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Abstract

Ribosomes are macromolecular protein-RNA complexes translating mRNA into protein. To date,
crystal structures are available for the bacterial 30S and archaeal 50S subunits, as well as the
complete bacterial 70S ribosomes. Eukaryotic ribosomes are much more complex in terms of
ribosomal RNA and proteins. However, to date high-resolution crystal structures of eukaryotic
ribosomes or ribosomal subunits are lacking.

In order to build reliable models for the eukaryotic rRNA, we developed an approach for large
scale homology and de novo modeling of RNA and subsequent flexible fitting into high-resolution
cryo-EM density maps.

Using this approach we built a model of the T. aestivum and the S. cerevisiae ribosome based
on available cryo-EM maps at 5.5 A and 6.1 A resolution, respectively. The model comprises of
~ 98% of the eukaryotic rRNA including all 21 RNA expansion segments (ES) and structurally
six variable regions. Further, we were able to localize 74/80 (92.5%) of the ribosomal proteins.
The model reveals unique ES-ES and r-protein-ES interactions, providing new insight into the
structure and evolution of the eukaryotic ribosome. Moreover, the model was used for analyzing
functional ribosomal complexes, i.e. the characterization of different nascent polypeptide chains
within the ribosomal tunnel, intermediates of protein translocation as well as mRNA quality

control.
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1. Ribosomes

In all three kingdoms of life the translation of messenger-RNA (mRNA) into polypeptides/proteins
is carried out by a large ribonucleoprotein complex, called the ribosome [1]. Ribosomes consist of
two subunits of unequal size and shape. The bacterial 70S ribosome consists of a small (30S) sub-
unit and a large (50S) subunit. In contrast to the bacterial ribosome the eukaryotic counterpart
sediments at 80S and consists of a small 40S subunit and a large 60S subunit. The additional
mass is caused by additional rRNA expansion segments (ES; see section ; and and
eukaryote-specific ribosomal proteins (r-proteins) and r-protein extensions (see section and
9.2). The molecular weight of the ribosome ranges between ~ 2.5 MDa in prokaryotes, where
approximately two-thirds correspond to rRNA and one-third to r-proteins [2], and ~ 4.5 MDa in
eukaryotes, where the distribution is approximately 50% rRNA and 50% r-proteins. The overall
diameter of the ribosome is about ~ 250 A [2].

1.1. Ribosome structures

The determination and interpretation of ribosome structures and structures of the ribosome in
different functional complexes by X-ray crystallography and cryo electron microscopy (cryo-EM)
provided extensive insights into the field of protein translation [I]. Moreover these structures

contributed significantly to the knowledge about RNA folding and RNA-protein interactions.

1.1.1. Structure of the bacterial small ribosomal subunit

In 2000, two independent high-resolution crystal structures of the Thermus thermophilus 30S
subunit were published, one at 3.3 A resolution and another at 3.05 A resolution [3, 4]. These
structures provided a structural basis for understanding the functions of the 30S subunit, such
as decoding on a molecular level.

The bacterial 30S subunit consists of the 16S rRNA molecule (~ 1500 nts) and 21 r-proteins.
The shape is largely determined by the 16S rRNA which consists of 4 domains, namely the
5’-domain, the central domain, the 3’-major domain (3’-M domain) and the 3’-minor domain
(3-m domain) (Figure A, B). The secondary structure contains more than 50 RNA helices
connected by single stranded internal and terminal loops. In the crystal structure the internal
loops were identified to be involved in long-range non-Watson-Crick base pairing which stabilizes
the packing of helices.

The r-proteins are distributed asymmetric on the 30S surface. In addition to their globular do-
main most of the r-proteins have long non-globular C- or N-terminal extensions [5]. These protein
extensions are located between different RNA elements and stabilize the tertiary structure. The
30S plays an essential role in decoding and mediates the interaction between the mRNA codons
and the anticodons of the tRNA [6] (see section [I.2.1)).

11



1. Ribosomes
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Figure 1.1.1.: Overview of the 30S subunit. (A) Secondary structure diagram of the 16S rRNA. The 5'
domain is colored in red, the central domain in green, the 3'-major domain in yellow and the
3'-minor domain in blue. (B) Stereo view of the tertiary structure of the 16S rRNA with the
same coloring for the domains. (C and D) Front and back view of the 30S. The rRNA is
shown in gray and the r-proteins in blue. The figures were taken from [3].

1.1.2. Structure of the archaeal large ribosomal subunit

The essentially complete high-resolution crystal structure of an archaeal 50S subunit from Haloar-
cula marismortui was solved in 2000 at 2.4 A resolution [7]. This crystal structure provided the
structural basis for the molecular interpretation of peptide bond formation reaction of the ribo-
some [§]. In this X-ray structure a new structural RNA motif was identified - the kink-turn (see
section [9]. Moreover the A-minor motif, a long-range RNA interaction motif, has been
discovered by examining the reason for the large number of conserved adenines in the 23S rRNA
molecule (see section [10].

The archaeal 50S subunit is composed of the 23S rRNA molecule (~ 3000 nts) , the 5S rRNA
(~ 120 nts) and 31 r-proteins. The archaeal 23S rRNA consists of 6 domains, namely domain
[-VI (Figure A, B) having a complicated and asymmetric structure (Figure C-F).
An exhaustive analysis of the large subunit r-proteins revealed a tremendous diversity of interac-
tions with the 23S rRNA [II]. Similar to the 30S subunit the r-proteins appear on the surface of
the 50S subunit and largely absent from the interface that contacts the 30S subunit. The long C-

or N-terminal extensions of the r-proteins penetrate and stabilize the 3D structure of the rRNA.

12



1. Ribosomes
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Figure 1.1.2.: Overview of the 50S subunit. (A) Schematic secondary structure of the 23S rRNA with
coloring for the different domains. (B) Secondary structure of the 5S rRNA from H. maris-
mortui. (C and D) Front and back view of the 23S rRNA 3D structure. Domains are colored
as in (A). (E and F) Front and back view of the 50S subunit with rRNA shown in gray and
proteins highlighted in gold. The figures were taken from [7].

The most significant result derived from the 50S X-ray structure was that the ribosome is

indeed a ribozyme [2]. All components at the Peptidyl transferase center (PTC) involved in
orienting the A-site a-amino group and the carbonyl carbon bound at the P-site are exclusively
made of RNA (see section [I.2.2)).
Another two important features of the large subunit are the ribosomal tunnel and tunnel exit
site which all nascent polypeptide chains pass before emerging from the ribosome. The tunnel
immediately starts below the PTC, spans 80 — 100 A through the large subunit and ends at the
tunnel exit site (see section [1.2.3).

1.1.3. Structures of bacterial 70S ribosomes

Structures of the isolated ribosomal 30S and 50S subunits in complex with oligonucleotide analogs
of tRNA and mRNA-tRNA revealed insights into the mechanism of the peptidyl transferase re-
action and codon-anticodon recognition, respectively. Beside the X-ray structures of the separate
subunits , a crystal structure of the Thermus thermophilus 70S ribosome containing mRNA, the
A-, P-, and E-site full-length tRNAs was resolved at 5.5 A resolution [12]. This model provided
the details of the subunit-subunit interactions and tRNA-ribosome interactions (Figure m
A-C). In 2005 two high-resolution X-ray structures at 3.5 A resolution from the bacterial E. coli
70S ribosome improved the structural knowledge of the intersubunit interactions [I3]. This study

also revealed details of the conformational flexibility of the ribosome at a molecular level.
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1. Ribosomes

The observed swiveling of the 30S head together with the coupled ratchet-like motion of the two

subunits suggested a mechanism for the movement of the mRNA and tRNA during translocation.

One year later the first all-atom structures of the T. thermophilus 70S ribosome in complex with
mRNA and tRNA were reported at 2.8 A resolution [I4].

Figure 1.1.3.: Crystal structure of the T. thermophilus 70S ribosome in complex with the full length
tRNAs. (A) Classical view of 70S ribosome. The 16S rRNA is colored in blue, the SSU
r-proteins in dark blue, the 23S rRNA in gray, the 55 rRNA in purple and the LSU r-proteins
in magenta. The A-site tRNA is colored in yellow, the P-site tRNA in orange and the E-site
tRNA in red. (B) View on the 50S subunit from the intersubunit surface. The color code is
the same as in (A). (C) View on the 30S subunit from the intersubunit surface. The color
code is the same as in (A). The figures were taken from [12].

1.1.4. Studies of eukaryotic 80S ribosomes

In eukaryotes such as T. aestivum and S. cerevisiae the 40S subunit consists of an 18S rRNA
molecule (~ 1800 nts) and 33 r-proteins. Eighteen of the 33 have no bacterial homologue and
are therefore eukaryote-specific. The 60S subunit consists of the 55, the 5.8S and the 25S rRNA
molecules and ~ 46 proteins. The additional 28 r-proteins are specific to eukaryotes (and in part
archaea). Most of the eukaryotic r-proteins, having a bacterial homologue, contain an additional
C- or N-terminal extension.

Although the two bacterial 30S and 50S subunits as well as the 70S ribosome could be solved
at high-resolution, no high-resolution crystal structure of a eukaryotic 80S ribosome has been
published, yet. A number of cryo-EM structures of various 80S ribosomes have been published:
i.e. an 80S ribosome from rat liver was interpreted in terms of rRNA inserts and additional
r-proteins at 25 A resolution [I5]. In another structural study the eukaryote-specific rRNA ex-
pansion segments in the S. cerevisiae 80S ribosome a cryo-EM reconstruction have been localized
and characterized at 15 A resolution [I6]. Here the atomic coordinates of the H. marismortui 508
and T. thermophilus 30S were docked into cryo-EM density map. According to the secondary
structure diagrams the helical anchor points for each expansion segment were then mapped (Fig-
ure A, B). For the first time, it could be shown that the expansion segments are located
at the surface of the ribosome (Figure C, D). In addition homology models for r-proteins,
having homologs in bacteria, were generated and localized in the EM density. Moreover the con-
served intersubunit bridges were mapped in the 80S ribosome and in addition four new bridges

were suggested.

14



1. Ribosomes
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Figure 1.1.4.: Mapping of expansion segments in S. cerevisiae. (A) Mapping of ES in the 18S secondary
structure. (B) Mapping of ES in the 28S secondary structure. (C) Mapping of ES in the 40S
cryo-EM reconstruction. (D) Mapping of ES in the 60S cryo-EM reconstruction. The figures
were taken from [16]

15



1. Ribosomes

Another reconstruction showed the yeast Ribosome-Nascent-chain Complex (RNC) bound to
the Protein-Conducting-Channel (PCC) of yeast endoplasmatic reticulum, the Sec61 complex, at
15.4 A resolution [I7]. In this reconstruction the highly flexible RNA expansion segment £S27"
could be visualized in two distinct conformations.

In 2007 a cryo-EM reconstruction at 13.5 A from Thermomyces lanuginosus has been used to
compare expansion segments of fungal 80S ribosomes in structure and conformation [I§].
During the writing of this manuscript a crystal structure of the S. cerevisiae 80S ribosome at 4.5
A resolution [I9] and a crystal structure of the Tetrahymena thermophila 40S ribosomal subunit
in complex with eukaryotic initiation factor 1 (eIF1) at a resolution of 3.9 A resolution [20] were
published and will be discussed in section [12.1.3]

Models for 80S ribosomes A cryo-EM reconstruction at 8.7 A of a canine ribosome was used
for a model of the eukaryotic 80S ribosome including models for ~ 50% of the RNA expansion
segments, which were modeled as A-form helices and fitted into the EM density [2I]. Recently,
the cryo-EM reconstruction from Thermomyces lanuginosus was refined to 8.9 A resolution. On
this basis models for all expansion segments except for £S10Y, FS27L and the tip of FS15F
and models of r-proteins, for which a structural homolog could be identified, were generated [22].

Moreover, in this study the eukaryote-specific r-protein S19e was localized and modeled.

1.1.5. RNA expansion segments and variable regions

Compared to the 16S and 23S rRNAs molecules, the eukaryotic 185 and 28S rRNAs counterparts
contain additional RNA segments with variable size. These RNA segments of variable size inter-
rupt the universal rRNA core secondary structure and have been defined as variable regions

or expansion segments [23].

Variable regions Variable regions (VR) are defined as regions within the rRNA that are not
evolutionarily conserved [23, 24]. They are used to indicate regions of rRNA having either an

increase or a decrease in size between organisms.

Expansion segments Expansion segments (ES) are defined as a subset of variable regions
and interruptions with expanded size [23]. It is known that expansion segments interrupt the
universal core rRNA at the same sites along different species [24]. The identity of expansion
segment positions in different organisms suggests a common evolutionary origin. Despite their
conserved location the sequence, the length and therefore the structure of the RNA expansion
segments vary significantly between the different species [25]. Most expansion segments are

highly flexible which makes it complicated to visualize them.

16



1. Ribosomes

Primary structure The nucleotide sequence of ES is highly variable and repetitive. It has been
observed that expansion segments have a bias for certain tri- and tetranucleotide motifs that
are shuffled within the sequence. Different ES in human 28S rRNA share the same trinucleotide
motif repeats, suggesting that they may have a common evolutionary origin [26].

Due to the dramatic sequence and length variations, the construction of sequence alignments
between expansion segments of different organisms is very difficult. Moreover, homologous nu-

cleotides can not be easily deduced.

Secondary and tertiary structure Expansion segments have a defined secondary structure and
have been visualized by cryo-EM [16]. Due to the sequence variation and the high repetitive
motifs, secondary structure prediction of ES via the minimum free energy results in several sec-
ondary structure models with nearly equal free energy.

Suggestions for secondary structure predictions for some ES which are based on comparative
sequence analysis are available on the |[CRW databaseﬂ [27]. However, comparative sequence
analysis is insufficient for predicting the secondary structure because of the species-specific vari-
ability in length and sequence. Thus, experimental data is required to identify the most probable
secondary structure. A possible solution is to perform a secondary structure prediction by using
the structural constraints provided by cryo-EM. For example, a secondary structure model for the
interacting expansion segments ES3° and ES6° of the 18S rRNA was proposed by combining
sequence with cryo-EM data [28]. ES3° and ES6° were analyzed from more than 2900 discrete
eukaryotic species for a possible sequence complementarity between the two ES. In combination
with the two adjacent densities in the cryo-EM map this indicated a possible interaction of ES3°
and FS6° by forming an intermolecular helix consisting of seven to nine continuous base pairs.
Another approach is to combine experimental data from structure specific RNA modifying chem-
ical reagents and enzymes with computational methods as shown for ES15% and ES39% [29, 30].
As mentioned in section there are only a few 3D models for RNA expansion segments

present, which are based on low-resolution cryo-EM data.

Function of expansion segments It is still an open question whether expansion segments have
a functional role. It seems very unlikely that ES were maintained in eukaryotes without playing
a role in ribosome assembly or in translation. However, it has been suggested that they are
tolerated because they do not disturb the essential ribosomal components [31]. On the one
hand, a 119-nt insertion is tolerated in an ES near the 3’ end of the 26S rRNA in Tetrahymena
thermophila [32]. On the other hand, a deletion or substitution of £S27" in the T. thermophila
26S rRNA with an unrelated sequence of similar length is lethal, suggesting an essential function
of this region [33]. Deletion of small portions of ES7% strongly reduces cellular growth and larger
deletions are lethal [34]. Some of the deletions in ES7% cause accumulation of 27S-pre-rRNA,
suggesting an important role in the 60S assembly [34].

"http://www.rna.ccbb.utexas.edu/
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1. Ribosomes

1.1.6. Ribosomal proteins

Ribosomal proteins (r-proteins) are mainly found on the outer surface of the ribosome. Their
globular domains are found on the subunits’ exterior while their long extended tails are nested
in the gaps and cracks between the rRNA |7, 11]. The r-proteins do not only stabilize the RNA
3D structure but are also necessary in the process of ribosome assembly and therefore influence
the RNA folding [II]. Here the tails co-assemble with the RNA and therefore ensure the correct
folding and assembly of the subunits [5, 11, B5]. Compared to DNA-binding proteins, which
mostly recognize the base sequence, ribosomal proteins preferentially bind the minor groove
surface of rRNA helices and recognize higher-order structural motifs [35].

Ribosomal proteins neither directly participate in peptide bond formation nor in the decoding
process. Thus, their role is rather to improve the accuracy and efficiency of mechanisms that are
based on RNA [35]. In E. coli it has been observed that at least one-third of the r-proteins can
be deleted singly without being lethal [36].

Ribosomal proteins in eukaryotic ribosomes FEukaryotic ribosomes have an additional set
of 20-30 r-proteins compared to their bacterial counterparts. For example the S. cerevisiae
80S ribosome contains additional 21 r-proteins (9 on the 40S subunit, 12 on the 60S subunit)
compared to the E. coli 70S ribosome. Besides the eukaryote-specific r-proteins most of the
r-proteins having a bacterial counterpart are extended by either a C- or an N-terminal extension,

which contribute to the additional protein mass, too.

Evolution of ribosomal proteins With respect to the r-proteins a comprehensive analysis of 66
complete genomes provided insights into distribution and conservation of r-proteins between and
within the three domains of life [37]. Regarding the inter-domain distribution, 34 r-proteins (15
in the SSU, 19 in the LSU) are conserved in all three domains. This is in agreement with the
structural comparison between the bacterial and the eukaryotic ribosome 16| which shows the
remarkable degree of conservation of the ribosomal core and the global shape of the ribosome. In
contrast to bacteria, ribosomes from archaea and eukaryotes consist of additional 33 r-proteins
(13 in the SSU, 20 in the LSU) [37].

1.2. Functional site of ribosomes

During protein synthesis the mRNA is translated into protein via the ribosome. This process
can be subdivided in four steps: initiation, elongation, termination and ribosome recycling. All
steps are highly dynamic and require several translation factors for ribosome activity. These

factors transiently bind the ribosome at specific sites on the two subunits.

1.2.1. The decoding site

Accurate decoding is crucial in protein synthesis and occurs at the A-site on the small ribosomal
subunit (Figure A, B). In this step the anticodon of the correct (cognate) aminoacyl-tRNA
(aa-tRNA) is recognized by the mRNA codon. The aa-tRNA is delivered to the ribosomal A-
site with elongation factor EF-Tu. The tRNA anticodon is associated reversibly with the codon

18



1. Ribosomes

of mRNA while the aminoacyl acceptor stem of the tRNA is still bound to EF-Tu. Cognate
anticodon-codon binding stimulates a conformational change of EF-Tu and leads to a GTP
hydrolysis. This leads to a dissociation of EF-Tu and the aminoacyl moiety is positioned in the
A-site of the large subunit [6].
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Figure 1.2.1.: The decoding site on the small ribosomal subunit. (A) Overview of the 30S subunit
structure in complex with A-site tRNA anticodon stem—loop (ASL, gold). Red arrows indicate
the movement of domains during the transition to the closed 30S conformation. The 16 rRNA
domains are colored in gray, h44 cyan, h34 blue, h27 yellow, h18/G530-loop mint, P-site ASL
black, S4 purple and S12 orange. (B) Close-up of selected 30S elements around the decoding
center. The color code as in (A). The A-site codon is colored purple, P-site codon in black,
antibiotics streptomycin in pink and paromomycin in green. The two adenine A1492 and
A1493 and G530 are shown in the A-minor conformation. The figures were adapted from [6].

Crystal structures of the 30S subunit in complex with mRNA and cognate tRNA anticodon
stem loops (ASL) in the A site for both in the presence and absence of the antibiotic paromomycin
revealed how the ribosome discriminates geometrically between cognate and non-cognate tRNAs
[38]. Binding the cognate tRNA leads to a domain rearrangement of the 30S subunit. Further
the highly conserved and essential bases G530, A1492 and A1493 change their conformation
and closely interact with the first two base pairs via the minor groove between the codon and
anticodon (Figure A-C). Thus these A-minor interactions (A1492, A1493) serve as sensing
mechanism for cognate tRNA and discriminate against non-cognate tRNAs.

Another two crystal structures of the 30S subunit in complex with mRNA for both cognate and
near-cognate tRNA ASL explained selection of tRNAs and the induced rearrangement of the
30S upon cognate tRNA binding [39]. Binding a near-cognate tRNA leads to a non-canonical
codon-anticodon base pair resulting in a different minor groove geometry of the base pair and
unsatisfied hydrogen-bonding (FigureD—F) .Geometry is the only criterion for discrimination
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1. Ribosomes

since non-Watson-Crick base pairs form stable hydrogen bonds often with the same number as
Watson-Crick base pairs. Thus, the importance of Watson-Crick base pairing is the relative
orientation of the two bases and hence the geometry of the minor groove. Recently the crystal
structure of a 70S ribosome bound to EF-Tu and aa-tRNA provided insights to the complete
decoding pathway [4()]. This structure provided information of the tRNA distortion, which allows
the aa-tRNA to interact simultaneously with the decoding center of the small subunit, and EF-Tu
at the factor binding site.

