a heterogeneous sample by means of sensitive classification
procedures. However, in order to obtain more detailed mechanistic insights into both,
canonical translation initiation and re-initiation complexes, an integrated structural biology approach might be required. Combining single-particle electron cryo-microscopy
of large macromolecular assemblies with the crystallographic analysis of small subcomplexes at higher resolution will remain a powerful approach. Cryo-tomography
and sub-tomogram averaging might provide additional tools to capture complexes in
a physiological environment within the cell. Complementary single-molecule FRET
(fluorescence resonance energy transfer) experiments will be important to analyze the
dynamic behaviour of these complexes and to gain insights into the kinetics of the
assembly of translation re-initiation complexes.
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