S50(512) A1492

anticodon

cognate (ASL) cognate (ASL) near-cognate (ASL)
near-cognate (ASL)

Figure 1.2.2.: Interactions of the ribosome with the codon-anticodon base pairs. (A-C) Minor groove

interactions of the three positions of the codon-anticodon base pairs. (A) The first position
A1493 binds to the minor groove of the A36-U1 base pair. (B) The second position A1492
binds to the minor groove of the A35-U2 base pair. Nucleotide G530 participates at the
interaction. (C) The third (wobble) position, showing the G34-U3 base pair. Nucleotide
C1054 stacks against G36 of the ASL. U3 interacts with G530, and indirectly through a
magnesium ion (magenta) with C518 and residue Pro48 from protein S12 (gray).
(D-F) Comparison between cognate and near-cognate codon-anticodon base pairing at the
first position. (D) Superposition of the cognate (gray) and near-cognate (red) first base pair.
Hydrogen bonding is shown with dashed lines. (E) Cognate A-U codon-anticodon base pair
with A-minor interaction of A1493. (F) Near-cognate G-U codon-anticodon base pair with the
loss of one hydrogen bonding of the A-minor interaction of A1493. Figures A-C were taken
from [38], figures D-F from [39].
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1. Ribosomes

1.2.2. Peptidyl transferase center

The catalytic active site of the ribosome is the Peptidyl Transferase Center (PTC), which is
located at the center of the large subunit (Figure A, B). The PTC is entirely composed of
RNA [I], 8] and the participating nucleotides of the 23S domain V are > 95% conserved in all
three kingdoms of life. The peptide bond is formed when the nucleophilic a-amino group of the
aminoacyl-tRNA bound to the A-site attacks the carbonyl carbon of the ester bond linking the
peptide moiety of the peptidyl-tRNA bound to the P-site (Figure A). Although peptide
bond formation is catalyzed by RNA residues only, r-proteins L27 and L16 seem to aid the
reaction by interacting with the A- and P-site tRNAs. The PTC is one of the major targets for
antibiotics in the cell [4I]. Some antibiotics inhibit ribosome function when binding to the PTC.
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Figure 1.2.3.: The peptidyl-transferase-center (PTC) in H. marismortui. (A) Secondary structure
diagram of the PTC (E. coli numbering). (B) Space filling model of the 23S rRNA and r-
proteins viewed on the active site. The r-proteins are shown in blue, the 23S rRNA in white
(bases) and orange (backbone). The active site is shown in red. The central protuberance is
labeled as "CP’. The figures were taken from [8].
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Figure 1.2.4.: Peptide bond formation. (A) Schematic drawing of the reaction. The figure was taken from
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1. Ribosomes

1.2.3. The ribosomal tunnel and tunnel exit site

The ribosomal tunnel A universal feature of all ribosomes is the ribosomal tunnel. The tunnel
connects the PTC with the tunnel exit site (Figure A) [8]. Its length of 80 — 100 A is
consistent with the length of the nascent polypeptide being protected from proteolytic cleavage
[42]. The tunnel is straight and consists of rRNA only, except for a small bended stretch 20 — 30
A away from the PTC. This constriction site is formed by portions of the r-proteins L4 and L22.
The diameter of the tunnel varies from 10 A at the constriction, to ~ 20 A at the lower region.
The tunnel has an electronegative potential, which is consistent with the dominating RNA en-
vironment [43], 44]. For many years the tunnel was assumed to be like a “Teflon wall” and all
nascent chains pass through without interacting with the tunnel wall [§]. However, there is ev-
idence that at least for some nascent chains (NC), the tunnel plays an important role. Some
leader peptides induce translational stalling in response to the presence or absence of an effector
molecule resulting in translation regulation of a downstream gene [45]. There are three well-
characterized bacterial leader peptides, namely SecM, ThnaC and ErmC, for which mutations in
the leader peptide, or in the ribosomal tunnel components can relieve the translational arrest
[46, 47, 48]. These data imply direct interactions between specific amino acids within the leader
peptide and distinct locations of the ribosomal tunnel. Also for eukaryotes leader peptides caus-
ing translational stalling have been described, i.e. the arginine attenuator peptide (AAP), which
stalls in the presence of arginine; or the human cytomegalovirus (hCMV) gp48 upstream open
reading frame 2 (uORF2) [49].

In principle, the diameter of the ribosomal tunnel would allow the accommodation of a-helical
secondary structure formation of the nascent chain. However, folding of small protein domains
such as an IgG domain (~ 17 kDa) would be precluded |50}, 51]. Fluorescence resonance energy
transfer (FRET) studies have indicated a compacting of a transmembrane sequence as it travels
through the tunnel, which is consistent with a-helix formation in the tunnel [52]. Independent
biochemical analyses provided support for the potential of the NC to adopt compacted or helical
conformations in the tunnel and identified specific regions of the tunnel that promote compaction
[53] 54l 55], 56]. However, none of these complexes have been visualized, yet.

The ribosomal tunnel exit The ribosomal tunnel exit is clearly an important component of
the large subunit and has been well characterized in bacteria [50]. In contrast to the tunnel, the
tunnel exit site is mainly composed of r-proteins (Figure m B). The tunnel exit site consists of
rRNA helices H6, H7, H24, H47 and H50 and the r-proteins L19, L22, L23, L24, L.29 and L31e.
The tunnel exit site mediates the binding of the ribosomes to factors involved in post- and co-
translational protein folding, targeting and translocation. There are two universal adapter sites
being characterized to bind to the factors (Figure C, D). The first universal adapter site
involving r-proteins L23, L29 and H7 (Figure[1.2.5/C, D) was shown to bind to SRP54 [57, 58] and
Sec61/SecYEG [59,60] as well as YidC/Oxal [61] and trigger factor [62] in bacteria (Figure [1.2.5]
D). The second universal adapter site is located on the opposite site of the tunnel exit and involves
r-proteins 122 and L3le (Figure C, D). It was shown that the second adapter site binds
the putative chaperones RAC (ribosome associated complex) [63], NAC (nascent-polypeptide
associated complex) [64], as well as the SRP-Receptor (SR) [65] (Figure [1.2.5] D).
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Rpl17

tunnel exit

Figure 1.2.5.: Structure of the ribosomal tunnel and tunnel exit site. (A) Cut through the H. marismor-
tui 50S subunit along the ribosomal tunnel. The space filling representation of the 23S rRNA
is colored according to the domains (yellow, cyan, orange, green and red; the 5S in magenta).
The r-proteins are shown in blue. The Peptidyl-transferase-center is part of domain V and
termed as 'PT’. A model for a polypeptide chain is shown along the ribosomal tunnel in gray.
(B) The space filling representation of the 50S subunit at the bottom-view. The r-proteins
are shown in blue, the 23S rRNA in white (bases) and orange (backbone). The model of the
nascent chain is shown in red. The tunnel exit site is termed as 'exit’. (C) Molecular model of
the S. cerevisiae tunnel exit site of the large subunit showing the two universal adapter sites.
The rRNA is shown in gray, the r-proteins at the exit site are colored differently. Yellow circles
highlight the two universal adapter sites. (D) Detailed view on the tunnel exit. The colors
are the same as in (C). Figures (A) and (B) were taken from [8]. Figures (C) and (D) were
taken from [64].

1.2.4. Translation factor binding site

During translation, protein translation factors play a crucial role. Translation factors transiently
bind to the ribosome and thereby promote different steps in protein synthesis. Crystal structures
of the bacterial ribosome in complex with elongation factors EF-Tu [40] and EF-G [66], respec-
tively, as well as cryo-EM reconstructions of eukaryotic ribosomes bound to eEF2 [67] show a
common binding site located adjacent to the decoding center and shared by the two subunits.
Moreover, structural studies of prokaryotic ribosome bound to release factors RF1 [68, [69], REF2
[70L [71) [72, [73] and RF3 [74] as well as prokaryotic ribosome bound to recycling factors RRF
[75] [76] [77] suggest a similar interactions of RFs and RRFs with ribosomes and thus provide
evidence for a canonical translation factor binding site. Most likely, eukaryotic release factors
(eRF) and their homologs involved in mRNA quality control, like the eRF1 homolog Dom34 or
the eRF3 homolog Hbsl and Ski7, are factors binding to the canonical translation factor binding
site. All the translocational GTPases (EF-Tu/eEF1a, EF-G/eEF2, RF3, eRF3 and eRF3 ho-
mologs) contact the GTPase-associated center (GAC), which is located near the stalk base (H43
and H44) on the large subunit. The main contacts on the large subunit are made by the highly
conserved Sarcin-Ricin-Loop (SRL; H95) as well as r-protein L11 (rpL12). The small subunit
interacting partners are the RNA helices h5, the junction between h8 and h14, h15 as well as
r-protein S12 (rpS23).
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1. Ribosomes

1.3. Evolution of ribosomal RNA

It is widely accepted that the ribosome evolved from a so-called “RNA-world” when proteins did
not exist and chemical reactions were catalyzed by RNA [78,[79]. Although the ribosome contains
several proteins, the two essential functions, such as decoding and peptide bond formation, are
performed by RNA only [6] 8, [I]. Because all ribosomes share a common RNA core structure, it
must be formed before splitting of the lineages [80]. Consequently, the primary sequence is not
sufficient to study evolutionary aspects, but rather the analysis of the tertiary structure.
Recently, a detailed analysis of the ribosomal large subunit revealed a concerted and modular
scheme of early ribosome evolution [81]. In this study, the A-minor interactions (see section
were analyzed in the whole 23S rRNA. Interestingly, in the A-minor interactions that
domain V forms with other parts of the 23S rRNA, the acceptor double helix almost exclusively
belongs to domain V, while the adenine usually belongs to the rest of the molecule (Figure m
A). Thus, it is suggested that this observation reflects the order in which different RNA elements
were added to the 23S rRNA as it evolved. In their model they systematically dismantled the
large subunit structure through elimination of those RNA elements that are considered to be
added recently. Hereby, they suggested that an element could not be a recent addition if its
removal compromised the integrity of the remaining parts of the ribosome. If a removed element
forms an A-minor interaction with the remaining part of the ribosome, it must contain the single
stranded adenine and not the acceptor helix. The systematic dismantling revealed a hierarchical
architecture of the 23S rRNA. The removal of 12 generations of acquired elements corresponded
to 93% of the original 23S rRNA (Figure B-D). The remaining part corresponds only to
domain V, the central internal loop of which forms the PTC (Figure [1.3.1]B, C). Recently, it was
observed that this remaining region consists of two consecutive parts and having almost the same
secondary and tertiary structures [82]. These parts are arranged symmetrically to each other
and form the binding sites for CCA-3’-end of the tRNAs in the A-site and P-site, respectively. It
was suggested that the two parts originate from a duplication of the small RNA fragment since
both of them are so similar. From this point of view the evolution of ribosomes started with an
initial 110 nts RNA fragment which was able to bind CCA-3’-ends which would later become
tRNA molecules. By duplicating the same fragment, the resulting molecules could bind two
CCA-3-ends simultaneously. Within this spatial arrangement of the two adjacent CCA-3’-ends
associated with the RNA parts, the first peptide bond could have been formed. Most likely this
dimer was already able to synthesize random oligopeptides. This view was supported by in vitro-
selected RNA molecules resembling the PTC, which could perform a transpeptidation [83] and
thus, showing that the transpeptidation reaction only requires RNA. Assuming the pre-existing
RNA-world, the ribosomal proteins joined the RNA part in a later stage of evolution to stabilize
the inefficiently packed RNAs.
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1. Ribosomes

Figure 1.3.1.: Evolution of ribosomal RNA. (A) Location of the inter-domain A-minor interactions in the
schematic secondary structure of the E. coli 23S rRNA. Each A-minor interaction is shown by
a cyan line connecting the acceptor double helix (red circle) and the corresponding adenine
(yellow circle). Unlike other domains, domain V almost exclusively forms these interactions
using double helices and not adenines. (B) Location of the elements in the schematic E.
coli 23S rRNA secondary structure. Each element has the same color as in (C). The asterisk
indicate the non local pseudoknots. (C) Network of the dependencies between the different
elements. The number of levels are shown on the left. (D) The aggrandizement of the 23S
rRNA structure during its evolution. The proto-ribosome is shown in red with gradually added
elements (0 to 59 elements from left to right). The protuberances are colored in yellow and
16S rRNA in purple. The figure was adopted from [81]
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Like proteins, several RNAs play an essential role in the cell by catalyzing reactions, sensing
gene expression and protein synthesis. In order to perform these functions RNA molecules fold
into complex macromolecular structures. The underlying principle for folding is the formation of
hydrogen bonds between the RNA bases to form base pairs and stacking. Base pairs and single
stranded RNA nucleotides then organize in different structural units (see section or form
into complex structural motifs (see section .

2.1. Base pairing

In structured RNAs the majority of nucleotides is base paired in which most of them engage in
Watson-Crick base pairing (WC). Besides the classical Watson-Crick base pairing a large fraction
of nucleotides assembles in non-Watson-Crick base pairs (non-WC) mediating the long-range
intermolecular RNA-RNA interactions. Base pairing is very diverse and almost all combinations
of base pairing are observed [84] B5l [86]. In order to characterize base pairs, definitions for an

unambiguous and descriptive nomenclature was proposed [85]:

1. The hydrogen bonding between bases is distributed on three edges (Figure A).

a) the Watson-Crick edge which presents the canonical Watson-Crick sites
b) the Hoogsteen edge (purine) or 'C-H’ edge (pyrimidine)

c¢) the Sugar edge (or shallow groove edge). Base pairing involving the shallow groove
edge are also called 'sheared’. The hydrogen bond is formed with the 2-OH group

(02’) of the sugar moiety which is acting either as donor or acceptor.

2. The orientation of the sugars can either be on the same side or on the opposite sides of a

line median to the hydrogen bonds.

a) If the sugars are on the same side the conformation is called cis (Figure 2.1.1 B top).

b) If the sugars are on opposite sides the conformation is called trans (Figure m B
bottom).
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Figure 2.1.1.: Characterization of RNA base edges and orientation of glycosidic bond. (A) Definition
of the different interacting edges of RNA bases. (Top) Interacting edges of a purine base: The
Hoogsteen edge, the Watson-Crick edge, and the Sugar edge. (Bottom) Interacting edges
of a pyrimidine edge: the 'C-H’ edge. the Watson-Crick edge, and the Sugar edge. (B) cis
and trans orientation of the glycosidic bonds. (Top) C — G Watson-Crick base pair with cis
orientation of the glycosidic bond (cWW). (Bottom) U — A Watson-Crick base pair with trans
orientation of the glycosidic bond (tWW). The pictures were taken from [85].

Watson-Crick base pairing Standard (canonical) cis-Watson-Crick base pairing (cWW) in-
cludes the two classical RNA base pairs A — U and G = C and the wobble base pair G°U. Upon
hydrogen bonding the bases interact with their Watson-Crick edge and the orientation of the
glycosidic bond is in the cis conformation. Stacking of cWW base pairs leads to the RNA A-form
double helix (see section . Note that all combinations of bases are able to form the cWW
base pair, however, adapting a different geometry of the base pair.

Besides the cWW base pairing the trans orientation also occurs with Watson-Crick-Watson-Crick

base pairing.

Non-Watson-Crick base pairing All other base pairs interacting with any combination of two
edges (each for one nucleotide) are termed as non-Watson-Crick base pairs. An exhaustive
analysis of all the observed edge-to-edge interactions was performed and revealed twelve basic
geometry families (including Watson-Crick base pairing) [85]. The twelve families including their

proposed symbols for designating each base pair family are shown in Figure 2.1.2

27



2. RNA

GLycosIpiC INTERACTING EDGES SymBoL DEFAULT LOCAL
No. BonD STRAND
ORIENTATION ORIENTATION
1 Cis Watson-Crick / Watson-Crick - Anti-parallel
2 Trans Watson-Crick / Watson-Crick -O= Parallel
3 Cis ‘Watson-Crick / Hoogsteen s ] Parallel
4 Trans ‘Watson-Crick / Hoogsteen o0 Anti-parallel
5 Cis ‘Watson-Crick / Sugar Edge =3 Anti-parallel
6 Trans Watson-Crick / Sugar Edge o> Parallel
7 Cis Hoogsteen / Hoogsteen . Anti-parallel
8 Trans Hoogsteen / Hoogsteen 1} Parallel
9 Cis Hoogsteen / Sugar Edge [ =5 Parallel
10 Trans Hoogsteen / Sugar Edge o> Anti-parallel
11 Cis Sugar Edge / Sugar Edge - Anti-parallel
12 Trans Sugar Edge / Sugar Edge > Parallel

Figure 2.1.2.: The 12 geometric families. The 12 families of edge-to-edge base pairs defined by the relative
orientation of the glycosidic bonds of the interacting bases. The figure was taken from [85].

Isostericity Like in proteins the three-dimensional structure of homologous RNAs is more con-
served than the primary sequence. Point mutations in structurally essential parts of the RNA
must be compensated by other mutations. In general, base pairs belonging to the same geometric
family share a similar orientation of the glycosidic bonds which implies a similar orientation of
the strands in the three-dimensional structure. However, similar base pairs belonging to the same
geometric family differ in their C1’-C1’ distances significantly. So a random compensatory base
mutation (keeping the same edge-to-edge interaction and orientation of the glycosidic bonds)
would lead to a distorted three-dimensional structure and maybe to a loss of function.

In order to define a valid compensatory base pair substitution the term of isostericity was
defined as follows: “When two base pairs display nearly the same C1’-C1’ distance and have
their glycosidic bonds oriented in the same way, they can replace each other without drastically
changing the three-dimensional path and relative geometric orientations of the phosphate-sugar
backbones” [85]. For each of the twelve geometric families an isostericity matriz was constructed.
The isostericity matrix for each family holds the information which base pairs can be substituted

by each other while maintaining isostericity.

2.2. Structural organization of RNA

A-form helix The most important structural element in RNA is the so-called A-form double
helix |87, [88]. It consists of two or more consecutive cis-Watson-Crick base pairs stacking on
top of each other to form a stem-like structure. The cis-Watson-Crick base pairs A —U/U — A
, G = C/C = G and the wobble base pair G°U/U°G are accepted equivalently and can be
substituted by each other without disturbing the A-form. In the A-form the major groove is
deep and narrow while the minor groove is wide. Although RNA is primarily composed of A-
form helices other helical structures of RNA like the left-handed Z-RNA duplex [89] and the
L-conformation Spiegelmer RNA duplex [90] have been determined.
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Terminal loops A single stranded RNA loop linking the 3’- and 5’-ends of a helix is called ter-
minal loop (or hairpin loop). The majority of terminal loops are tetraloops and pentaloops which
fold into determined structural motifs (see section [2.3.5)), however, diloops up to tetradecaloops

exist [91].

Internal loops Internal loops are formed by two single stranded pieces of RNA that interrupt a
pair of A-form helices. The single stranded regions are either of the same length (symmetric) or
vary in length (asymmetric) and are usually involved in non-Watson-Crick base pairing. Sym-
metric internal loops extend the double helical structure by formation of non-Watson-Crick base
leading to an alteration of the helical pitch. Asymmetric internal loops have been identified to

fold into important tertiary structure formations, called structural motifs (see section [2.3)) [92].

Metal ions Due to its phosphate groups the charge of RNA is highly negative. Folding of RNA
into a compact structure is very inefficient. Therefore positively charged counter ions promote
folding by reducing the repulsion of RNA phosphates [93]. In double-helical base pairing and
stacking the relatively hydrophobic nucleotide base is shielded from water while the highly polar
and negatively charged phosphates form electrostatic contacts with water and solvent cations
[94]. Although Magnesium ions (M g?") are considered to be responsible for the stabilization of
RNA tertiary structures, sodium and potassium have also been observed to bind and stabilize
structured RNA [95]. Besides stabilizing RNA folding it has been suggested that Mg?** directly

participates in the catalytic mechanism of ribozymes [96].

Coaxial stacking In 1974, the first medium size RNA crystal structure, a yeast phenylalanine
tRNA, was solved [97]. Here the most striking observation was the L-shaped structure of the
tRNA formed from its four-helix cloverleaf secondary structure. Each arm of the L-shape was
formed by two coaxially stacked helices. On the one hand the acceptor stem coaxially stacks on
the T-stem and on the other hand the anticodon stem coaxially stacks on the D-stem [98].

In general coaxial stacking is formed by two separate helices folding into a long pseudo-continuous
helix [97,199]. Coaxial stacking stabilizes the double-helical structure and is a dominating feature
in large structural RNAs [3] [7, 99, O7]. It has been suggested that the hydrophobic effect as well
as the enhanced van der Waals interactions are the driving force [I00]. As seen in the group I
ribozyme coaxial stacking can be extended by stacking non-Watson-Crick base pairs and base

stacking of innerhelical loops bridging the coaxial helices [99].
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2.3. RNA structural motifs

RNA structural motifs are defined as “directed and ordered stacked arrays of non-Watson-Crick
base pairs forming distinctive foldings of the phosphodiester backbones of the interacting RNA
strands” [I0I]. Moreover, “a given RNA motif comprises all sequences that form the same di-
rected and ordered array of isosteric non-Watson-Crick base pairs and fold into similar, if not
essentially identical, three-dimensional structures” [I0I]. RNA structural motifs play an im-
portant role in RNA folding and are often essential for the biochemical function. In order to
understand the complexity of RNA folding and tertiary interactions it is necessary to analyze
the solved RNA structures. Therefore several high-resolution RNA crystal structures (ssRNA,
ribozymes, riboswitches, tRNA, protein/RNA complexes and rRNA) were analyzed and anno-
tated for identifying RNA structural motifs [I0T], 102] 103]. The data set was scanned for the
seven major structural motifs: coaxial helix, A-minor, ribose-zipper, pseudoknot, kissing hairpin,
tRNA D-loop/T-loop and tetra-loop tetra-loop receptor as defined in the literature and SCOR
database (see section . Interestingly, the motifs are unevenly distributed (Figure [2.3.1]).
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E= Loop-loop receptor
[ tRNA D-loop; T-oop
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Figure 2.3.1.: Distribution of RNA structural motifs. The distribution of RNA structural motifs in a non-
redundant data set of 54 high-resolution crystal structures. More than two thirds correspond
to the two most abundant motifs: the A-minor motif (37%) and coaxial stacking (32%). The
remaining one third is shared by the other five motifs: ribose zipper (20%), pseudoknot (6%),
loop-loop receptor (3%), tRNA D-loop/T-loop (1%) and kissing hairpin (1%). The figure was
taken from [102].

In most RNA structures such as the ribosome a variety of motifs are used to fold into a compact
structure. Statistics of RNA structural motifs are also available on the SCOR, database. In the
following the structural motifs of RNA occurring in ribosomal RNA (rRNA) will be introduced.

These structural motifs are essential for correct assembly and folding of rRNA.
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2. RNA

2.3.1. SCOR database

The Structural Classification of RNA (SCOR) databaseﬂ was developed to provide a comprehen-
sive perspective and understanding of RNA structural motifs, function, tertiary interactions and
their relationships [91], 104, 105]. The SCOR database provides a survey of three-dimensional
RNA motifs extracted from NMR and X-ray RNA structures. The structures are retrieved
from the Protein Data Bankﬂ (PDB) and Nucleic Acid Databaseﬂ (NDB). The SCOR database
includes structural motifs (i.e. kink-turns, S-turns, GNRA-tetraloops) and provides sequence

information, descriptions and literature.

2.3.2. A-minor motif

The analysis of the large ribosomal subunit from H. marismortui revealed the existence of a
significant structural motif called the A-minor motif. The interaction involves a single stranded
adenine residue, which is inserted into the minor groove of another helix [I0]. The adenine
interacts primarily with one of the two bases but also forms a hydrogen bond to the other.
There are four types of A-minor interactions (Figure A-D).

Type 0 In type 0 the N3 atom of the adenine (or other) residue forms a hydrogen bond with
the O2’ of the receptor helix (Figure A). The A-minor type 0 interaction is observed upon
helix packing.

Type | Type I the O2" and N3 atoms of the adenine are inserted in the minor groove of the
receptor helix. In type I the adenine is invariant by forming a cis-Sugar-Sugar edge (¢SS) and
trans-Watson-Crick-Sugar edge (tWS) interaction (Figure B).

Type Il The O2’ of the adenine is placed outside of the O2’ of the residue from the receptor
helix while the N3 of the adenine forms a hydrogen bond in the minor groove. The adenine is
invariant and forms a ¢SS interaction (Figure C), however, an example of a G-minor type
IT has been observed in the structure of the S-adenosylmethionine riboswitch (PDB: 2GIS)H.

Type Il Both the N3 and the O2’ of the adenine are outside the nearest O2’ atom of the
receptor helix. The interaction is weaker than the ¢SS interaction (Figure D) and is not an

interaction in the minor groove.

"http://scor.berkeley.edu/scor.html
*http://www.pdb.org/pdb/home/home .do
®http://ndbserver.rutgers.edu/
*http://www.pdb.org/pdb/explore/explore.do?structureId=2GIS
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Type llI

Figure 2.3.2.: The A-minor interaction. Examples of the four different A-minor interactions observed in
the H. marismortui 50S subunit. The pictures were taken from [10].

In the 16S rRNA of E. coli the proportions of single stranded adenines is 62% compared to G,
C and U with 31%, 29%, and 33%, respectively [106]. For the 23S rRNA from H. marismortui
186 of the 721 adenines are involved in an A-minor interaction [I07]. It should be mentioned that
the A-minor motif is not limited to adenines. Several C-minor and U-minor motif interactions

have been observed [85].

A-platforms A recurring motif is the A-platform. Here adenines are positioned side by side in

a pseudo-base pair within a helix. In this way the minor groove opens for tertiary interactions.

Function A-minor interactions are more abundant than tertiary base pairs and play a significant

role in stabilizing the RNA tertiary structure.

2.3.3. Ribose-Zipper

The ribose-zipper motif is yet another way to pack minor grooves of ribosomal RNA helices
against each other. The motif is formed by hydrogen bonding between at least two consecutive
backbone ribose 2’-OH from two distant helices [99]. The two chains interact in an antiparral-
lel manner. There are a total of 66 ribose-zippers in the 16S (7. thermophilus) and 23S (H.
marismortui) ribosomal RNA. Moreover, 43 ribose-zippers have been identified to interact with
ribosomal proteins [I08]. The extended C- and N-terminal extension form hydrogen bonds be-
tween arginine and lysine residues and the ribose-zipper and neutralize the negative charge of the
RNA backbone. The r-proteins S4, S7 and S20 are known to be involved in ribosome assembly.
Binding of these r-proteins to ribose-zippers suggest an essential role of these motifs for ribosome

assembly and compaction of the rRNA.
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2.3.4. Kink-turn

Kink-turns (k-turns) are asymmetric internal loops that result in sharp bends (kinks) of the
backbone in RNA helices. The kink occurs on the minor groove side and so brings the two minor
grooves of the adjoining helices together [9, I03]. The canonical strand (C-strand) consists
only of Watson-Crick base pairs while the other so-called non-WC stem (NC-stem) is composed
of non-Watson-Crick base pairs. Usually, the two conserved adenines that are involved in a
tandem-sheared base pair (tHS) with a guanosine. The adenines face their WC-edge and sugar-
edge torwards the minor groove and so stabilize the C-stem via two A-minor interactions (Figure
A, B). Besides minor groove k-turns there exist k-turns kinking major rather than the
minor grooves of the flanking helices together (Figure C, D) [109].
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Figure 2.3.3.: The kink-turn motif. (A) Structure of the k-turn KT-7 with backbone of the kinked strand
in orange and the unkinked strand in yellow. (B) Secondary structure with C-stem in red and
the NC-stem in blue (top). Schematic representation of the relative base stacking. The black
arrow indicates the A-minor interaction. (C) Structure KT-7 (orange) and reverse kink-turn
(blue). (D) Secondary structure of the KT-7 (top) the consensus structure (middle) and
reverse kink-turn (bottom). The C-stem and NC-stem are labeled. Figures (A and B) were
adapted from [9]. Figures (C and D) were adapted from [109].

Kink-turns are recurrently observed in ribosomes. One k-turn is present in the 16S rRNA of 7.
thermophilus and eight k-turns motifs occur in the 23S rRNA of H. marismortui (six are shown
in Figure A, B) [103]. Interestingly all kink-turns appear on the surface of the ribosomal

particle. The kink-turn on the small subunit is located at the intersubunit bridge B7.

Function Kink-turns function as an important RNA recognition motif for the ribosomal pro-
teins, however, the way how the r-proteins interact with the different kink-turns varies. Besides
recognition of r-proteins k-turns also functional mediate RNA backfolding of helices to stabilize

RNA tertiary structure.
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Figure 2.3.4.: Occurrence of the kink-turn motif in the large ribosomal subunit. (A) Location of the
k-turns in the 50S ribosomal subunit from H. marismortui. The ribosome is shown in the
crown view (left) and 180° rotated (right). The k-turns are indicated in blue. (B) Secondary
structure scheme of the 23S rRNA with k-turns highlighted in blue. The figures were adapted

from [9].

2.3.5. Tetraloop motifs

The majority of terminal loops in ribosomal RNA (rRNA) and other structural RNAs consist
of four nucleotides, so-called tetraloops. Most of the tetraloops conform to one of the three
sequence motifs: GNRA, UNCG or CUUG [I10]. These motifs are favored because of their
structural stability [I10, I1I]. The most frequently occurring tetraloop is the GNRA-tetraloop,
which has been shown to be involved in tertiary interactions of self-splicing introns, RNase P RNA
and ribosomes [112] [113] 114 110]. In one type of the GNRA-tetraloop interaction the last two
purine nucleotides face their Watson-Crick edges towards the minor groove of another RNA helix
[112]. Another interaction of GAAA-tetraloop with an 11 nt RNA motif (CCUAAG...UAUGG)
was observed in the internal ribosome entry site (IRES) [I15]. The second type of the interaction
was solved in the X-ray structure of P4-P6 ribozyme domain in 7. thermophila [99]. Besides of
RNA-RNA interaction the GNRA tetraloop is known to be recognized by proteins. The highly
conserved Sarcin-Ricin-Loop (SRL) is capped by a GAGA loop and binds to EF-G [116]. Another
example is the GAAA tetraloop of h26 of the 16S rRNA which is capped by r-protein S15 and

is so protected from chemical modifications [117].

2.3.6. Pseudoknots

Large RNA molecules having extensive tertiary structure often contain pseudoknots. Although
several distinct folding topologies of pseudoknots exist, the best characterized is the H type. In
the H-type fold, the bases in the loop of a hairpin form intramolecular pairs with bases outside
of the stem. In most cases the pseudoknot structure forms coaxial stacked helices. The tight
packing of the stems and single stranded regions in the pseudoknot lead to a highly compact
structure which is often stabilized by metal ions and tertiary hydrogen bonding. The H-type
pseudoknot occurs in the human telomerase (hTR) (see Figure and is critical for activity

[118].
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Figure 2.3.5.: Sequences and structure of RNA pseudoknots. Pseudoknots from the Hepatitis Delta
Virus (HDV), the Diels-Alder ribozyme (DA-R), the Human telomerase (hTR), the mouse
mammary tumor virus (MMTYV), the Pea enation mosaic virus RNA1 (PEMV-1), and the
Simian retrovirus 1 (SRV-1). The figure was taken from [119].

Several biological processes rely on RNAs containing a pseudoknot. For example the bacterial
16S and eukaryotic 185 rRNA contain a pseudoknot at the beginning of the 5’-domain (Figure
. Viruses like the turnip yellow mosaic virus (TYMV) use a pseudoknot structure
at the 3’ termini to form a tRNA-like motif to infiltrate the host cell transfer RNA-specific
proteins [120]. Hepatitis C viruses (HCV) internal ribosome entry sites (IRES) includes a 5’-
terminal pseudoknot structure which is essential for viral protein translation initiation [12I]. The

pseudoknot region of RNase P is one of the most conserved elements in all of evolution.

2.4. RNA-protein interactions

RNA-protein interactions are abundant and diverse in cellular processes like transcription, splic-
ing and translation. A key question in structural biology is how proteins recognize RNA (or DNA)
molecules. The structures of the 50S and 30S ribosomal subunits provided a tremendous amount
of structural information [3],[7]. In 2007, a data set of 89 non-homologous RNA-protein complexes
has been analyzed [122]. The analysis revealed a number of different binding sites and binding
motifs. Van der Waals interactions are much more prevalent than hydrogen bonds. Moreover
RNA-protein interactions via the RNA backbone occur more frequently than specific contacts
with a nucleotide base. As expected arginine and lysine residues, both positively charged, have
a clear propensity to bind to the negatively charged phosphate groups of the backbone. The
non polar residue tryptophan has a propeunsity to stack with double ringed nucleotide bases.

Surprisingly, glycine residues seem to have a preference to bind guanosine.
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RNA-protein interactions in ribosomes In ribosomes, RNA-protein interactions play a sig-
nificant role in stabilizing the whole complex and so maintaining the function of the ribosome.
Ribosomal proteins interact with rRNA in four different types: i) recognition of base functional
groups that are exposed in the minor groove of an RNA helix, ii) recognition of base groups via
the major groove of a distorted RNA helix, iii) recognition of bulged or flipped out nucleotide
bases and iv) insertion of amino acid residues into hydrophobic binding pockets in RNA [II].
Minor groove recognition is the most common type of sequence specific RNA-protein interaction,
due to the accessibility of the minor groove in A-form helices. Interactions of proteins via the
major groove is only observed when the major groove is widened up due to non-Watson-Crick
base pairs. The arginine and lysine residues in the buried N- and C-terminal extensions of r-
proteins interact with the negatively charged phosphates of the RNA backbone.

The interaction of r-proteins with RNA also plays an essential role during co-translational as-
sembly of the ribosomal subunits. The assembly is coupled to transcription and assures each
domain to fold before transcribing the next [123]. For example, cooperative binding of r-proteins
S4, S17 and S20 to the transcribed 5’ domain of 16S rRNA ensures the formation of a stable

structure of the 30S body before transcribing and folding of the central domain.

2.5. RNA structure prediction and modeling

Studying the 3D structure and dynamics of RNA is important to understand its function in
the cell. Experimental techniques such as X-ray crystallography, NMR spectroscopy and cryo-
electron microscopy are used to derive the 3D coordinates. Unfortunately all techniques are time
consuming and expensive. Moreover, the complexity and flexibility of RNA molecules makes
it more complicated to determine the 3D structures. Thus, the gap between known RNA 3D
structures and RNA sequences increased dramatically. This encourages the approach to predict
the 3D coordinates of RNA molecules with computational methods. Although significant progress
on RNA secondary structure prediction has been made in the past several years, the prediction
of an RNA 3D structure from its sequence has to follow. Thus, the determination of RNA
3D structures has to combine experimental data (observations) with computational approaches
(algorithms) [124].

Prediction of RNA 3D structures Much progress has been made in the field of automated
RNA structure prediction and the prediction of small and simple RNA structures is feasible
[125]. However, large RNA complexes with several helices and/or pseudoknots can not be pre-
dicted accurately. At present, the automated 3D prediction tools reported by Baker [125] and
Major [126] are either limited to 50-nt sequences or still require improvement in non-helical re-
gions and tertiary (long-range) interactions. Especially the tertiary interactions, that are formed
by non-Watson-Crick base pairs, are important for stabilizing the entire 3D fold. Predicting those

interactions require an intensive analysis and annotation of structural motifs.To assist RNA 3D
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structure prediction, several tools have been developed and applied. Extensive 3D modeling tools
developed by Westhof [127] and Harvey [128] 129] [130] require manual application and expert
knowledge [102]. ERNA—3D|EE| can automatically generate coordinates for A-form helices given a
secondary structure input. In 2005, ERNA-3D was used to build a 3D structure of the transfer-
messenger RNA (tmRNA) of E. coli [131]. RNAQDBIﬂ can generate a first-order approximation
of the actual 3D model but needs interactive editing of nucleotides to remove structural clashes
and manipulates tertiary interactions [132]. RNA2D3D was used to build the pseudoknot domain
of wild-type human telomerase RNA [133].

Another approach to predict RNA 3D structures is to use the information of homologous struc-
tures that have been solved already by experimental methods. MC—Symﬂ builds RNA 3D struc-
tures by using coordinates and relationships between residues that are extracted from known 3D
structures. Structural constraints derived from crosslinking-assays can be applied to the build-
ing procedure [126]. The model is then refined using molecular mechanics. MC-Sym was used
to build several de novo models including the structure of the hairpin ribozyme catalytic core
[134]. The software package S2S 1.0 (sequence to structure) has been designed to construct and
manipulate multiple sequence alignments based on a known RNA 3D structure [I35]. The ma-
nipulations are constrained by the rules of RNA structure folding. Besides studying the sequence
and secondary structure similarities to infer similarities in the tertiary structure the graphical
tool Assemble [I136] was developed based on the functionality of MANIPH [127].

Limitations of automated predictions Computational methods predicting an RNA 3D struc-
ture automatically from its sequence are still very limited. Especially large RNA molecules like
those of ribosomes can not be predicted by any automated method. Besides the limitation of the
input size, the problem becomes even more complex if one considers that the predicted structure
is not necessarily the functional active conformation. Moreover, RNA folding is highly depen-
dent on its environment such as water, ions or proteins. Thus, another issue is the limitation of
accurate force-field and energy terms used in molecular mechanics or molecular dynamics.

None of the above mentioned tools is able to include experimental data such as X-ray, NMR
or cryo-EM data [124]. A combination of experimental data and computer-based methods is

necessary to derive more accurate atomic detail of the RNA 3D structures.

Shttp://www.molgen.mpg.de/~ag_ribo/ag_brimacombe/ERNA3D/ERNA-3D.html
Shttp://www.erna-3d.de/

"http://www-1lmmb.ncifcrf . gov/ bshapiro/rna2d3d/rna2d3d. html
8http://www.major.iric.ca/MC-Sym/
“http://www-ibmc.u-strasbg.fr/arn/Westhof/them4_West.html
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3. Cryo-electron microscopy

Cryo-electron microscopy (Cryo-EM) is a method for obtaining 3D reconstructions of macro-
molecules from 2D images of a transmission electron microscope. In the last years, cryo-EM
has been established as a technique to get structures of biological complexes at subnanometer
resolution allowing the visualization of protein and RNA secondary structure. This is mainly
due to significant improvements at the level the microscope itself, new algorithms and software
as well as the dramatically increased computational power [I37]. In contrast to X-ray crystal-
lography (X-ray) and nuclear magnetic resonance (NMR) spectroscopy, cryo-EM is generally not
limited by the size and the functional state of the macromolecular complex [I38]. Complexes of
150 kDa size up to multi-component complexes like ribosomes can be visualized. In contrast to
X-ray crystallography, cryo-EM samples are recorded under native conditions using vitreous ice.
Moreover, tiny amounts of a homogeneous sample (ug range; in contrast to mg range in X-ray

and NMR) are sufficient to study the complex.

3.1. Cryo-EM and single particle analysis

The general assumption of this approach is that every image is taken from the same homogeneous
sample (Figure A). The sample (including its buffer) is applied on an EM grid, which
is covered by a holy carbon (Figure B). In order to get the sample over the holes, an
additional thin layer of carbon is provided and made hydrophilic by glow discharging (Figure
B middle). The EM grid is then blotted and quickly frozen in liquid ethane. As a result
a thin layer of vitreous ice is formed embedding the particles (Figure B bottom). In an
ideal case the particles have a random distribution of orientations in the ice layer. The vitrified
EM grid is then inserted into a microscope and kept under liquid nitrogen temperatures (Figure
C). A data set of 2D images is collected under low dose conditions using ~ 20e~ — 256*//012
and is recorded either on CCD or film. In case of film the recorded images have to be scanned.
The single particles on the images (micrographs) have to be identified, boxed out, centered and

normalized.

38



3. Cryo-electron microscopy

vitr. ice

Preparation Vitrification Cryo-EM data collection 3D reconstruction  Modeling, fitting & interpretation

Figure 3.1.1.: Workflow of Cryo-EM. (A) Homogeneous sample in buffer. (B) EM grid (top), Carbon film
with holes (middle) and Vitrified ice layer (bottom). (C) Electron microscope. (D) Computer
cluster for data processing. (E) Molecular models with electron densities for interpretation.

The next step is the alignment of the particles, i.e. determination of the particle orienta-
tion. In case of ribosomes, the projection matching technique is applied. Here, each particle is
aligned against reference projections with known Eulerian angles and scored for similarity (cross-
correlation). The particle is then classified to the reference’s class with the highest similarity
score. The result of the alignment is the assignment of the three Eulerian angles and the x-,
y-shifts to each particle. In the following step the angular information of each particle is used for
calculating the backprojection of the 2D images into a 3D reconstruction. The alignment and
backprojection as well as a refinement is applied iteratively for several rounds in order to improve
the accuracy of parameters resulting in improved resolution of the reconstruction. The compu-
tations, especially the alignment, is highly intensive and requires several hundreds to thousands
of CPU-hours on a cluster (Figure D).

The resulting 3D reconstruction is then used for fitting and docking of atomic structures. This
step involves the inspection and interpretation of the structure (Figure E). The interpreta-

tion is the crucial step and biological information or function can be concluded.

3.2. Limitations of cryo-EM

Cryo-EM with single particle analysis has become a successful approach in structural biology
despite not providing atomic resolution. Some important limitations are necessary to be men-

tioned.

Limitation of resolution In the recent years, a number high resolution cryo-EM structures have
been reported. Near-atomic resolution of highly symmetric particles like the 14-fold symmetric
chaperone GroEL complex [I139] and the rotavirus particle [I40] could be visualized at a resolution
of 4 A and 3.8 A, respectively. As an example for asymmetric particles the ribosomes could
be visualized at 6.1 A [141].Theoretically a better imaging is possible [142], however, in most
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applications the resolution is the limiting factor. Achieving near-atomic resolution (below 4 A)
in single particle analysis requires millions of particles to be averaged. One issue is the quality
of the EM images where the signal-to-noise ratio decreases dramatically at resolutions beyond

~ 10 A. Another issue arises from conformational and heterogeneity of the sample.

Conformational heterogeneity and flexibility Cryo-EM reconstructions of heterogeneous data
sets originating from 2D projections of different conformations or flexible parts of the complex

result in weak or even loss of density due to the averaging of the picture information [143] 144].

To tackle this problem approaches of supervised and unsupervised sorting have been established
[145]. Supervised sorting, also called classification, requires knowledge about the 3D object. In
the refinement process the data set is sorted, or classified, against two references (i.e. two refer-
ences of different conformations). Each of the 2D projections (experimental images) is matched
against the reference projections and classified according to the class with higher similarity (cross-
correlation). Classification can lead to overfitting or bias due to the given reference. In order to
overcome reference bias, the references are only offered in the first round of refinement, followed

by several rounds of independent refinement based on the 3D reconstructions of the first round.
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4. Aim of this study

The main focus of this work was to construct a molecular model for the eukaryotic ribosomal
RNA including the RNA expansion segments and structural variable regions. To be able to
model RNA molecules that large, the first aim was to develop a new approach for large scale
RNA modeling, which could also include empirical data such as cryo-EM density maps. This
approach should include methods for highly accurate RNA alignments, for homology modeling
of conserved regions. Regions having no structural template should be modeled de novo and
fitted into cryo-EM density maps. The final 80S model, including rRNA and r-proteins, should
be used for an all-atom molecular dynamics flexible fitting simulation into the cryo-EM map.
Together with the eukaryotic ribosomal proteins this thesis should provide a structural inventory
for all expansion segments and their interaction partners.

Further the model should be used to analyze functionally important sites of the ribosome by
studying intermediates of co-translational translocation (RNC-PCC complexes), no-go mRNA
decay (RNC-Dom34/Hbsl complex) and protein folding (helix formation in the ribosomal tun-

nel).
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Sample preparation and data collection The Triticum aestivum Ribosome-Nascent-chain-
Complexes (RNCs) were prepared from a home-made wheat germ in wvitro translation system
[146]. Further the RNCs were purified according to [147]. The samples were applied on carbon-
coated holey grids. The micrograph images were recorded on a Polara field emission gun electron
microscope at 300 kV (FEI). The defocus range was between 1.0 and 4.5 pm . The micrographs

were then scanned on a Heidelberg Primescan D8200 drum scanner. The pixel size was 1.24 A.

Data processing The contrast transfer function (CTF) of the data was determined using
CTFFIN[ﬂ [148]. The particles on the micrographs were picked automatically with SIGNA-
TUREﬂ [149]. Visual inspection and manual sorting against false positive particles with WE@
[150] resulted in a data set of 2.108.230 7' aestivurn RNC particles. The data set was further pro-
cessed using SPIDERE| [150]. A supervised sorting [144] was applied to classify the data set into
subsets of un-programmed (without P-tRNA) and programmed (with P-tRNA) particles. The
resulting subset of programmed ribosomes contained 1.362.920 particles. The data processing

was mainly done by Jean-Paul Armache.

Data formats The cryo-EM maps were converted from SPIDER format into BRIX format
with SPIDER [150), 151]. The following EM densities file formats were used for modeling and
converted from BRIX with mapmalﬂ [152]:

Tool EM density data format
Chimera BRIX, MRC, CCP4

Coot CCP4
Assemble X-PLOR, MRC
PyMol CCP4

VMD BRIX, CCP4, MRC

Isolated densities For each model ES and VR the corresponding EM density was isolated using
the “colorzone”—too]lﬂ of Chimera [I53]. The maps were splitted using radii between 4.5 A - 6.5 A
around the model. Parts of the resulting map were zeroed out interactively using the “Volume

eraser”—tooﬂ of Chimera. The resulting maps were stored in BRIX format.

"http://emlab.rose2.brandeis.edu/software
®http://emlab.rose2.brandeis.edu/software
®http://www.wadsworth.org/spider_doc/web/docs/web.html
*http://www.wadsworth.org/spider_doc/spider/docs/spider.html
Shttp://www.csb.yale.edu/userguides/datamanip/uppsala/manuals/mapman_man.html
Shttp://www.cgl.ucsf.edu/chimera/docs/ContributedSoftware/colorzone/colorzone.html
"http://www.cgl.ucsf.edu/chimera/docs/ContributedSoftware/voleraser/voleraser.html
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6. Templates and sequences

6.1. Ribosomal RNA sequences

The rRNA sequences of the S. cerevisiae 5S, 5.85, 18S and 25S were taken from |GenBank Acces-
sion number [(Acc.) U538797] The rRNA sequence for the T. aestivum 5S (Acc. X06094), 5.8S
(Acc. FM998894F), 18S (Acc. AY04904(f) and 28S (Acc. AY049041) rRNAs were available,
with the exception of five and four nucleotides at the 5’ end of the 18S and 28S, respectively,
and 65 nucleotides (487 — 551) in the 28S corresponding to ES7%, which were filled with the
corresponding sequences of O. sativa (Acc. M1158ﬂ. In summary, only 74 of the 5485 rRNA
nucleotides in the T. aestivum 80S were from O. sativa, and the remaining 5411 (98.7%) were
from T. aestivum. Moreover, sequence alignments between the available T. aestivum and O.
sativa TRNAs indicated a 98% sequence identity without consideration of isosteric base pair-
ing, indicating the suitability of using the O. sativa sequence for filling the missing 74 (1.3%)

nucleotides in the T. aestivum model.

6.2. Templates for the large ribosomal subunit

The crystal structures of the 50S subunit and the 5S rRNA of H. marismortui (PDB 1FFKE] I7,
PDB 1VQ8E| [154]) were used as a template for the structure-based sequence alignment between
the H. marismortui 23S TRNA, the S. cerevisiae 28S rTRNA and T. aestivum 28S rRNA. The
structure-based sequence alignment between the H. marismortui 5S rRNA template and the 5S
sequences of S. cerevisiae and T. aestivum was done separately. For regions like H5-H6-H7 and
the stalk base the X-ray structures of E.coli (PDB 2QAMP|[153]) and of T. thermophilus (PDB
2J01E| [14]) were used.

"http://www.ncbi.nlm.nih.gov/nuccore/1262303
Zhttp://www.ncbi.nlm.nih.gov/nuccore/21661
®http://www.ncbi.nlm.nih.gov/nuccore/FM998894
*http://www.ncbi.nlm.nih.gov/nuccore/AY049040
Shttp://www.ncbi.nlm.nih.gov/nuccore/AY049041
http://www.ncbi.nlm.nih.gov/nuccore/169818
"http://www.pdb.org/pdb/explore/explore.do?structureId=1FFK
Shttp://www.pdb.org/pdb/explore/explore.do?structureIld=1VQ8
%http://www.pdb.org/pdb/explore/explore.do?structureId=2QAM
%http://www.pdb.org/pdb/explore.do?structureId=2J01
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6. Templates and sequences

6.3. Templates for the small ribosomal subunit

The crystal structure of the 30S of T. thermophilus (PDB 1J5EE [3]) was used as a template for
the structure-based sequence alignment between the T. thermophilus 16S rRNA, the S. cerevisiae
18S rRNA and T. aestivum 18S rRNA. For h6 and h33 the X-ray structure of E. coli (PDB
2QALE| [155]) and of T. thermophilus (PDB 2J0q§| [14]) were used.

6.4. Template for tRNA

The crystal structure of the peptidyl-tRNA of T. thermophilus (PDB 2J0(le [14]) and the crystal
structure of aspartic acid and phenylalanine tRNA of S. cerevisiae (PDB STRAE [156]) were
used as a template for the structure-based sequence alignment between the T. thermophilus

tRNA and the tRNA sequences of S. cerevisiae and T. aestivum.

6.5. Templates for structural motifs

The crystal structures of the following RNA loop motifs were extracted from the PDBFE] and
incorporated into Assemble [136]:

’ Loop class ‘ Motif sequence and PDB identifier ‘
Triloop AUA (PDB 1ESH) [157],
UCU (PDB 1GID) [99]
AGNN (PDB 1AFX) [158],
CAUU (PDB 1BIV) [159],
CUYG (PDB 1NJP) [160],
Tetraloops GNRA (PDB 10W9) [161],
UAUU (PDB 2QAM) [155],
UCAC (PDB 1JJ2) [9],
UGNN (PDB 1AFX) [158]
UNCG (1DK1) [162]
Pentaloop (PDB 1EHZ) [163]
Hexaloop AACCAUC (PDB 1HS1) [164]
Heptaloop GAUGGUU (PDB 2BJ2) [165]
Octaloop UUCAUUAG (PDB 1J5A) [166]
Nonaloop CUAGUAACA (PDB 1JJ2) [9]
kink-turn GAA/AAUGU(PDB 3CC2) [167]
: : : AAG/AGG (PDB 2QAL) [155],
innerhelical motif AA//AG (I(DDB 2QAL) )[1[551 J

Table 6.1.: Structural motifs for RNA loops. The sequence of the template loop as well as the structural
template PDB file are shown. These loop motifs were integrated into Assemble.

"http: //www.rcsb.org/pdb/explore/explore.do?structureld=1J5E
2http://www.rcsb.org/pdb/explore/explore.do?structureId=2QAL
13http: //www.pdb.org/pdb/explore.do?structureId=2J00
Yhttp://www.pdb.org/pdb/explore .do?structureId=2J00
Yhttp://www.rcsb.org/pdb/explore/explore.do?structureId=3TRA
http://www.rcsb.org/pdb/home/home . do
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7. Modeling

The modeling workflow was developed in collaboration with Prof. Dr. Eric Westhof and Dr.
Fabrice Jossinet (University of Strakburg, France). Modeling the ribosomal RNA was splitted
into RNA homology modeling and RNA de novo modeling. Parts that could be aligned to
a structural template were modeled by homology according to their aligned template. The
remaining non-aligned parts were modeled de novo in the cryo-EM map. Finally, the constructed

models were refined and flexibly fitted into the cryo-EM map.

7.1. RNA homology modeling

In order to build reliable RNA homology models of the ribosomal core structure, a new ap-
proach of RNA homology modeling was developed. Here a structure-based sequence alignment
between a structural template of the bacterial/archaeal ribosomal subunits and the eukaryotic
rRNA sequence were generated manually (see section . Aligning only base pairs that fulfill
the isostericity criterion ensured very accurate RNA homology models with correct hydrogen

bonding.

7.1.1. Structure-based sequence alignment

The structure-based sequence alignments of both, the 18S and the 28S rRNA | were done using the
structural templates (see section [6.2]and section [6.3). These multiple sequence alignment (MSA)
for the 5S and 28S were constructed manually between H. marismortui, T. aestivum and S.
cerevisiae and for the 18S between T. thermophilus, T. aestivum and S. cerevisiae, respectively.
Here, base pairs were only aligned if the base pair substitution was isosteric to the one in the
template (Figure blue aligned parts). Nucleotides not involved in any base pairing were
aligned. The resulting alignments of the 5S, 18S and 285 rRNA were then used to deduce 3D
homology models. The aligned regions correspond to the common ribosomal core structure. The
core structures were generated using S2S [I35] (see section and Assemble [I36] (see section
7.2.3). The non-aligned regions correspond to the expansion segments (ES) and variable regions
(VR) and were modeled as described in section The stalk base (H43-H44), the L1 stalk
(H76-H78) and the region of H5-H6-H7 were aligned separately using the E. coli X-ray structure
(PDB 2QAM['] [155] and PDB 3FIKP]| [168] [13]).

"http: //www.pdb.org/pdb/explore/explore.do?structureId=2qam
*http://www.pdb.org/pdb/explore/explore.do?structureld=3fik
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7. Modeling

7.1.2. S2S

The Sequence-to-Structure tool (S2S)E| [135] was used for constructing alignments. The con-
struction of all alignments was done manually. In order to generate homology models for the
ribosomal core, the tool was further developed and extended in collaboration with Dr. Fabrice
Jossinet and Prof. Dr. Eric Westhof. The resulting core models for S. cerevisiae and T. aestivum
were deduced automatically from the alignments and stored as Assemble objects. The Assemble
objects were then loaded into Assemble (see section for refinement and exported as file in
PDB-formatfl]

7.2. De novo modeling of RNA

The de novo modeling was done for all the ribosomal expansion segments and variable regions.
The unfolded rRNA sequences were loaded into secondary structure prediction services. Ac-
cording to the secondary structure prediction the expansion segments were modeled into the
cryo-EM density semi-automatically using Assemble (see section [136]. The initial models
were refined in Assemble and subsequently fitted flexibly using MDFF (see section [168].

7.2.1. Secondary structure prediction of RNA

Besides the secondary structure predictions from (CRW databaseﬂ [27] the primary sequences
of the expansion segments were used as an input for RNA secondary structure prediction tools
RNAfoldf| [169] and RNAshapeq'| [I70]. The secondary structure predictions with RNAshapes
were done using shape types 1-5 and setting the maximum loop length to 20. For visual inspection

and comparison between the predictions the structure graphs were generated.

7.2.2. Tertiary structure modeling of RNA

The ribosomal core model was used as an anchor point for modeling the expansion segments.
The RNA molecules were loaded in FASTA formatﬂ and secondary structure was automatically
generated with RNAfold. In some cases the RNAfold predictions were modified according to the
RNAshapes predictions. The helical regions were generated automatically as an A-form helix
and were roughly fitted into the cryo-EM map. Then single stranded regions were placed and
connected to the helical parts. Structural motif for loops, inner helical non-Watson-Crick base
pairing and kink-turns were applied manually in Assemble. The models were refined using the
geometric refinement tool and including all Watson-Crick and non-Watson-Crick base pairs. A

subsequent all-atom refinement and flexible fitting is described in section [7.3]

*http://www.bioinformatics.org/s2s
*http://www.wwpdb.org/docs . html
Shttp://www.rna.ccbb.utexas.edu/
®http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi
"http://bibiserv.techfak.uni-bielefeld.de/rnashapes/
®http://www.ncbi.nlm.nih.gov/blast/fasta.shtml
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7. Modeling

7.2.3. Assemble

The Assemble too]lﬂ [136] was used to automatically generate the coordinates for the ribosomal
core models of the 55, 5.8S, 18S and 28S rRNA from the alignment files. The core models were
refined with the embedded refinement tool for 20 iterations.

All de novo models for ES and VR were build in Assemble semi-automatically into the isolated
ES/VR cryo-EM densities. Therefore, Assemble was adapted to use MRC or X-PLOR format
for electron densities. The embedded RNAview algorithmm [171] was used to analyze all kinds
of base pairing. All expansion segments and variable regions were refined with the embedded
refinement procedure for 20 iterations. Subsequently, the coordinates were exported as file in
PDB-format™]

The PDB files for the structural motifs (see section were parsed in Assemble. The extracted

motifs were stored in the local Assemble motif-database.

7.3. Fitting and refinement of RNA models

A preliminary rigid body fitting of the RNA templates and the RNA models was done in the
absence of proteins using the ’ﬁt—in—map’—commandE of Chimera [I53]. The fit was performed
into low-pass filtered electron densities. The core models were further fitted flexibly using MDFF
(see section [7.3.2). Then all RNA segments were merged using VMD [172]. Single nucleotide
insertion in the core structure were then analyzed using density maps.

In a subsequent process the r-proteins were combined with the rRNA models. Steric clashes

between different RNA segments as well as RNA and proteins were solved using IMD (see section
and section [7.3.2). The entire 80S model was refined using MDFF (see section [7.3.2]).

7.3.1. Assemble refinement

The initial RNA models for all ES and VR were refined using the internal geometric refinement
tool. All ideal base pairs were identified automatically with RNAVieWE [I71]. In case of non-ideal
base pair distances the interaction type was annotated manually in the 2D viewer of Assemble.
Single hydrogen bond interactions were ignored and deleted in the 2D viewer. The models were

then refined geometrically for 20 iterations.

7.3.2. Molecular Dynamics Flexible Fitting (MDFF)

MDFFE is a method to flexibly fit molecular models into electron densities. Within the fit-
ting process the stereochemistry of the models are preserved for RNA and proteins. MDFF
uses RNA restraints to preserve RNA secondary structure and tertiary structure interactions
because all simulations were performed without water and ions. Therefore, the exact hydrogen

bonding of all the 96 observed base pair interactions were annotated manually (according to

%http://www.bioinformatics.org/assemble/
Ohttp://ndbserver.rutgers.edu/services/download/

Yhttp: //www.wwpdb.org/docs.html
"?http://www.cgl.ucsf.edu/chimera/docs/ContributedSoftware/fitmaps/fitmaps.html
"3http://ndbserver.rutgers.edu/services/download/
Yhttp://www.ks.uiuc.edu/Research/vmd/
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7. Modeling

[173],[85]). RNAview was used to identify all the base pair interactions in the whole complex. All
Watson-Crick and non-Watson-Crick base pair interactions, except the ’sugar edge/sugar edge’
interactions, were restraint in the simulations. The simulations were carried out using NAMD
2.6 [174], VMD 2.8.7a44[ [172], CHARMM"| [175], RNAView{"™| [I71] and IMD["’] [I76]. All
molecular dynamics (MD) simulations and molecular dynamics flexible fitting (MDFF) were

performed in collaboration with Dr. Elizabeth Villa.

File preparation

The RNA models, which have been previously refined in Assemble, were used as an input for
MDFF. For each RNA model the function ’autopsf@ in VMD was used to generate a ’‘psf file’
and an extended pdb file including hydrogens. The models were then renumbered according
to the right sequence numbers using the script ’renumber_offset.tcl’. Then all the ES and VR
were merged with the RNA core models. Subsequently, the RNA models were merged with the

proteins.

Interactive Molecular dynamics (IMD)

IM@ was used to solve structural clashing residues. Two residues (either RNA-protein or
RNA-RNA) are clashing if two atoms (from each residues) are closer than 2 A. The script
'fiz_ clashes.tcl’ was used for an exhaustive identification of RNA-RNA clashes and RNA-protein
clashes. All clashes were solved manually. A local IMD simulation was performed to achieve
stereochemically correct models. For these local simulations an environment of 5 A around
the clash was selected (command ’same residue as within 5 of clash’). A preceding 2000-step
minimization was performed to subsequently simulate a MD run for 2 ps.

IMD was also used for simulating the movement of ES27" (see section and H43-H44
(see section of the large subunit.

Yhttp://www.ks.uiuc.edu/Research/namd/
http://www.ks.uiuc.edu/Research/vmd/
"http://www.charmm. org
!8http://ndbserver.rutgers.edu/services/download/
9http://www.ks.uiuc.edu/Research/vmd/imd/
*Ohttp://www.ks.uiuc.edu/Research/vmd/plugins/autopsf/
http://www.ks.uiuc.edu/Research/vmd/imd/
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7. Modeling

Global MDFF simulation of the ribosome

An all-atom MDFF simulation of the 80S ribosome was performed including all 78 proteins, 1800
nts of the SSU rRNA, 3554 nts of the LSU rRNA, 75 nts of the tRNA and 21 nts of the mRNA.
The first simulation incorporated the EM-map which was filtered between 5—6 A. For the second
MD simulation an EM-map filtered between 5 — 5.5 A was used.

For the global MDFF simulation of the complete ribosome including the tRNA and the mRNA
all separate pdb files had to be merged with the ’autopsf’—command@ in VMD. The resulting
psf and pdb had a special VMD formaﬁ because the complex had more than 100’000 atoms
which would be invalid for the PDB formatZ4

7.4. Visualization and structure analysis

The cryo-EM maps and models were visualized using Chimerﬂ [153] 177, VMD@ [172], Coo@
[178] and PyMo]@ The rRNA secondary structure maps were derived from the Comparative
RNA website (CRW)H [27]. The rRNA secondary structures of S. cerevisiae, T'. aestivum and O.

sativa were adjusted using Corel Draw Xﬂ. The pictures for the expansion segment inventory
were edited with Adobe PhotoshopP!| and Adobe Illustrator 7

http://www.ks.uiuc.edu/Research/vmd/plugins/autopsf/
*http://www.ks.uiuc.edu/Training/Tutorials/namd/namd-tutorial-unix-html/node21.html
2http: //wuw.wwpdb. org/docs . html
Zhttp://www.cgl.ucsf.edu/chimera/

2http: //www.ks.uiuc.edu/Research/vmd/
*Thttp://wuw.ysbl.york.ac.uk/~emsley/coot/

% http://www.pymol.org/
http://www.rna.ccbb.utexas.edu/

8%http: //www.corel.com

3http://www.adobe. com

32http: //www.adobe. com
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8. Workflow for modeling and fitting large

RNA molecules

Modeling ribosomal RNA (rRNA) has a total input size of about 5500 nts (120 nts 5S rRNA,
~ 1800 nts 18S rRNA and ~ 3500 nts 28S rRNA). However, no protocol for large-scale modeling
of RNA has been established, to date (see section . Therefore a new modeling workflow was
developed to model the rRNA of S. cerevisiae and T. aestivum 80S ribosomes. The development
was done in collaboration with Prof. Dr. Eric Westhof and Dr. Fabrice Jossinet (University of
Strakburg, France). All the implementations for S2S and Assemble were done by Dr. Fabrice

Jossinet.

This new approach combines novel modeling techniques with a novel flexible fitting into cryo-
EM density maps. In general the modeling effort is splitted into homology modeling and de
novo modeling depending on the presence of alignable structural templates. RNA parts that can
be aligned to a structural template (Figure top) are modeled by homology (Figure [8.0.1]
bottom left; see section . Stretches of RNA that can not be aligned to a structural template
are modeled de novo (Figure bottom middle; see section . Finally, the constructed
models are refined and fitted into the cryo-EM map (Figure bottom right). So far each

modeling step needs manual input.
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Figure 8.0.1.: Scheme for modeling RNA in 3D using cryo-EM maps. (Top) The RNA sequence is
aligned to the structural template. (Bottom left). The RNA parts that can be aligned to a
template are modeled by homology. (Bottom middle) The RNA parts that are not aligned
are modeled de novo. (Bottom right) If an electron density is available the RNA will be
modeled into it. A refinement and flexible fit is done using Molecular Dynamics Flexible
Fitting (MDFF).

8.1. RNA homology modeling

The idea of RNA homology modeling is based on protein homology modeling. For proteins the
essential criteria for a template-based modeling is the degree of sequence similarity/sequence
identity, which is determined by the sequence alignment. For RNA the sequence similarity
criteria is not applicable since co-varying base substitutions and isosteric base pair substitutions
do not necessarily have sequence similarity. Moreover, similar structural motifs are not conserved

in terms of sequence similarity and/or sequence length.

The first step in this approach is to perform a structure-based sequence alignment with S2S (see

section [7.1.2}; section |8.1.1). Based on this structure-based sequence alignment (Figure A)
the homology model for the aligned regions is deduced from the template (Figure B; see

section [8.1.2)). The homology model is generated from the alignment automatically followed by
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a subsequent refinement.

A
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Figure 8.1.1.: Example for the RNA homology modeling of H24. (A) Structure-based sequence align-
ment between the template of H. marismortui and the sequences of S.cerevisiae and T.
aestivum. The region for H24 is highlighted. Aligned residues of secondary structure keeping
the same isostericity class like the template are shown in blue. Aligned residues of tertiary
interactions keeping the same isostericity class like the template are shown in green. (B)
Crystal structure of H. marismortui H24 (template) with the pentaloop highlighted in yellow
(left). Homology model deduced from S2S of the aligned parts of H24 for S. cerevisiae (gray).
The non-aligned GNRA-tetraloop (blue) is modeled separately in Assemble (middle). Refined
model of H24 for S. cerevisiae (right).

8.1.1. Structure-based sequence alignment

The structure-based sequence alignment between the template and the sequence of interest is
generated manually using S2S (see section. The template is loaded with its 3D coordinates
and the secondary structure is annotated automatically by RNAview [I71]. Now the secondary
structure of the target is used to align the target sequence to the template. In the process a base
pair is only aligned if the base pair substitution fulfills the isostericity criterion (see section ;
Figure A; see section . The resulting structure-based sequence alignment is then used
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8. Workflow for modeling and fitting large RNA molecules
to deduce the coordinates of the aligned residues (see section |8.1.2)).

8.1.2. Deducing the homology model
Deducing a homology model from the template works in three steps:

1. Backbone: For each aligned residue the sugar-phosphate backbone coordinates will be
copied from the template to the model.

2. Base: Upon an identical base the coordinates for the base itself is copied. Otherwise,
the coordinates for the substituted base are generated automatically by keeping the same

glycosidic bond orientation (Figure B left panel). The generation of the coordinates
is done by Assemble.

3. Refinement: After generating the coordinates the homology model is refined automatically
in Assemble (see section [7.2.3). By changing the bases of an isosteric base pair with
a subsequent automatic generation of coordinates, minor suboptimal distances between

atoms (clashes) can occur. These errors are solved by the refinement.

8.1.3. Homology modeling of structural motifs

Non-aligned residues of loops or innerhelical motifs are folded separately and automatically based
on known structural motifs (Figure B middle panel; see section . Therefore, Assemble
was adapted with a repository of structural motifs that can be extended by the users. The
structural motif is then manually applied to the target sequence. Minor refinement is necessary

if the target sequence differs from the template sequence.

8.2. RNA de novo modeling

RNA parts lacking any structural template had to be modeled de movo. This new de nowvo

modeling approach can be seen as a 5-step procedure:

1. Input: The primary sequence of the target is used as an input for Assemble. The input
format is the FASTA—formatH (Figure A).

2. Secondary structure assignment: Assemble was adapted to predict an RNA secondary
structure by RNAfold [I79] however, different algorithms or an existing secondary struc-
ture can be used as an input (Figure B-D). In addition to the secondary structure,
additional Watson-Crick base pairs and non-Watson-Crick base pairs can be assigned man-
ually. All assigned base pairs will be taken into account within the refinement. The target
secondary structure is organized in modules which are either RNA A-form helices or RNA

single stranded region connecting the helices.

3. Generation of A-form helices: The construction of the 3D model starts with the automatic
generation of the A-form helices (Figure E, G). The helices are generated with the

ideal torsion angles for A-form helices, however, all torsion angles can be adjusted manually.

"http://www.ncbi.nlm.nih.gov/BLAST/fasta.shtml
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8. Workflow for modeling and fitting large RNA molecules

4. Folding of structural motifs: Single stranded modules are preliminary generated as an
A-form helix strand, but have to be adjusted manually (Figure F, H). Upon the user’s
input the structural motifs are applied to the unfolded module. Subsequently, the RNA

torsion angles can be adjusted arbitrarily.

5. Incorporation of electron density maps: An important new feature of this approach is
the is the ability to incorporate electron density data in Assemble (Figure J). This
enables the model to be based on empirical data. The RNA modules can be fitted manually

into the density and the strands can be connected.

A
[5- GCCCGAGGCCAUCCGGCCGAGGGE 3] H . &
unfolded vsrn  esaicron
l RNA sequence Structural ) 3
— motif : D) ¢ Q

Secondary ' databsse EEaHeS e AN

structure =g £ ] Tetraloop

prediction Trolad

l tetraloop
C
ucC
A_C
c—G
cC—G
G—C F
RNA - G C L Structural
> Secondary |[A G motif
structure |G A
c—0C database
c—« &a
cC—G Non-WatsonCrick
G—C single base pairs
‘ RNA E
D
Data repositories
—1) (CRW, RNA strand)
L]
J

Electron density R

Figure 8.2.1.: Example of RNA de novo modeling and fitting of expansion segment ES3L. (A)
Primary sequence input for Assemble. (B) Secondary structure prediction by RNAfold or
other algorithms. (C) Secondary structure prediction output. (D) External data that can be
incorporated in the secondary structure. (E, G) Automatic generation of RNA A-form helices
modules. (F) Generation of single stranded RNA followed by applying a structural motif.
(H) Generation of an unfolded tetraloop followed by applying the GNRA-tetraloop motif and
torsion angle adjustment. (J) Incorporation of electron density maps. The RNA modules can
be modeled and fitted simultaneously.
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8. Workflow for modeling and fitting large RNA molecules

8.3. Refinement and flexible fitting of RNA

Refining the molecular RNA models is a two-step procedure.

1. A geometric refinement within Assemble. Here the residues are optimized according to
the ideal atom distances. Moreover non-Watson-Crick base pairs are refined to their ideal

isostericity class (C1’-C1’ distance and orientation of the glycosidic bond).

2. The second step will be applied if an electron density is present. This new approach
combines an RNA refinement while flexibly fitting the molecular model into the electron
density. For this approach the protocol of Molecular Dynamics Flexible Fitting (MDFF)
[180), 168] was extended in collaboration with Dr. Elisabeth Villa. Therefore all 96 observed
base pairs (according to reference [85] [I73]) were annotated and each hydrogen bonding
scheme included in the MDFF protocol.

The simulation is performed on all atoms including hydrogens. Water molecules coordi-
nated by a base pair are not included. In all RNA simulations, neither solvation shells
of RNA base pairs nor ions are included, resulting in simulations performed in vacuum.
Therefore the simulations are restrained to maintain base pairing and secondary structure.
In order to keep the planarity of bases and base pairs a script applies the ideal angles and
distances to the base or base pair.

Another feature of this new approach is the ability to flexibly fit large complexes consisting
of both RNA(s) and protein(s) simultaneously. This enables MDFF simulations of large

complexes like ribosomes, spliceosomes or chromatin remodeling complexes.

Simulations of motions on molecular levels The RNA implementations for MDFF were ap-
plied to Interactive Molecular Dynamics (IMD)H A targeted flexible fitting of molecular models
can be achieved by interactively applying forces to atoms and residues. In this way motions
between different conformational states can be simulated.

This method can be also used for a novel user driven refinement and fitting. With this method

the user can resolve interatomic clashes by interactively manipulating atoms or residues.

Zhttp://www.ks.uiuc.edu/Research/Categories/IMD/
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9. Model of T. aestivum and S. cerevisiae
80S ribosomes based on high-resolution

cryo-EM structures

9.1. Cryo-EM reconstruction

The cryo-EM map at 6.1 A resolution of the S. cerevisiae 80S RNC-Sshl complex [I141] (Figure
A; EMDB ID 166£ﬂ) was used for modeling. Further a cryo-EM reconstruction of an 80S
yeast ribosome stalled by a synthetic stem loop mRNA in complex with the no-go decay factors
Dom34 and Hbsl (Figure B) [I81] enabled a more precise model of the 40S subunit head
region, because the binding of these ligands cause a more stable 40S head conformation.

As described in section [ the 2.108.230 of T. aestivum 80S ribosomes particles were sorted into
un-programmed and programmed ribosomes. The subset of 1.362.920 programmed particles was
used for the final CTF-corrected 3D-reconstruction and yielded a resolution of 5.5 A, according
to 0.5 FSC criterion (Figure [9.1.1] C).

A B Cc

w < ”\% by P-tRNA
v” £

i;v Lf

Figure 9.1.1.: Cryo-EM reconstruction of eukaryotic ribosomes used for modeling. (A and B) S.
cerevisiae and (C) T. aestivum 80 ribosomes, with small (40S) and large (60S) subunits
colored in yellow and gray, respectively and the P-tRNA in green. The figure was taken and
adapted from [182].

"http://www.ebi.ac.uk/pdbe-srv/emsearch/atlas/1669_summary.html
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

Characteristics of the T. aestivum map The final cryo-EM map of T. aestivum at 5.5 A
shows characteristics comparable to the early crystal structures of the 50S large subunit of H.
marismortui [I83] at 5 A and the structures of the 30S small subunit and 70S ribosome of T.
thermophilus [12, 184] at 5.5 A. At this resolution, the double-stranded RNA can be observed
as a smooth helical density, with a defined minor and major groove. The phosphate groups
of the RNA backbone are represented as distinctive bumps in the density (Figure A). In
most cases, single stranded RNA can be traced (Figure B) and bulged out nucleotides
are resolved. Neither the different RNA bases and base modifications nor the type of base pair
interactions are distinguishable, which is not expected at this resolution.

As protein secondary structure elements, a-helices are observed as rod-like densities (Figure
C) and B-sheets are represented by smooth and flat surfaces (Figure D). The pitch

of o-helices and the separation of J-sheets are not visible, which is also not expected at this

resolution. The cryo EM density map of 7. aestivumn 80S-RNCs has been deposited in the
3D-Electron Microscopy Data Bank (EMDBP) with the EMDB ID: 1780/[}]

Figure 9.1.2.: Features of the T. aestivum 80S cryo-EM map at 5.5 A. Selected views of the T. aestivum
80S density map (blue mesh) and the corresponding molecular model, with r-proteins in yellow
and rRNA in white (backbone) and red (bases). The figure was taken from [182].

Zhttp://www.ebi.ac.uk/pdbe/emdb/
®http://wuw.ebi.ac.uk/pdbe-srv/emsearch/atlas/1780_summary.html
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

9.2. Near complete model of the eukaryotic 80S ribosome

Eukaryotic 80S ribosomes are significantly larger than their bacterial counterparts, the T. aes-
tiwvum ribosome contains 1.53 MDa (0.62 MDa/40S and 0.91 MDa/60S) of r-protein and 1.74
MDa (0.56 MDa/40S and 1.18 MDa/60S) of rRNA, thus totaling 3.27 MDa, whereas E. coli 70S
ribosomes is in total 2.5 MDa (0.9 MDa/30S and 1.6 MDa/50S).

The molecular models are presented for translating T. aestivum (FigureA) and S. cerevisiae
(Figure B) 80S ribosomes encompassing ~ 98% of the rRNA and 92.5% of the r-proteins.

T. aestivum S. cerevisiae

Figure 9.2.1.: Structure of the T. aestivum and S. cerevisiae eukaryotic 80S ribosomes. (A and B)
Near-complete models for the (A) T. aestivum and (B) S. cerevisiae 80S ribosome, with rRNA
and r-proteins shown in yellow and orange for the small subunit and gray and blue for the large
subunit, respectively. The P-tRNA is shown in green. The figure was taken from [185].

The majority of the rRNA (~ 65%) model correspond to the conserved ribosomal core of 7.
aestivum and S. cerevisiae and was modeled based on homology of the eukaryotic rRNA with
the available bacterial and archaeal ribosome structures (black in Figure A and B, gray
in Figure C and D). The remaining parts (~ 35%) of the rRNA comprising structurally
variable regions and rRNA expansion segments were modeled de novo (green in Figure
A-D). One-hundred sixteen (7. aestivum) nts and 122 (S. cerevisiae) nts, mostly single stranded
linker regions, could not be modeled due to unreliable secondary structure predictions and/or
ambiguity in the electron density (orange in Figures[0.2.3] [0.2.4] [0.2.5] [0.2.6] [0.2.7] and [9.2.8]).
Similarly, models for 44 of the 80 r-proteins of the T. aestivum 80S ribosome (gray in Figure
E and F) were built using the templates present in the bacterial and archaeal ribosome
structures |12 [184], as well as 44 of 79 r-proteins of the yeast 80S ribosome [I85]. Homologous
proteins having an N-terminal or C-terminal extension were build de novo (green in Figure

E and F). A total of 27 r-proteins (12 on the small subunit, 17 on the large subunit; excluding PO,
P1 and P2) that are not present in the crystal structures of the bacterial and archaeal ribosomes
could be localized and modeled de novo (red in Figure E, F).
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

Hz;, 28S/5.8S  Es3¢

ES4-

Figure 9.2.2.: An atomic model for the T. aestivum 80S ribosome.(A and B) Secondary structures for
the (A) small (18S) and (B) large subunit (55, 5.8S, and 25S) ribosomal RNAs, with the newly
modeled regions colored in green. Expansion segments and variable regions are indicated in
gray and un-modeled regions are orange. (C and D) Newly modeled regions of rRNA (green)
are highlighted on the (C) small and (D) large subunit density map (Left) and as molecular
models (Right). (E and F) Newly modeled proteins are highlighted on the (E) small and (D)
large subunit density map (Left) and as molecular models (Right). Newly identified proteins
are colored red, whereas de novo modeled extensions are colored light green, and modeled but
unassigned proteins are yellow. The figure was taken from [182].
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Figure 9.2.3.: Secondary structure diagram for the small subunit (18S) rRNA of T. aestivum. Green
regions indicated de novo modeled regions, gray regions are expansion segments, whereas
orange nucleotides were not modeled. The diagram was modified from [27]. The figure was

taken from [182].
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Figure 9.2.4.: Secondary structure diagram for the

small subunit (18S) rRNA of S. cerevisiae. Gray

regions indicate expansion segments that have been modeled de novo, whereas orange nu-
cleotides were not modeled. The diagram was modified from [27]. The figure was taken from

[182].
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Figure 9.2.5.: Secondary structure diagram for the 5” region of the large subunit rRNAs (5.8S and
25S) of T. aestivum. Green regions indicated de novo modeled regions, gray regions are

expansion segments, whereas orange nucleotides were not modeled. The diagram was modified
from [27]. The figure was taken from [182].
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Figure 9.2.8.: Secondary structure diagram for the 3 region of the large subunit rRNAs (25S) of
S. cerevisiae. Gray regions indicate expansion segments that have been modeled de novo,
whereas orange nucleotides were not modeled. The diagram was modified from [27]. The
figure was taken from [182].
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9.2.1. Atomic model of the eukaryotic ribosomal RNA core structure

The structure of the ribosomal RNA core of prokaryotes and eukaryotes is very similar. In order
to assess a rough structural similarity the rRNA (16S, 23S and 5S) of the crystal structures were
rigidly fitted into the cryo-EM densities of T aestivum and S. cerevisiae (’ﬁt—in—map’ﬁcommand
of Chimera [I53]). Each RNA helix was inspected manually and secondary structure predictions
of T. aestivum, S. cerevisiae, T. thermophilus and H. marismortui were compared. This revealed
significant structural differences in helices h6, h9, h10, h16, h17, h21, h26, h33, h39, h41 and
h44 on the small subunit as well as H7, H16, H17, H18, H28, H38, H45, H52, H59, H79 and
H101 on the large subunit. Thus, these helices were not aligned and modeled by homology. A
subsequent comparison between 7. aestivum and S. cerevisiae revealed a higher similarity. On
the small subunit T. aestivum and S. cerevisiae are only structurally different in the helices of
FES6°, h16 and minor differences in h39 and h41. On the large subunit significant structural
differences occur at ES3Y, ESTE, ES27L and ES39%.

As described in section [B:1.1] structure-based sequence alignments between sequences of 7. aes-
tivum, S. cerevisiae and the available bacterial and archaeal crystal structures were generated.
Due to the better resolution of the T. aestivum cryo-EM map, the core model for T. aestivum
was generated first. This core model was used as anchor point for the expansion segments and
variable regions. The combined and flexible fitted RNA model of T. aestivum was then used as

a structural template for modeling the RNA of S. cerevisiae.

Homology model of the T. aestivum ribosomal RNA core structure For T. aestivum 3584
nts (1051/408S, 2415/60S and 118/5S) of the 5484 nts were aligned, incorporating isosteric base
substitutions [85],86] (non-highlighted nucleotides in Figures[9.2.3}9.2.5|and [9.2.6)). One-hundred
twenty nucleotides (2.2%) were not available in the sequences for T. aestivum and were therefore
substituted with those from the closely related Oryza sativa. (see section .

Homology model of the S. cerevisiae RNA core structure The core model of S. cerevisiae was
based on the RNA model of T. aestivum. This core model includes all RNA expansion segments
except from ESTE, ES27F and ES39”. For S. cerevisiae 4679 (1490/40S, 3071/60S and 118/59)
nts of 5472 nts were aligned, incorporating isosteric base substitutions [85, [86] (non-highlighted
nucleotides in Figures[9.2.4] (9.2.7] and [9.2.8)).

*http://wuw.cgl.ucsf.edu/chimera/docs/ContributedSoftware/fitmaps/fitmaps.html
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

9.2.2. Atomic models for eukaryote-specific ribosomal RNA expansion segments

Overview The 7. aestivum and yeast 80S models contain all five expansion segments (ES39,
ES6°, ESTY, ES9°, and ES12° following the ES nomenclature of [23]) and five variable regions
(h6, h16, h17, h33, and h41) of the small subunit, as well as the 16 expansion segments (E£S3%,
ES4t ESsL. ESTL, ES9L, ES10L, ES12E, ES15, ES19F, ES20%, ES24% ES26, ES27",
ES31F, ES39%, and ES41%) and two variable regions (H16-18 and H38) of the large subunit
(Figure . On the small subunit, the majority of the additional rRNA is clustered at the
spur or foot region, except for E£.S9° which is positioned at the head (Figure C and E). On
the large subunit, most ES are located on the back and sides of the particle, leaving the subunit
interface and exit tunnel regions essentially unaffected (Figure D and F).

For T. aestivum 1903 nts comprising structurally variable regions and expansion segments were
modeled de novo (Figure A-D and Figure A-E) using Assemble [136]. The secondary
structure was predicted using RNAfold [I79] and RNAshapes [170]. The predictions were then
compared to the predictions from the CRW database [27] and the corresponding EM density.

A secondary structure comparison between S. cerevisiae and T. aestivum revealed that in both
species the expansion segments interrupt the universal core secondary structure at the same sites.
Most of the expansion segments have the same or similar length and secondary structure predic-
tion. Therefore, only 654 nts (171/408S, 483/60S) had to be modeled de novo in S. cerevisiae.

The next section will give a summary of all the expansion segments in S. cerevisiae and T.
aestivum. The expansion segments ESTY and ES27" are presented separately for T. aestivum
and S. cerevisiae, due to major differences in the two structures. The ribosomal proteins will be
denoted with their family name. A table with the specific names for each organism can be found
in tables and
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

’ ‘ Family name ‘ S. cerevisiae name | O. sativa name

1 S2p rpSO Sa
2 S3p rpS3 S3
3 S3ae rpS1 S3a
4 S4p rpS9 S9
5 Sde rpS4 S4
6 S5p rpS2 S2
7 S6e rpS6 S6
8 S7p rpS5 S5
9 S7e rpS7 S7
10 S8p rpS22 S15a
11 S8e rpS8 S8
12 S9p rpS16 S16
13 S10p rpS20 S20
14 S10e rpS10 S10
15 S1lip rpS14 S14
16 S12p rpS23 S23
17 S12e rpS12 S12
18 S13p rpS18 S18
19 Sl4p rpS29 S29
20 S15p rpS13 S13
21 S17p rpS11 S11
22 S17e rpS17 S17
23 S19p rpS15 S15
24 S19e rpS19 S19
25 S21e rpS21 S21
26 S24e rpS24 S24
27 S25e rpS25 S25
28 S26e rpS26 S26
29 S27e rpS27 S27
30 S27ae rpS31 S27a
31 S28e rpS28 S28
32 S30e rpS30 S30
33 RACK1 RACK1 RACK1

Table 9.1.: Nomenclature for r-proteins of the small subunit of the S. cerevisiae and T. aestivum.
The table was taken from [185].
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’ ‘ Family name ‘ S. cerevisiae name | O. sativa name

1 Lip rpL1 L1
2 L2p rpL2 L2
3 L3p rpL3 L3
4 L4e/L4p rpL4 L4
5 L5p rpL11 L11
6 L6p rpL9 L9
7 L6e rpL6 L6
8 L7ae rpL8 L7a
9 L10p rpP0 PO
10 L10e rpL10 L10
11 L11p rpL12 L12
12 L12p rpP1/rpP2 P1/P2
13 L13p rpL16 L13a
14 L13e rpL13 L13
15 L14p rpL23 L23
16 L14e rpL14 L14
17 L15p rpL28 L27a
18 L15e rpL15 L15
19 L18p rpL5 L5
20 L18e rpL18 L18
21 L18ae rpL20 L18a
22 L19e rpL19 L19
23 L21e rpL21 L21
24 L22p rpL17 L17
25 L22e rpL22 L22
26 L23p rpL25 L23a
27 L24p rpL26 L26
28 L24e rpL24 L24
29 L27e rpL27 L27
30 L28e - L28
31 L29p rpL35 L35
32 L29e rpL29 L29
33 L30p rpL7 L7
34 L30e rpL30 L30
35 L31le rpL31 L31
36 L32e rpL32 L32
37 L34e rpL34 L34
38 L3bae rpL33 L35a
39 L36e rpL36 L36
40 L37e rpL37 L37
41 L37ae rpL43 L37a
42 L38e rpL38 L38
43 L39%e rpL39 L39
44 L40e rpL40 L40
45 L4le rpL41 L41
46 L44e rpL42 L44

Table 9.2.: Nomenclature for r-proteins of the large subunit of the S. cerevisiae and T. aestivum.
The table was taken from [185].
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Figure 9.2.9.: Ribosomal RNA expansion segments and variable regions. (A and B) Secondary struc-
tures for the T. aestivum (A) small (18S) and (B) large subunit (5S, 5.8S, and 25S) ribosomal
RNAs, with the expansion segments and variable regions colored distinctly. (C and D) Cryo-
EM maps of the (C) small and (D) large subunits with assigned ES and VR colored as in A
and B. (E and F) Molecular models of the ES and VR of rRNA colored as in C and D. The
figure was taken from [182].
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

9.2.2.1. ES15 (h6)

Helix 6 (h6) denoted as ES1°in [23] is one of 5 variable regions for both T. aestivum and S.
cerevisiae. 1t is located on the foot region of the small subunit and close to the inter subunit space
(Figure A). Helix 6 is part of the 5" domain of the 185 rRNA (Figure B). In both
species it is 33 nt long and shorter than in 7. thermophilus (Figure C-F). While the stem
region seems to fold like the bacterial counterpart the fold of the loop region is ambiguous (Figure

9.2.10| E). The EM density in the loop region suggest the position for one of the non-identified

novel proteins.

T. aestivum S. cerevisiae T. thermophilus

Figure 9.2.10.: Expansion segment £S1°. (A) Location of ES1°(red) on the ribosome. The small
and large subunit are colored in yellow and gray, respectively. The P-tRNA is colored in
green. (B) Location of £S1° (red) in the secondary structure diagram. (C) RNA secondary
structure diagram of the T. aestivum model. (D) RNA secondary structure diagram. T.
aestivum (blue), S. cerevisiae (black) and the corresponding RNA in T. thermophilus (yellow),
respectively. (E) RNA model (blue) in cryo-EM density. (F) RNA model (blue) on top of its
bacterial counterpart (orange). The table was taken from [185].

9.2.2.2. ES3% (h9, h10)

Expansion segment ES3° is located on the foot of the small subunit (Figure A) close to
expansion segment £S6°. ES3° is part of the 5 domain of the 18S TRNA (Figure B).
In T. aestivum and S. cerevisiae helix ES3°b substitutes h9 in bacteria (Figure C-F) and
keeps E£S3%a and ES3%¢ in a close spatial arrangement. The 14-nt-long internal loop between
helices ES3%b and ES3%¢ was modeled to interact with the loop of FS6°d forming a 9-mer
interhelical pseudoknot (Figure C-F). The density for helix £S3°c is weak suggesting a
higher flexibility for the stem loop (Figure E). ES3% interacts with the ribosomal protein
S17p and the eukaryote-specific r-protein Sde. Helix 10 (h10) which is longer in eukaryotes and
helix FS3°a interact with an unidentified protein XS1(Figure G, H).
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures
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Figure 9.2.11.: Expansion segment FES3°. (A) Location of FS3% (red) on the ribosome. The small
and large subunit are colored in yellow and gray, respectively. The P-tRNA is colored in
green. (B) Location of £S3° (red) in the secondary structure diagram. (C) RNA secondary
structure diagram of the T. aestivum model. (D) RNA secondary structure diagram. T.
aestivum (blue), S. cerevisiae (black) and the corresponding RNA in T. thermophilus (yellow),
respectively. (E) RNA model (blue) in cryo-EM density. (F) RNA model (blue) on top of
its bacterial counterpart (orange). (G and H) Interaction of ES3° (blue) with r-proteins
S4e (red), S17p (green) and an un-identified protein XS1 (yellow). (H) Same as in (G) but
eukaryote-specific proteins (red), protein extensions (light green) of bacterial homologous
(gray) and unknown proteins (yellow).
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

9.2.2.3. ES5° (h16, h17)

The variable region helix 16 (h16) and helix 17 (h17) are denoted ES5° in [23]. They are
located at the mRNA entry site on the small subunit. While h16 folds torwards the head h17
folds torwards the small subunit foot (Figure A). Both helices are part of the 5’ domain
of the 185 rRNA (Figure[0.2.12|B). In T. aestivum and S. cerevisiae h16 is not longer compared

to T. thermophilus (Figure[9.2.12| C-F).

T. aestivum S. cerevisiae T. thermophilus

G

Figure 9.2.12.: Expansion segment £S5°. (A) Location of ES5° (red) on the ribosome. The small
and large subunit are colored in yellow and gray, respectively. The P-tRNA is colored in
green. (B) Location of £S5 (red) in the secondary structure diagram. (C) RNA secondary
structure diagram of the T. aestivum model. (D) RNA secondary structure diagram. T.
aestivum (blue), S. cerevisiae (black) and the corresponding RNA in T. thermophilus (yellow),
respectively. (E) RNA model (blue) in cryo-EM density. (F) RNA model (blue) on top of its
bacterial counterpart (orange). (G and H) Interaction of £S5 (blue) with r-proteins S4e
(red) and S4p (yellow). (H) Same as in (G) but eukaryote-specific proteins (red) and protein
extensions (light green) of bacterial homologous (gray).
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

The innerhelical motif in bacteria (right panel in Figure D) is not present in eukaryotes
(Figure D) and therefore h16 is rearranged (Figure E, F). The rearrangement
corresponds to the additional C-terminus of r-protein S4p which is also relocated in eukaryotes
and stabilizes the single stranded linker region between h16 and h17 (Figure G, H) . The
secondary structure prediction of h17 is ambiguous. Like in the bacterial counterpart h17 seems
to form several non-Watson-Crick base pairs. Helix 17 is shorter in T. aestivum and S. cerevisiae
(Figure E, F) and the fold different compared to those of bacteria (Figure D-F).
The eukaryote-specific r-protein S4e stabilizes the loop region of h17 (Figure G, H).
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

9.2.2.4. ES6° (h21)

Expansion segment £.S6° is the largest ES on the small subunit located on the platform (Figure
A). ES6° is part of the C-domain of the 185 rRNA (Figure B). The secondary struc-
ture predictions for £S6° are ambiguous. In the top 10 of the minimum free energy predictions
by RNAshapes [170] structures with three up to five helices are predicted. In the EM densities
for both T. aestivum and S. cerevisiae 4 helices are visible. The RNAshapes predictions were
then constraint to ’Shape type=1’ and ’Match shape’ was set to 4 helices. The tertiary interac-
tion of £S6°d with the single stranded region ES3° suggested in [28] constraint the secondary
structure prediction and model of ES6°d (Figure C, D; Figure E, F). Sequence
alignments of the bacterial helix 21 with the sequences of ES67 in T. aestivum and S. cerevisiae
suggest the first predicted helix ES6%a to be eukaryotic counterpart (Figure E, F).
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Figure 9.2.13.: Expansion segment £S6°. (A) Location of £5S6° (red) on the ribosome. The small
and large subunit are colored in yellow and gray, respectively. The P-tRNA is colored in
green. (B) Location of £S6° (red) in the secondary structure diagram. (C) RNA secondary
structure diagram of the T. aestivum model. (D) RNA secondary structure diagram. T.
aestivum (blue), S. cerevisiae (black) and the corresponding RNA in T. thermophilus (yellow),
respectively.
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

The density for helices E£S6°b and ES6%¢ is observed as double-helical RNA. The densities
are weak and not connected suggesting that the two helices are very flexible (Figure E).
Therefore £S6°b and ES6°c are modeled like regular A-form helices (Figure E, F). The
single stranded loop region of ES6°d forms a pseudoknot with the single stranded region of
ES3° (Figure E-H). The single stranded parts between the four helices (gray in Figure
C) could not be modeled, because they are not resolved in the EM densities and secondary
structure predictions are ambiguous.

The eukaryote-specific r-protein Sde stabilizes ES6°a. Helix ES6°b interacts with S8p and the
extension of S5p and helix ES6%¢ interacts with r-protein S17p (Figure G). The last
a-helix of the C-terminal extension of L19e interacts with the ES6°d (Figure H).
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Figure 9.2.14.: Expansion segment £S6°. (E) RNA model (blue) in cryo-EM density. (F) RNA model
(blue) on top of its bacterial counterpart (orange). (G and H) Interaction of £S6° (blue)
with r-proteins S4e (red), L19e (yellow), S17p (green), S5p (blue) and S8p (pale purple).
(H) Same as in (G) but eukaryote-specific proteins (red) and protein extensions (light green)
of bacterial homologous (gray).

78



9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

9.2.2.5. ES75 (h26)

The extension of helix 26, denoted as EST, is located on the platform of the small subunit
(Figure A). ES7% is part of the central domain of the 185 rRNA (FigureB). EST7S
folds into a straight A-form helix (Figure E), which interacts via the minor groove with
the N-terminal extension of S2p where the bacterial h26 ends (Figure F, H). Another

two minor groove interactions are observed with the eukaryote-specific r-proteins S21e and S26e

(Figure 9.2.15| G, H).

T. aestivum S. cerevisiae T. thermophilus

Figure 9.2.15.: Expansion segment ES7°. (A) Location of ES7° (red) on the ribosome. The small
and large subunit are colored in yellow and gray, respectively. The P-tRNA is colored in
green. (B) Location of ES7° (red) in the secondary structure diagram. (C) RNA secondary
structure diagram of the T. aestivum model. (D) RNA secondary structure diagram. T.
aestivum (blue), S. cerevisiae (black) and the corresponding RNA in T. thermophilus (yellow),
respectively. (E) RNA model (blue) in cryo-EM density. (F) RNA model (blue) on top of its
bacterial counterpart (orange). (G and H) Interaction of £S7% (blue) with r-proteins S21e
(yellow), S26e (blue) and S2p (purple). (H) Same as in (G) but eukaryote-specific proteins
(red) and protein extensions (light green) of bacterial homologous (gray).
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

9.2.2.6. ES8S (h33)

The variable region helix 33 (h33) is located on the beak of the small subunit (Figure A).
Helix 33 is part of the 3'M domain of the 185 rRNA (Figure[9.2.16| B). In T. thermophilus h33a
is stacked on h33c while the loop of h33b interacts with the minor groove of h32 (Figure
F). In contrast to the bi-fork structure observed in bacteria, h33 in T. aestivum and S. cerevisiae
consists of only two helices linked by single stranded RNA (Figure C, D). The first stem
mimics the bacterial fold of h33a while the loop region mimics the same minor groove interaction
as h33b in bacteria (Figure E). The single stranded parts kink the loop region ~ 90°.
Here the non-Watson-Crick interactions can not be explained due to ambiguous density. The
N-terminal extension of S19p interacts with the innerhelical loop of h33. The eukaryote-specific
r-proteins S17e and S30e replace the non-existing RNA helix h33c¢ which only exists in bacteria
and stabilizes the kink as well as the first stem (Figure G, H).

S. cerevisiae T. thermophilus

Figure 9.2.16.: Expansion segment ES8%. (A) Location of £S8° (red) on the ribosome. The small
and large subunit are colored in yellow and gray, respectively. The P-tRNA is colored in
green. (B) Location of £S8° (red) in the secondary structure diagram. (C) RNA secondary
structure diagram of the T. aestivum model. (D) RNA secondary structure diagram. T.
aestivum (blue), S. cerevisiae (black) and the corresponding RNA in T. thermophilus (yellow),
respectively. (E) RNA model (blue) in cryo-EM density. (F) RNA model (blue) on top of its
bacterial counterpart (orange). (G and H) Interaction of £58% (blue) with r-proteins S17e
(yellow), S30e (blue) and S19p (purple). (H) Same as in (G) but eukaryote-specific proteins
(red) and protein extensions (light green) of bacterial homologous (gray).
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

9.2.2.7. ES95 (h39)

Expansion segment FS9° is the extension of helix 39 (h39) located next to h4l (see section
on the head of the small subunit (Figure A). ES9° is part of the 3'M domain
of the 185 rRNA (Figure B). Although the secondary structure is predicted to be helical
(Figure C, D) h39 is bended like its bacterial counterpart (Figure E, F). The loop
of ES9° seems to be flexible, due to the weak density. Two eukaryote-specific r-proteins interact
with ES9° namely RACK1 with the stem region and an a-helix of S19e with the minor groove
of the ES9° loop region (Figure G, H). The N-terminal extension of S10p (rpS20 in S.
cerevisiae) contacts the backbone and minor groove of ES9° as well (Figure G, H).
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Figure 9.2.17.: Expansion segment £59°. (A) Location of E£S9° (red) on the ribosome. The small
and large subunit are colored in yellow and gray, respectively. The P-tRNA is colored in
green. (B) Location of £S9° (red) in the secondary structure diagram. (C) RNA secondary
structure diagram of the T. aestivum model. (D) RNA secondary structure diagram. T.
aestivum (blue), S. cerevisiae (black) and the corresponding RNA in T. thermophilus (yellow),
respectively. (E) RNA model (blue) in cryo-EM density. (F) RNA model (blue) on top of its
bacterial counterpart (orange). (G and H) Interaction of £59° (blue) with r-proteins S19e
(red), S10p (yellow), S30e (blue) and RACK1 (green). (H) Same as in (G) but eukaryote-
specific proteins (red) and protein extensions (light green) of bacterial homologous (gray).
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

9.2.2.8. ES10% (h41)

The variable region helix 41 (h41) is denoted as £S10° in [23]. It is located next to ES9° (see
section on the head of the small subunit (Figure A). Helix 41 is part of the 3'M
domain of the 18S rRNA (Figure B). In both T. aestivum and S. cerevisiae a similar
kink-turn-fold as in T. thermophilus is observed (Figure E, F). The length difference
between both eukaryotic species is only 2 nts located in the single stranded region (Figure
E). Helix 41 is closely intertwined by several proteins. The newly identified eukaryote-specific
r-proteins S19e and S25e interact with the lower stem region of h41 via the backbone and minor
groove (Figure G, H). Further S7p, S9p, the N-terminal extension of S10p, S3p and S13p
interacted closely with h41. This results in a tight packing and stabilization of the kink-turn

structure (Figure9.2.18 G, H).

T. aestivum S. cerevisiae T. thermophilus

Figure 9.2.18.: Expansion segment FS10°. (A) Location of £S10° (red) on the ribosome. The small and
large subunit are colored in yellow and gray, respectively. The P-tRNA is colored in green.
(B) Location of £S10° (red) in the secondary structure diagram. (C) RNA secondary
structure diagram of the T. aestivum model. (D) RNA secondary structure diagram. T.
aestivum (blue), S. cerevisiae (black) and the corresponding RNA in T. thermophilus (yellow),
respectively. (E) RNA model (blue) in cryo-EM density. (F) RNA model (blue) on top of its
bacterial counterpart (orange). (G and H) Interaction of £S10° (blue) with r-proteins S19e
(red), S13p (yellow), S10p (blue), S9p (brown), S7p (pale purple), S25e (green) and S3p
(purple). (H) Same as in (G) but eukaryote-specific proteins (red) and protein extensions
(light green) of bacterial homologous (gray).
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

9.2.2.9. ES125 (h44)

Expansion segment FS12° is the long helical extension of helix 44 (h44) located on the inner
site of the small subunit (9.2.19| A). £S512%/h44 is part of the 3'm domain of the 185 TRNA
(Figure B) and reaches from the decoding site out of the ribosome along the inter subunit
space between the small and the large subunit. The secondary structure of £S129 is interrupted
by several non-Watson-Crick base pairs (Figure C, D) leading to a slightly bended helix
(Figure E, F). Moreover, these bases face their Watson-Crick edge torwards helices of the
large subunit (H71, H64, H62 and H27) enabling important contacts (inter subunit bridges).
The density for the last seven base pairs and the loop region is weak suggesting that £S129 is
very flexible at the lower region. £.S12° /h44 interacts with the N-terminal extension of S12p via
the major groove, the eukaryote-specific r-protein S24e and an unknown r-protein XS2. (Figure
G, H). Moreover the large subunit ribosomal proteins L14p and the eukaryote-specific
r-protein L24e interact with the backbone of h44 (Figure G, H).
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Figure 9.2.19.: Expansion segment FS12°. (A) Location of £S12° (red) on the ribosome. The small and
large subunit are colored in yellow and gray, respectively. The P-tRNA is colored in green.
(B) Location of ES12° (red) in the secondary structure diagram. (C) RNA secondary
structure diagram of the T. aestivum model. (D) RNA secondary structure diagram. T.
aestivum (blue), S. cerevisiae (black) and the corresponding RNA in T. thermophilus (yellow),
respectively.
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

E

Figure 9.2.20.: Expansion segment £S12°. (E) RNA model (blue) in cryo-EM density. (F) RNA model
(blue) on top of its bacterial counterpart (orange). (G and H) Interaction of £512° (blue)
with r-proteins S24e (red), L24e (yellow), L14p (blue), XS2 (green) and S12p (pale purple).
(H) Same as in (G) but eukaryote-specific proteins (red) and protein extensions (light green)
of bacterial homologous (gray).

9.2.2.10. ES3"/ ES4" (H9, H10)

The adjacent expansion segment ES3% and FS4% are located on the back of the large ribosomal
subunit (Figure A). ES3Y/ES4Y are part of domain I of the 5.85/25S rRNA (Figure
B, C). ES3Y and the 5 strand of ES4” are part of the 5.85 rRNA while the 3’ strand
of E£S4F is part of 255 rRNA (Figure B-D). In both EM densities FS3" and ES4" are
observed as straight helices for both species (Figure E). ES3" is the extension of helix
9 (H9) which is present in E. coli but not in H. marismortui. In S. cerevisiae ES3% is formed
by only Watson-Crick base pairs, while ES3% in T. aestivum has two innerhelical non-Watson-
Crick A-G base pair (tHS) (Figure C). ES4% is the extension of helix 10 (H10) folding
perpendicular to ES3% (Figure E, F). The N-terminal extension of L23p interacts with
the backbone of £S3% and with the major and minor groove of ES4F (Figure , H). The
C-terminal extension of L29p interacts with the backbone of FS4%. The ribosomal protein L15e
stabilizes £S4" via backbone and minor groove interactions (Figure G, H).
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Figure 9.2.21.: Expansion segment ES3Land ES4L.(A) Location of ES3%/ES4L (red) on the ribosome.
The small and large subunit are colored in yellow and gray, respectively. The P-tRNA is col-
ored in green. (B) Location of ES3L/ES4% (red) in the secondary structure diagram. (C)
RNA secondary structure diagram of the T. aestivum model. (D) RNA secondary structure
diagram. T. aestivum (blue), S. cerevisiae (black) and the corresponding RNA in H. maris-
mortui (yellow), respectively. (E) RNA model (blue) in cryo-EM density. (F) RNA model
(blue) on top of its archaeal counterpart (orange). (G and H) Interaction of ES3L/ES4L
(blue) with r-proteins L15e (red), L23p (yellow) and L29p (green). (H) Same as in (G) but
eukaryote-specific protein extensions (light green) of bacterial homologous (gray).
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

9.2.2.11. ES5" (H15, H16-H18)

Expansion segment £S5 and the adjacent variable region of H16-H18 are located on the back of
the large subunit (Figure A). ES5" is the extension of helix 15 (H15) and part of domain
I of the 25S rRNA (Figure B). The junction between H14 and H15 could not be modeled,
due to ambiguous density. The EM densities for both species show a direct interaction between
ES5% and the variable region of H16-H18 (Figure E). This interaction was identified to be
the loop of ES5Y and the minor groove of H17 and explains the rearrangement of the variable
region (H16-H18) in S. cerevisiae and T. aestivum (FigureE, F). ES5” interacts via the
minor groove with the adjacent minor groove of ES4%. The junction between ES5" and H16
is stabilized by L7ae, L15e and the eukaryote-specific r-protein L36e (Figure G, H). The
a-helix of the novel r-protein L4le interacts with the major groove of ES5Y. The C-terminal
extension of L29p stabilizes the interaction between the loop of £S5 and the rearranged H17.
The altered conformation of H16-H18 is also caused by the presence of the newly identified r-
protein L13e, which pushes H17 towards F.S5" (Figure[9.2.22] G, H). The bended H18 is stabilized
by the C-terminal extended helix of L24p.
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Figure 9.2.22.: Expansion segment ES50 and variable region H16-H18.(A) Location of ES5L/H16 —
H18 (red) on the ribosome. The small and large subunit are colored in yellow and gray,
respectively. The P-tRNA is colored in green. (B) Location of ES5F/H16 — H18 (red) in
the secondary structure diagram. (C) RNA secondary structure diagram of the T. aestivum
model. (D) RNA secondary structure diagram. T. aestivum (blue), S. cerevisiae (black) and
the corresponding RNA in H. marismortui (yellow), respectively. (E) RNA model (blue) in
cryo-EM density. (F) RNA model (blue) on top of its archaeal counterpart (orange). (G
and H) Interaction of ES51/H16 — H18 (blue) with r-proteins L13e (red), L4le (yellow),
L36e (orange), L15e (magenta), L29p (purple), L24p (blue) and L7ae (green). (H) Same as
in (G) but eukaryote-specific r-proteins (red), eukaryote-specific r-protein extensions (light
green) of bacterial homologous (gray).
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

9.2.2.12. ES7L of T. aestivum

The largest expansion segment on the large subunit is ES7” located at the back of the 60S subunit
(Figure A). ESTF emerges from H25 and is part of domain I of the 255 TRNA (Figure
9.2.23| B). ESTY consists of 6 helices, ESTa — EST e, and three RNA three-way junctions
(Figure B-D). The first three-way junction spans between H25, ES7"a and ES7"b; the
second one between the first and the second part of ES7Eb and ES7lc and the last three-way
junction between ES7lc, EST'd and ESTFe (Figure C).
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Figure 9.2.23.: Expansion segment ES7” of T. aestivum. (A) Location of ES7% (red) on the ribosome.
The small and large subunit are colored in yellow and gray, respectively. The P-tRNA is
colored in green. (B) Location of ESTL (red) in the secondary structure diagram. (C) RNA
secondary structure diagram of the T. aestivum model. (D) RNA secondary structure dia-
gram. T. aestivum (blue), S. cerevisiae (black) and the corresponding RNA in H. marismortui
(yellow), respectively.

88



9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

The first helix E£S7"a is observed to be bended in the T. aestivum EM density (Figure
E). ES7YD is the eukaryotic counterpart of the bacterial H25. ES7%c folds perpendicular to
EST7Eb and positions the three-helix-bundle consisting of ES7Yc, ES7ld and ES7le above
ESTLh (Figure E, F). All helices are clearly visible suggesting that ES7% forms a stable
structure together with the intertwined r-proteins. The r-protein L13p contacts the backbone of
H25. The eukaryote-specific r-protein L35a interacts with H25 and the backbone of ES7Lb. The
first three-way junction and the lower region of EST7la is stabilized by the eukaryote-specific
r-protein L32e, while the upper region of ES7 q is stabilized by another eukaryote-specific 1-
protein, L28e, which is only present in T. aestivum. Helix ESTEb interacts with five r-proteins,
namely the eukaryote-specific r-proteins L6e, L14e and L18a, as well as eukaryote-specific N-
terminal extension of L30p and the first helix of the C-terminal extension of L4p (Figure
G, H). Further this C-terminal extension of L4p interacts with the loop of ES7"e. The long
N-terminal o-helix of L30p interacts with the minor groove of ES7le and the loop of EST7ra.
The eukaryote-specific r-protein L6e plays a special role in stabilizing ES7". Its N-terminal
a-helix inserts through the third three-way junction of ES7Y. The second o-helix interacts with

the loop of ESTEd and the second three-way junction. Finally, the C-terminal domain of L6e
interacts with the first three-way junction consisting of FS7%a, ES7'b and H25 (Figure [9.2.24
G, H).

Figure 9.2.24.: Expansion segment ES7" of T. aestivum. (E) RNA model (blue) in cryo-EM density.
(F) RNA model (blue) on top of its archaeal counterpart (orange). (G and H) Interaction
of ESTE (blue) with r-proteins L6e (red), L14e (yellow), L32e (orange), L4p (cyan), L30p
(pale purple), L13p (blue), L35a (mint green), L28e (brown) and L18a (green). (H) Same
as in (G) but eukaryote-specific r-proteins (red), eukaryote-specific r-protein extensions (light
green) of bacterial homologous (gray).
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

9.2.2.13. ES7L of S. cerevisiae

Expansion segment EST7Y is the largest ES located on the back of the 60S subunit (Figure
A). ESTF emerges from H25 and is part of domain I of the 255 rRNA (Figure B).
ESTL consists of three main helices ES7Ya, EST b and ES7 c. There are two RNA three-way
junctions. The first three-way junction is between helices H25, FS7%a and ES7%b. The second
spans between the first and second part of ES7b and ES7c (Figure B-D).
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Figure 9.2.25.: Expansion segment ES7” of S. cerevisiae. (A) Location of FS7 (red) on the ribosome.
The small and large subunit are colored in yellow and gray, respectively. The P-tRNA is
colored in green. (B) Location of ES7" (red) in the secondary structure diagram. (C) RNA
secondary structure diagram of the S. cerevisiae model. (D) RNA secondary structure dia-
gram. S. cerevisiae (blue), T. aestivum (black) and the corresponding RNA in H. marismortui
(yellow), respectively.
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

The first helix £S7"a is delocalized and not entirely visible in the S. cerevisiae cryo-EM map
(Figure E). After two helical turns the helix kinks about 90° which is only observed at
lower thresholds in the density (FigureA—C). Like in T. aestivum, EST"b is the eukaryotic
counterpart of the bacterial H25 and heavily bended. EST7Yc folds perpendicular to ES7Yb
(Figure E, F). EST" is closely intertwined with eight r-proteins. The ribosomal protein
L13p and the eukaryote-specific r-protein L35a interact with H25 and the backbone of EST7Eb.
The first three-way junction and the lower region of EST7 a is stabilized by the eukaryote-specific
r-protein L32e (Figure G, H). Two other r-proteins specific for eukaryotes namely L14e and
L18a interact with £S7%b. The long N-terminal a-helix of L30p interacts with the backbone of
EST7Lb and the major groove of ES7Yc. The C-terminal extension of L4p contacts the backbone
and major groove of ES7LD as well as the minor groove of EST!c (Figure G, H). The N-
terminal part of the eukaryote-specific r-protein L6e interacts with £S7%c while the C-terminal
domain stabilizes the first three-way junction (Figure G, H).

/ ESTc

Figure 9.2.26.: Expansion segment ES7" of S. cerevisiae. (E) RNA model (blue) in cryo-EM density.
(F) RNA model (blue) on top of its archaeal counterpart (orange). (G and H) Interaction
of ESTE (blue) with r-proteins L14e (red), L18a (yellow), L4p (brown), L30p (pink), L13p
(blue) and L35a (mint green), L6e (cyan) and L32e (purple). (H) Same as in (G) but
eukaryote-specific r-proteins (red), eukaryote-specific r-protein extensions (light green) of
bacterial homologous (gray).
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

Threshold 1 Threshold 3

Figure 9.2.27.: Flexibility of expansion segment ES7" of S. cerevisiae. Visualization of density for
(A-C) S. cerevisiae ESTL (yellow) and r-protein L6e (green) at different contour levels. The
density for ES7%a is observed at lower thresholds (C). R-protein L6e interacts with ES7%b, c.
The figure was taken from [182].

9.2.2.14. ES9” (H31, H28-H30)

Expansion segment ES9” is located on the back of the large subunit between ES7" and below
the central protuberance (Figure A). ES9” is the extension of the bacterial H31 and part
of domain II of the 255 rRNA (Figure[0.2.28 B). Compared to the bacterial template helices H28
and H30 have a slightly different secondary structure (Figure B-D).

T. aestivum S. cerevisiae H. marismortui

ES9' H30 ES9" H30

Figure 9.2.28.: Expansion segment FS9”. (A) Location of ES9Y/H28 — H30 (red) on the ribosome.
The small and large subunit are colored in yellow and gray, respectively. The P-tRNA is
colored in green. (B) Location of ES9%/H28 — H30 (red) in the secondary structure dia-
gram. (C) RNA secondary structure diagram of the T. aestivum model. (D) RNA secondary
structure diagram. T. aestivum (blue), S. cerevisiae (black) and the corresponding RNA in
H. marismortui (yellow), respectively.
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

The loop of H30 is not resolved in the structural template (Figure F). The model of
H28 and H29 folds very similar to the bacterial counterpart (Figure F). The loop region
of H30 is resolved in the cryo-EM density (Figure E) and the loop was modeled according
to the structural templates (see section . ES9L coaxial stacks on H30 and is stabilized by
the GNRA-tetraloop of H29 (Figure E). H28 is wrapped by the N-terminal part of Ldp,
L15p and the N-terminal part of the eukaryote-specific L13e. Helix 29 is pushed towards FS9”
by r-protein L15p (Figure G, H). The C-terminal extensions of L18e and L21e stabilize
the coaxial stacked H30 and H31 (Figure G, H). The two C-terminal a-helices of L13e
interact with the major groove and the loop £S9”. An unknown r-protein named XL2 interacts
with the lower region of FS9” (Figure G, H).

E

Figure 9.2.29.: Expansion segment £S9°. (E) RNA model (blue) in cryo-EM density. (F) RNA model
(blue) on top of its archaeal counterpart (orange). (G and H) Interaction of ES9L/H28 —
H30 (blue) with r-proteins L13e (green), L21e (yellow), L18e (dark pink), L15p (cyan), L4p
(brown) and XS2 (dark purple). (H) Same as in (G) but eukaryote-specific r-proteins (red),
eukaryote-specific r-protein extensions (light green) of bacterial homologous (gray).
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

9.2.2.15. ES10%/ ES12% (H38)

Expansion segments £S10% and E£S127 are located on the back of the large subunit above ES7%
and below the central protuberance (Figure A). ES10%/ES12F /H38 are part of domain
IT of the 25S rRNA (Figure B). The A-site finger (H38) reaches over the inter subunit
space to the small subunit.

In 7. aestivum and S. cerevisiae E£S10% has no secondary structure suggesting that £S10% is
single stranded or is involved in only non-Watson-Crick interactions (Figure B-D). ES12F
is predicted as helical with a closing tetraloop (Figure B-D).

T. aestivum S. cerevisiae

/ H38

H. marismortui

Figure 9.2.30.: Expansion segment £S10L/ES12L and H38. (A) Location of £S10L/ES12L and H38
(red) on the ribosome. The small and large subunit are colored in yellow and gray, respectively.
The P-tRNA is colored in green. (B) Location of ES10%/ES12L and H38 (red) in the
secondary structure diagram. (C) RNA secondary structure diagram of the T. aestivum
model. (D) RNA secondary structure diagram. T. aestivum (blue), S. cerevisiae (black) and
the corresponding RNA in H. marismortui (yellow), respectively. (E) RNA model (blue) in
cryo-EM density. (F) RNA model (blue) on top of its archaeal counterpart (orange).
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

According to the secondary structure prediction £S10%* was modeled as single stranded region
(Figure E). The loop of H38 is neither resolved in the crystal structure of H. marismortui
(Figure F, PDB 1FFK, PDB 1VQ8 ) [7] nor it is clearly resolved in the EM density for
both T. aestivum and S. cerevisiae. The model is based on a EM density filtered between 8-9 A.
ES12% folds perpendicular to H38 (FigureE, F). ES10” interacts with the N-terminal part
of L18e. The C-terminal domain of L30p and the C-terminal extension of L.21e wrap around the
three-way junction between H38, ES10% and ES12% (Figure[9.2.31/G, H). H38 interacts with the
N-terminal domain of L21e, the C-terminal extension of L10e and L18p. Further, the extensions
of small subunit r-proteins S19p (C-terminal) and S13p (N-terminal) seem to interact with the
loop region of H38 (Figure G, H). ES12" is intertwined by L18p, the C-terminal extension
of L18e, the C-terminal extension of L21e and an unknown r-protein XL2 (Figure G, H).
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Figure 9.2.31.: Expansion segment £S10°/ES12" and H38. (G and H) Interaction of ES10/ES12L
and H38 (blue) with r-proteins L21e (red), L18p (yellow), L30p (mint green), L13e (blue),
S13p (cyan), L10e (purple), S19p (pale purple), L18e (magenta) and XL2 (green). (H) Same
as in (G) but eukaryote-specific r-proteins (red), eukaryote-specific r-protein extensions (light
green) of bacterial homologous (gray).
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

9.2.2.16. ES15" (H45)

Expansion segments ES15% is located on the back of the large subunit buried between ES7%c —
EST7%e and the ribosomal protein L28e (Figure A). ES15% is part of domain II of the 259
rRNA (FigureB). In T. aestivum and S. cerevisiae FS15" is a short extension of helix 45
(H45) folding as a normal A-form helix (Figure B-F). The EM density for the loop region
of ES15% is ambiguous (Figure E). The stem part of FS15%/H45 is stabilized by short
o-helices of L4p (C-terminal extension) and L18e (N-terminal extension) which interact with the
minor groove. The loop of ES15% interacts with the long N-terminal extended o-helix of L30p,

the C-terminal extension of L4p, the N-terminal extension of L18e and the eukaryote-specific

r-protein L28e (Figure 9.2.32( G, H).

T. aestivum S. cerevisiae H. marismortui

Figure 9.2.32.: Expansion segment £S15%. (A) Location of £S15% (red) on the ribosome. The small and
large subunit are colored in yellow and gray, respectively. The P-tRNA is colored in green.
(B) Location of ES15% (red) in the secondary structure diagram. (C) RNA secondary
structure diagram of the T. aestivum model. (D) RNA secondary structure diagram. T.
aestivum (blue), S. cerevisiae (black) and the corresponding RNA in H. marismortui (yellow),
respectively. (E) RNA model (blue) in cryo-EM density. (F) RNA model (blue) on top of its
archaeal counterpart (orange). (G and H) Interaction of £S15% (blue) with r-proteins L28e
(red), L30p (orange), L18e (yellow) and L4p (green). (H) Same as in (G) but eukaryote-
specific protein extensions (light green) of bacterial homologous (gray).
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

9.2.2.17. ES19” (H52)

Expansion segment ES19% is located at the bottom of the large subunit between ES3” and
ES31% (Figure A). In the RNA secondary structure, £519” is part of domain IIT (Figure
9.2.33| B) and is predicted to be helical (Figure C, D). ES19% and the two helical parts
of helix 52 (H52) are arranged in an RNA three-way junction (H52a, H52b, ES19%). The
bacterial GNRA-tetraloop of H52 is substituted by another tetraloop in both species. ES19%
folds inverse to H52 (Figure E, F). In S. cerevisiae, ES19" is three base pairs longer and
bended towards £.S3” suggesting an RNA-RNA interaction between the two expansion segments.

ES19% interacts with the C-terminal extension of L7ae and the N-terminal extension of L23p

(Figure [0.2.33 G, H).
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Figure 9.2.33.: Expansion segment FS19%. (A) Location of £S19 (red) on the ribosome. The small and
large subunit are colored in yellow and gray, respectively. The P-tRNA is colored in green.
(B) Location of ES19% (red) in the secondary structure diagram. (C) RNA secondary
structure diagram of the T. aestivum model. (D) RNA secondary structure diagram. T.
aestivum (blue), S. cerevisiae (black) and the corresponding RNA in H. marismortui (yellow),
respectively. (E) RNA model (blue) in cryo-EM density. (F) RNA model (blue) on top of
its archaeal counterpart (orange). (G and H) Interaction of ES19% (blue) with r-proteins
L23p (red), L7ae (yellow) and L15e (mint green). (H) Same as in (G) but eukaryote-specific
protein extensions (light green) of bacterial homologous (gray).
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

9.2.2.18. ES20"/ ES26" (H54, H55)

In eukaryotes helices H54 and H55 are interrupted by two expansion segments namely ES20"
and ES26". They are part of domain IIT and located at the bottom of the 60S subunit (Figure
A, B). ES20" is a small helix closed by a GNRA-tetraloop in 7. aestivum and a GNRA-
like pentaloop in S. cerevisiae, respectively (Figure C-F). ES26% folds as single stranded
part suggesting to be involved in tertiary non-Watson-Crick interactions (Figure C-F).
ES20" is wrapped by two eukaryote-specific r-proteins L27e and L34e which interact via their

fB-sheet structures (Figure|9.2.34| G, H).
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Figure 9.2.34.: Expansion segment ES20%/ES26%. (A) Location of ES20F/ES26% (red) on the ribo-
some. The small and large subunit in yellow and gray, respectively. The P-tRNA is colored
in green. (B) Location of £520L/ES26% (red) in the secondary structure diagram. (C)
RNA secondary structure diagram of the model. (D) RNA secondary structure diagram. T.
aestivum (blue), S. cerevisiae (blue) and the corresponding RNA in H. marismortui (yel-
low), respectively. (E) RNA model (blue) in cryo-EM density. (F) RNA model (blue) on
top of its archaeal counterpart (orange). (G and H) Interaction of ES20%/ES26% (blue)
with r-proteins L34e (green) and L27e (yellow). (H) Same as in (G) but eukaryote-specific
r-proteins (red).
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

9.2.2.19. ES24" (H59)

Expansion segment ES24% is located near the tunnel exit site of the large subunit (Figure
A). E£S24" is the extension of H59 and part of domain IIT (Figure B). In T.
aestivum FES24% extends H59 by three base pairs closed by a pentaloop (Figure E, F).
In S. cerevisiae the extension consists of 5 base pairs closing with a tetraloop. In both cryo-
EM densities 524 is clearly visible and interacts with L19e via the backbone and with the
eukaryote-specific r-protein L22e via the minor groove, respectively (Figure G, H).

ES24
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Figure 9.2.35.: Expansion segment F524%. (A) Location of £524% (red) on the ribosome. The small and
large subunit in yellow and gray, respectively. The P-tRNA is colored in green. (B) Location
of £524% (red) in the secondary structure diagram. (C) RNA secondary structure diagram of
the model. (D) RNA secondary structure diagram. T. aestivum (blue), S. cerevisiae (black)
and the corresponding RNA in H. marismortui (yellow), respectively. (E) RNA model (blue)
in cryo-EM density. (F) RNA model (blue) on top of its archaeal counterpart (orange).
(G and H) Interaction of E£S24L (blue) with r-proteins L22e (red) and L19e (yellow). (H)
Same as in (G) but eukaryote-specific protein extensions (light green) of bacterial homologous
(gray) and eukaryote-specific r-proteins (red).
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

9.2.2.20. ES27% of T. aestivum

Expansion segment ES27% is located on the opposite site of the central protuberance on the
large subunit (Figure A). ES27" emerges from H63 and is part of domain IV (Figure
B). In T. aestivum ES27" is 150 nts long and consists of three helices £S27%a, ES27"b
and ES27%c arranged in a three-way junction (Figure C, D). The cryo-EM density for
H63 is strong while the density for £S27% is weak (Figure E). Only at lower contour level
the orientation of FS27%b is traceable (Figure A-C) suggesting a preferred conformation
of ES27%b above r-protein L38e.

H. marismortui
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Figure 9.2.36.: Expansion segment ES27" of T. aestivum. (A) Location of ES27" (red) on the ribo-
some. The small and large subunit are colored in yellow and gray, respectively. The P-tRNA
is colored in green. (B) Location of ES27% (red) in the secondary structure diagram. (C)
RNA secondary structure diagram of the T. aestivum model. (D) RNA secondary struc-
ture diagram. T. aestivum (blue), S. cerevisiae (black) and the corresponding RNA in H.
marismortui (yellow), respectively.
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

Helix 63 is stabilized by L19e (major groove interaction), S17p (backbone interaction) and
the eukaryote-specific r-protein L22e interacting with the backbone and minor groove (Figure
G, H). The tight interactions prevent H63 to move and explain the stable conformation of
H63 (Figure E, F). ES275b interacts with L38e and L34e (Figure G, H and Figure
A-C), which are only present in eukaryotes.

Figure 9.2.37.: Expansion segment ES270 of T. aestivum. (E) RNA model (blue) in cryo-EM density.
(F) RNA model (blue) on top of its archaeal counterpart (orange). (G and H) Interaction
of £S27% (blue) with r-proteins L34e (red), L22e (yellow), L38e (cyan), L19e (green) and
S17p (purple). (H) Same as in (G) but eukaryote-specific r-proteins (red), eukaryote-specific
r-protein extensions (light green) of bacterial homologous (gray).
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

Threshold 3

Threshold 1 Threshold 2

Figure 9.2.38.: Flexibility of expansion segment ES27" of T. aestivum. Visualization of density for
(A-C) ES27L ,(blue) and r-proteins L38e (red) and L34e (green). In the T. aestivum 80S

reconstruction, the density for ES27%b is observed at lower contour levels. The interaction

with r-protein L38e (red) with ES27%b is evident (C). The figure was taken from [182].
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

9.2.2.21. ES27% of S. cerevisiae

In S. cerevisiae expansion segment ES27" is located on the opposite of the central protuberance
on the 60S subunit and close to the 40S subunit (Figure A). ES27" emerges from H63
and is part of domain IV (Figure B). ES27% is 152 nts long and consists of three helices
ES27Fa, ES27Fb and ES27%c arranged in a three-way junction (Figure C, D). In S
cerevisiae ES27" is observed in two preferred orientations denoted as ESQ?{;L oriented torwards
the L1 stalk (Figure A); and ES27L , which is oriented towards the tunnel exit site (Figure

out

p2B).
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Figure 9.2.39.: Expansion segment £527% of S. cerevisiae. (A) Location of £S27% (red) on the ribo-
some. The small and large subunit are colored in yellow and gray, respectively. The P-tRNA
is colored in green. (B) Location of ES27% (red) in the secondary structure diagram. (C)
RNA secondary structure diagram of the S. cerevisiae model. (D) RNA secondary struc-
ture diagram. S. cerevisiae (blue), T. aestivum (black) and the corresponding RNA in H.
marismortui (yellow), respectively.
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

ES27%a is connected to H63 via six single stranded nucleotides and stacks on H63. The
bended helix ES27%b folds perpendicular to ES27%a and ES27%¢, respectively. On the other
hand ES27%¢c folds perpendicular to ES27%a and ES27%b, respectively (Figure E, F).
The three-way junction is of class A (according to [I86]) and explains the the high flexibility of
ES27L.

E F

Figure 9.2.40.: Expansion segment £S27% of S. cerevisiae. (E) RNA model (blue) in cryo-EM density.
(F) RNA model (blue) on top of its archaeal counterpart (orange). (G and H) Interaction
of £S27L (blue) with r-proteins L34e (red), L22e (yellow), L38e (cyan), L19e (green) and
S17p (purple). (H) Same as in (G) eukaryote-specific proteins (red), but eukaryote-specific
protein extensions (light green) of bacterial homologous (gray).
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

The conformation ES27L,  The long helix £S5275b has an innerhelical part of non-Watson-
Crick base pairs. In ESQ?% conformation the non-WC part of helix ES27Z-L,nb interacts via
its backbone with the eukaryote-specific r-protein L34e (Figure G, H). The short helix
ES27ian interacts with another r-protein specific to eukaryotes namely L38e (Figure G,
The conformation ES27L,, In the ES27L, conformation the backbone of helix £S27% b in-
teracts with the eukaryote-specific r-protein L38e. In this conformation helix £S27% ,c is not

stabilized by a r-protein.

Figure 9.2.41.: Expansion segment ES27" of S. cerevisiae. (A) ES27" (gold) in the conformation
oriented torwards the L1 stalk denoted as ES27% and interacting with L38e (red). (B)
ES27" (blue) in the conformation oriented torwards the tunnel exit site of the ribosome
denoted as £S27L , and interacting with L38e (red). The figure was adapted from [182].

out

9.2.2.22. ES31” (H79)

Expansion segment ES31% is located on the side of the the 60S subunit and close to ES4F,
ES19% ) and ES20% (Figure A). ES31F emerges from H79 and is part of domain V of the
25S rRNA (Figure B-D). In both species T. aestivum and S. cerevisiae ES31%* consists
of three helices £S317a, ES31Yb and ES31%¢ forming an RNA three-way junction (Figure
C-F). The helices are clearly identified in the cryo-EM maps (Figure E). The single
stranded region between FS31%b and ES31%¢ (13 nt) could not be modeled, due to ambiguous
density. The three-way junction is stabilized by the N-terminal extension of L7ae (Figure
G, H). ES31 a interacts with L2p and the N-terminal extension of L23p. The eukaryote-specific
r-protein L34e interacts with the minor groove and loop the of ES31L¢ (Figure G, H).
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures
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Figure 9.2.42.: Expansion segment ES311.Location of ES31% (red) on the ribosome. The small and
large subunit are colored in yellow and gray, respectively. The P-tRNA is colored in green.
(B) Location of ES31% (red) in the secondary structure diagram. (C) RNA secondary
structure diagram of the T. aestivum model. (D) RNA secondary structure diagram. T.
aestivum (blue), S. cerevisiae (black) and the corresponding RNA in H. marismortui (yellow),
respectively. (E) RNA model (blue) in cryo-EM density. (F) RNA model (blue) on top of
its archaeal counterpart (orange). (G and H) Interaction of ES31% (blue) with r-proteins
L34e (red), L7ae (yellow), L2p (pale purple) and L23p (mint green). (H) Same as in (G)
but eukaryote-specific r-proteins (red), eukaryote-specific r-protein extensions (light green)
of bacterial homologous (gray).
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

9.2.2.23. ES39% (H98)

Expansion segment FS397 is located on the back of the large subunit (Figure A). ES39F
emerges from H98 and is part of domain VI of the 25S RNA (Figure B). ES39% consists
of four helices ES39%a, ES39%b, ES39%c and ES39%d. A single stranded region of 18 nt (7.
aestivum) and 19 nt (S. cerevisiae), respectively, connect ES39%d and ES39%a (Figure
C, D). ES39%a is the counterpart of the bacterial H98 which is not present in H. marismortui
(Figure D, F). The innerhelical non-Watson-Crick base pairs and the single stranded
part in £S39%b is mostly likely a kink-turn, but of unknown structure. ES39%d coaxial stacks
on ES39%c (Figure E, F). The single stranded region between E£S397d and FS39%a is
modeled to be closely intertwined with r-proteins. Ribosomal proteins L22p and L3p interact
with £539%a/H98. The linker region between ES39%a and helix ES39%b are stabilized by
L35ae. The C-terminal extension of L13p interacts with the innerhelical kink-turn-like fold of
ES39%b (Figure G, H). On the other side of this helix two eukaryote-specific r-proteins
interact with the backbone and minor groove of ES39%b, namely Ll4e and L18a. The loop
region of helix ES39%b is stabilized by L6p. The GNRA-tetraloop of ES39”¢ interacts with the
a-helix of the eukaryote-specific r-protein L6e. The C-terminal helix of L3p interacts with the
GNRA-tetraloop of ES39%d (Figure G, H).
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures
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Figure 9.2.43.: Expansion segment £539%.Location of £S39% (red) on the ribosome. The small and
large subunit are colored in yellow and gray, respectively. The P-tRNA is colored in green.
(B) Location of ES39% (red) in the secondary structure diagram. (C) RNA secondary
structure diagram of the T. aestivum model. (D) RNA secondary structure diagram. T.
aestivum (blue), S. cerevisiae (black) and the corresponding RNA in H. marismortui (yellow),
respectively. (E) RNA model (blue) in cryo-EM density. (F) RNA model (blue) on top of
its archaeal counterpart (orange). (G and H) Interaction of ES39% (blue) with r-proteins
L18e (red), L6e (orange), L6p (yellow), L3p (green), L22p (mint green), L13p (cyan), L14e
(purple) and L35e (brown). (H) Same as in (G) but eukaryote-specific r-proteins (red),
eukaryote-specific r-protein extensions (light green) of bacterial homologous (gray).
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

9.2.2.24. ES41l (H101)

Expansion segment ES41% is located on the side of the large subunit and close to the small
subunit (Figure A). ES41% is the helical extension of H101 and is part of domain VI of
the 25S rRNA (Figure B). ES41% adopts a helical fold and interacts via its innerhelical
non-Watson-Crick base pairs with H63 (Figure E, F). The C-terminal extension of L24e
interacts with the minor groove and the backbone of ES41%. The loop region of the eukaryote-
specific r-protein L22e interacts with the minor groove of FS41% (Figure G, H).

Sl

{ ES3tt  © Hi01
1 (H1o1) -

Sl

T. aestivum S. cerevisiae  H. marismortui

Figure 9.2.44.: Expansion segment £S41%7. Location of ES41” (red) on the ribosome. The small and
large subunit are colored in yellow and gray, respectively. The P-tRNA is colored in green.
(B) Location of ES41% (red) in the secondary structure diagram. (C) RNA secondary
structure diagram of the T. aestivum model. (D) RNA secondary structure diagram. T.
aestivum (blue), S. cerevisiae (black) and the corresponding RNA in H. marismortui (yellow),
respectively. (E) RNA model (blue) in cryo-EM density. (F) RNA model (blue) on top of
its archaeal counterpart (orange). (G and H) Interaction of ES41% (blue) with r-proteins
L22e (cyan) and L24e (yellow). (H) Same as in (G) but eukaryote-specific r-proteins (red),
eukaryote-specific r-protein extensions (light green) of bacterial homologous (gray).
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

9.3. Comparison between S. cerevisiae and T. aestivum

9.3.1. Comparison of the cryo-EM densities

The cryo-EM maps of T. aestivum at 5.5 A and S. cerevisiae at 6.1 A were used to build molecular
models for a eukaryotic translating ribosome. The overall shape of the two cryo-EM densities is
very similar. The densities corresponding to the 5S rRNA and 18S rRNA are almost identical
in both species. The densities corresponding to the 28S rRNA show minor differences in £FS3%,
H16-H18, £S19% and ES39” as well as major differences in the regions of ES7 and ES27%.

9.3.2. Comparison of expansion segments

The common structure of 4679 (1490/40S, 3071/60S and 118/5S) nts between T. aestivum and
S. cerevisiae support a common evolutionary origin. Both species have the same amount of RNA
expansion segments - five expansion segments (£S3°, ES6°, ES7TY, ES9°, and ES12° following
the ES nomenclature of [23]) of the small subunit, as well as the 16 expansion segments (ES3%,
ES4t ESs5t. ESTL, ES9L, ES10, ES12F, ES150, ES19F, ES20%, ES24% ES26, ES27F,
ES31L, ES39% and ES41%Y) (Figure . The rRNA of both species were compared on the
level of secondary and tertiary structure. Interestingly, 7. aestivum and S. cerevisiae share the
same interaction of £S3% and ES6°. Significant differences between the corresponding expansion

segments are only present in £S7" and ES27F.
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

9.3.2.1. Interaction of ES3S and ES6S

The cryo-EM reconstructions for both 7. aestivum and S. cerevisiae support a direct interaction
of £S3% and ES6° (Figure A). The interaction between these two expansion segments was
previously predicted by Alkemar and Nygard [28]. A covariation analysis also suggests a direct
interaction of ES3% and ES6°, which is conserved in six different eukaryotic taxa including
mammals [28§].

In the 3-dimensional model the single stranded region between ES3°b and ES3¢ interacts with
the loop of £S6%d (Figure B; see(9.2.2.2|and [9.2.2.4). The helix is formed by 9 bp in both

species. In T. aestivum consists of 9 Watson-Crick base pairs (Figure C; Figure . In
contrast the helix in S. cerevisiae consists of 5 Watson-Crick base pairs and 4 non-Watson-Crick
base pairs (Figure[9.2.4). The helix is terminated by a non-Watson-Crick A— G (tHS) base pair,
which are often found at helix termini in ribosomal RNA [3] [7, [187].

Figure 9.3.1.: Interaction of E£S3° and ES6°. (A) Cryo-EM density of T. aestivum 40S subunit with
highlighted density for £53° (yellow) and ES6° (blue). (B) Isolated density for £56°d
(blue) and ES3°a (yellow) transparent with molecular models. (C) Secondary structure
prediction highlighting the interaction between the loop of ES6°d (blue) and the bulge of
ES35 (yellow). The figure was taken from [182].
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

9.3.2.2. Comparison between ES7” in T. aestivum and S. cerevisiae

The largest expansion segment on the large ribosomal subunit of 7. aestivum and S. cerevisiae
is ESTY, which is located on the back of the 60S subunit (Figure A and D). The overall
shape of ESTE is similar between T. aestivum and S. cerevisiae, however, some clear differences
are evident: In S. cerevisiae the density for EST"a is only visible at lower contour levels (Figure
[0.2.27), suggesting that it is more flexible than in T. aestivum (Figure[9.3.2 B). The reason for
this flexibility appears to be that ES7"a in T. aestivum is stabilized by r-protein L28e (Figure
B), which is absent in the S. cerevisiae genome [37]. Further the bended fold of ES7%a in
T. aestivum adopts a kinked conformation by ~ 85°in S. cerevisiae (Figure[9.3.2] B, E).

A second difference is the length of ES7Eb. In S. cerevisiae ESTLD is longer than in T. aestivum
and fold around r-protein L18a. The third significant difference is the presence of an RNA
three-way junction in 7. aestivum formed by ES7lc— e, whereas this architecture is not present
in S. cerevisiae, due to the absence of ES7%d, e (Figure and Figures . The
N-terminal extension of 7. aestivumn r-protein L6e, which is shorter in S. cerevisiae, appears to
insert through the three-way junction formed by ES7"c—e (Figure C). The rod-like density
for L6e suggests an a-helical fold of the N-terminus. Such kind of RNA-protein interaction has

not been reported previously.

S. cerevisiae. v

Figure 9.3.2.: Molecular models for ES7" in T. aestivum and S. cerevisiae. (A and D) Cryo-EM
densities of 80S ribosomes with isolated densities for ES7Y from T. aestivum (blue) and S.
cerevisiae (gold). (B and C) Transparent densities with molecular models for ES7% from T.
aestivum (blue) and S. cerevisiae (gold). Ribosomal-proteins L28e (red) stabilizes E£S7%a in
T. aestivum, L6e (green). (E) Ribosomal protein L6e (green) appears to pass through the the
RNA three-way junction formed by ES7%c — e. The figure was taken from [182].
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9. Model of T. aestivum and S. cerevisiae 80S ribosomes based on high-resolution cryo-EM structures

9.3.2.3. Motion of ES27L

ES27" is known to be highly dynamic. In S. cerevisiae ES27" is observed in two preferred
orientations in the 80S ribosome [59] denoted as ES27% . and ES27L (Figure A; see also

section [9.2.2.21). The ES27% conformation is better resolved than the £527L , conformation.

L
int

In the T. aestivum ES27" is observed in an intermediate position denoted as FS27%  (Figure

A; see also section [9.2.38]).

Modeling the two conformation in S. cerevisiae reveals an interchange of ES27% between the
ES27L . (blue in Figure A) and ES27E (gold in Figure A) states, causing a ~ 110°

out
rotation of ES27a — ¢ relative to H63 (Figure m B). The intermediate position ES27%,
observed in the T. aestivum EM density suggests a continuous motion of £S27% between the
conformational states. The key players for the motion are the single stranded part at the 3’-
end of ES27 connected to H63 and the three-way junction formed by ES27%a — ¢ (Figure
9.3.3| B). Hereby, the three-way junction keeps the three helices together while the connecting
single stranded part is flexible and rotates £.S27" around the 5’ connected single stranded part.
Although ES27% is highly flexible the three preferential observed states (ES27% | ES27L . and

ES 272‘Lnt) are stabilized through the interaction with newly identified eukaryote-specific r-proteins
L34e and L38e (described in section [9.2.37 and [9.2.40)).

A : B
m

ES27",,

ES27'b
ES27‘a

ES27'c -
He63

Figure 9.3.3.: Motion of ES27L. (A) Molecular models for £S27% (gold), ES27% . (blue) as observed
in S. cerevisiae 80S ribosomes (Thumbnail insets) and the intermediate position ES275 , (T.
aestivum transparent gray) observed in T. aestivum 80S ribosomes. In S. cerevisiae , r-proteins
L38e (red) and L34e (green) interact with the different conformational states. (B) Schematic
(Top) and molecular model (Bottom) for ES27% indicating the interchange between ES275
(gold) and ES27E,, (blue) involves a rotation of ~ 110° rotation of ES27%a — c relative
to H63. The RNA secondary structure for the junction between ES27% and H63 and the

three-way junction of £S27%a — cin S. cerevisiae (Middle). The figure was taken from [182].
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10. Molecular interpretation of functional

sites of the eukaryotic 80S ribosome

The molecular models of the T. aestivum and S. cerevisiae 80S ribosomes were used to analyze

the functional sites of the eukaryotic 80S ribosome.

10.1. The decoding site and the PTC

The active sites of the ribosome, namely the PTC on the large subunit and the decoding site
on the small subunit, are largely composed of rRNA. However, they are not completely devoid
of r-proteins. In principle, the eukaryotic rRNA is highly conserved, while some r-proteins are
different.

10.1.1. The decoding site

The decoding site is highly conserved. Nucleotides G530, A1492 and A1493 are invariant and
do not change between prokaryotes and eukaryotes. Compared to the bacterial 30S subunit, the
eukaryotic 40S subunit contains two additional r-proteins, S25e and S30e (Figure A, B).
Both r-proteins contain extensions, which reach into the decoding and tRNA binding sites. In
addition the C-terminus of r-protein S4p is relocated in eukaryotes, due to the corresponding
rearrangement of h16/h17, and reaches from the globular domain on the solvent side right into
the decoding site of the small subunit (Figure A).

A

Figure 10.1.1.: The decoding site in eukaryotes. (A) The 40S subunit with newly modeled eukaryote-
specific r-proteins S30e and S25e (red) and eukaryote-specific extension of S4p (green) high-
lighted in the thumbnail (left) and zoom (right). (B) Comparative view of the bacterial
30S subunit decoding site [14]. (A and B) The anticodon-stem loops of A-, P-, and E-site
are colored in blue, the mRNA in orange. The rRNA is shown as surface representation and
colored in gray. Bacterial r-proteins are represented in ribbons and colored in gray. The figure
was taken from [185].
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10. Molecular interpretation of functional sites of the eukaryotic 80S ribosome

10.1.2. The PTC

The central loop of domain V in the 28S rRNA, which forms the PTC, is highly conserved. The
length of all the single stranded RNA parts is identical. The A- and P-loop are also identi-
cal. There are only some isosteric base pair substitutions at residues that do not participate at
peptide bond formation. The first substitution occurs in the second single stranded part of the
central loop (5’ direction). Compared to H. marismortui and S. cerevisiae, the T. aestivum 28S
rRNA has a U at position 2821 instead of an adenine. At position 2824 (T. aestivum)/2822 (S.
cerevisiae) both eukaryotes have a U instead an adenine in bacteria. In the third single stranded
part of the central loop the two eukaryotes have two base substitutions: The bacterial adenine
is substituted by a U at position 2868 (71" aestivurn) and C2866 (S. cerevisiae), respectively.
The C2534 (H. marismortui) is substituted by U2870 (7. aestivum) and U2868 (S. cerevisiae),
respectively. The last two base substitutions occur in the fourth single stranded region of the
central loop. Here G2642 (H. marismortui) is substituted by A2978 (T. aestivum) and U2976
(S. cerevisiae), respectively. Moreover, C2644 (H. marismortui) is substituted by U2980 (7.
aestivum) and U2978 (S. cerevisiae), respectively. The involved RNA regions are part of the
common core structure which was modeled by homology and based on the structure-based se-
quence alignment.

At the eukaryotic PTC, a direct interaction between the loop of r-protein L10e and the CCA-end
of the P-site tRNA is observed (Figure A). Based on the model, the loop of L10e is now
the r-protein region that comes closest (~ 16 A) to the site of peptide-bond formation. This loop

is disordered and not modeled in the crystal structures of the archaeal 50S subunit [7] (Figure

f0T2/B)
A

Figure 10.1.2.: The eukaryotic Peptidyl-Transferase-Center. (A) The 60S subunit with the eukaryote-
specific extension of r-protein L10e (green) highlighted in the thumbnail (left) and zoom
(right). (B) Comparative view of the archaeal 50S subunit with the bacterial-specific L27p
colored in red and L16p in dark gray [14]. (A and B) The acceptor-stem of the P-tRNA is
shown in blue. The rRNA is shown as surface representation and colored in gray. Bacterial
r-proteins are represented in ribbons and colored in gray. The figure was taken from [185].
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10. Molecular interpretation of functional sites of the eukaryotic 80S ribosome

10.2. Model of the eukaryotic ribosomal tunnel

The molecular model of the T. aestivum 80S ribosome was used to analyze the architecture and
dimensions of the eukaryotic ribosomal tunnel. In general, the composition and dimensions of
the eukaryotic tunnel are very similar compared to those in bacteria. The eukaryotic ribosomal
tunnel is ~ 80 — 100 A long, about 10 — 20 A in diameter and stretches from the PTC to the
tunnel exit site (TE). The narrowest part of the tunnel is the constriction, which is formed by
r-proteins L4 (in bacteria L4) and L17 (in bacteria L22), approaching the tunnel from opposite

sides.

Composition The tunnel is predominately composed of rfRNA. The involved helices and loops
are the same rRNA helices (H2, H4, H6, H7, H23, H24, H25.1, H26, H32, H33, H35, H35a, H39,
H47, H50, H59, H59.1, H61, H64, H65, H72, H73, H74, H80, H89, HI0, HI2 and H93) and RNA
loops as in bacteria. These helices and loops are structurally conserved except for H7 and H59.
In eukaryotes H7 is a variable region (according to [23]) and folds in an overall similar kink-turn
shape compared to its bacterial counterpart. Helix 59 is a eukaryotic expansion segment, termed
ES524% (see section . The tunnel surface is largely hydrophilic and solvent accessible.
Although, the major part of the tunnel is composed of rRNA significant contributions are also

made by the non-globular regions of r-proteins 1.4, L17 and the eukaryote-specific r-protein L39%e.

10.2.1. Interaction of the ribosomal tunnel with nascent chains

The ribosomal tunnel was believed to be a passive conduit for all nascent chains [7]. However, it
has been suggested that at least for some nascent chains (NC) the tunnel has a more active role
and interacts with the amino acids of the nascent polypeptide. For example, the tunnel might
play a role in folding of a-helical secondary structure (see section . In order to directly
visualize an o-helix in the ribosomal tunnel, two cryo-EM reconstructions of ribosomes carrying

a nascent chain with high a-helical propensity were analyzed [18§].

Samples The two samples were based on T. aestivum 80S RNCs with a dipeptidylaminopep-
tidase B (DPAP-B) nascent chain. For the first construct, called the 80S-helix] RNC construct,
the NC was modified by substituting parts of the DPAP-B by the helix forming sequence posi-
tioned at residues 72 — 96. For the second construct, called 80S-helix2 RNC construct, the helix
forming sequence was located at residues 83 — 108. Helix1 was expected to form in the lower
region of the tunnel, near the exit, whereas helix2 would theoretically form in the constriction
region. The samples were prepared by Dr. Shashi Bhushan, the protein models were prepared

by J.-P. Armache and data processing was done by Marco Gartmann.

Nascent chain-ribosome interactions within the ribosomal tunnel The two cryo-EM recon-
structions for both the 80S-helix1 construct and the 80S-helix2 construct, as well as the 80S-RNC
bearing a DPAP-B NC, were analyzed at resolutions between 7.1-7.3 A [I88]. The most striking
observation is an additional density within the ribosomal tunnel which is assigned to nascent
polypeptide chain (Figure A-F).The model of the T. aestivum 80S ribosome was then
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10. Molecular interpretation of functional sites of the eukaryotic 80S ribosome

used to dissect the molecular interactions between the nascent chain and the ribosomal com-
ponents in both 80S-helix RNC reconstructions. The densities for P-tRNA and the associated
nascent chains were isolated for the 80S-helix]l RNC, the 80S-helix2 RNC and the 80S-DPAP
RNC (Figure[10.2.1] A-C). The molecular models for the P-tRNA and the NC were fitted into the
isolated densities of 80S-helix] RNC (Figure D). The CCA-end of the tRNA was used to
locate the C-terminus of the NC. For the 80S-helix] RNC, the strong density for the N-terminal
region of the NC is consistent with assumed a-helix conformation in this region and coincides
perfectly with the expected location in the tunnel (Figure D, E).
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Figure 10.2.1.: Comparison of the tRNA-nascent chains form the RNCs. Isolated density for P-tRNA
and NC from (A) 80S-helix] RNC, (B) 80S-helix2 RNC , and (C) 80S-DPAP RNC. (D)
Transparent density of (A) with molecular model for tRNA and NC. (E) Zoom of (D) with
residue numbering, as well as distances between Ca if residues 97-115 and 77-97. (F, G)
Zoom of (B) with alternative models for the helix2 NC. Arrows indicate the corresponding
region (residues 97-108) that is modeled as helical (F) or extended (G). The figure was taken

from [188].

Different from an expected strong density in the middle of the tunnel, a strong density for the
80s-helix2 RNC is only observed in the lower region of the tunnel which is similar to the 80S-
helix] RNC (Figure[10.2.1]F). Therefore, a model of a NC with a distal portion of the remaining
o-helical stretch (residues 81-97) was placed (Figure G). For the 80S-helix] RNC, three
connections in the upper tunnel region are observed with strong density between the NC and the
ribosomal tunnel wall (Figure A). Adjacent to the PTC, the NC seems to contact A2062
(E. coli numbering throughout) of the 285 rRNA. Adenine A2062 was fitted into the density,
suggesting a stabilization of the NC by the distinct conformation of A2062 (Figure A, C).
This contact is not observed in the 80S-helix2 RNC (Figure E).
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Figure 10.2.2.: Cryo-EM reconstructions of RNCs. (A) Cryo-EM reconstruction of the 80S-helix1-RNC.
(B) Cryo-EM reconstruction of the 80S-helix2-RNC. (D) Cryo-EM reconstruction of the
80S-DPAP-RNC. For each reconstruction the thumbnail at the top left indicates the overall
orientation of the ribosome. The small subunit is colored in yellow, the large subunit in gray
and the P-site tRNAs and nascent chains in gold, blue and green, respectively. (A, C, E)
View on the cross sections of the ribosomal tunnel. (B, D, F) View on the tunnel exit site.
Right-Hand panels show a zoom of the respective cross sections and tunnel exit views. The
figure was taken from [188].

Deeper in the tunnel, the NC contacts nucleotide A751, which is observed in both 80S-helix1
and 80S-helix2 density maps (Figure A, E). The extension of r-protein L4 contact the
80S-helix] RNC nascent chain at two positions, one near the constriction (Figure A C)
and second close to the end of the a-helix (Figure B, D). This first L4 contact at the
constriction is significantly weaker in the 80S-helix2 RNC density (Figure E). The second
contact close to the o-helix is absent in the 80S-helix2 RNC (Figure F). A negligible
density between the two L4 contacts is observed in both nascent chains, indicating that they
do not adopt a single distinct conformation in this region (Figure A, E). An additional
contact is observed between the NC and the tip of the -hairpin of L17 (Figure A, C, E).
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10. Molecular interpretation of functional sites of the eukaryotic 80S ribosome

Helix1/2
bsov ".‘

Figure 10.2.3.: Interactions of the helix-nascent chain with the components of the ribosomal tunnel.
Cross sections of the upper (top panels) and lower (bottom panels) part of the tunnel regions.
The contacts between the NC and the tunnel are indicated with asterisks (*). The cryo-EM
maps of 80S-helix1-RNC and 80S-helix2-RNC are shown in gray with isolated densities for
the NCs (gold and blue, respectively). The nucleotides of the 285 rRNA are shown as blue
sticks with ribbon backbone. The r-proteins L4 is colored in green, L17 in blue and L39 in
magenta and shown as ribbons. In (A) and (C) the nucleotide A2062 (E. coli numbering) is
shown in two conformations, taken from PDB 1VQN| (red, [189]) andPDB 1S72 (blue, [7]).
(A-D) 80S-helix1-RNC with nascent chain in gold. (E, F) 80S-helix2-RNC with nascent
chain in blue. (G, H) Comparison of 80S-helix1-RNC and 80S-helix2-RNC. The figure was
taken from [188].

a-helix formation in the ribosomal tunnel For the 80S-helix]l RNC density map, the strongest
density is observed in the N-terminal region of the nascent chain near the tunnel exit (Figure
B, F). This coincides well with the helix-forming sequence for the 80S-helix] RNC. Here,
the density corresponding to the o-helix is sandwiched between the ribosomal protein L39e and
the internal loop region of helix H50 of the 285 rRNA (Figure[10.2.3|B, D, F). Two strong contacts
between L39e and the a-helix are observed, one close contact and another more distal to the N-
terminus (Figure B, D, F). Surprisingly, for the 80S-helix2 RNC no a-helix formation is
observed in the constriction. Strong density is observed near the tunnel exit in the same position
as helixl. Only the contacts to H50 appear to be different between the two structures (Figure
B, D, F, H). A detailed interaction table of the ribosomal tunnel and the nascent chain is
summarized in table 10.1]
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Ribosomal contact | 80S-helix] RNC | 80S-helix2 RNC

U2585 100 100

Upper tunnel G2505/U2506 99 99

A2062 96 95/94

A2058/9 (94) 94

A751 (92) 92

L4: 71/75 01 o1

Constriction L17: 136 (88) 88
Al1614 88 88

L4: 88-89 85 86

L39e: 35 79/75 80

Lower tunnel H50: 1320-1321 77/73 77/75/70

L39e: 23/26 68/64 71

Table 10.1.: Interactions between the ribosomal tunnel and the nascent chain.

10.3. The eukaryotic ribosomal tunnel exit site

The molecular models of the S. cerevisiae and T. aestivum 80S ribosomes were used to analyze
the architecture of the eukaryotic ribosomal tunnel exit site. The tunnel exit site consists of rRNA
helices H6, H7, H24, H47, H50, H53 and H59 and the r-proteins L4e (rpL4), L19e (rpL19), L22p
(rpL17) L23p (rpL25), L24p (rpL26), L29p (rpL35), L3le (rpL31) and L39% (rpL39) (Figure
A, B). The overall architecture of the tunnel exit site is very similar compared to bacteria,
however, significant differences in H7, H24 and H59 are present. In both, S. cerevisiae and T.
aestivum, H7 adopts a newly and unidentified kink-turn fold comparable to E. coli. Asin bacteria
H7 makes a pseudoknot interaction with the adjacent H6. The interaction between the loops of
H6 and H7 is stabilized by the eukaryote-specific r-protein L39¢ which replaces the loop of the
bacterial counterpart 1.23. Another difference is observed for the H24 loop region. In bacteria
the loop of H24 is a pentaloop. In contrast, the loop of H24 in fungal and plant ribosomes is a
GNRA-tetraloop, which is clearly visible in the cryo-EM densities. Although the loop motif and
structure of the loop changes, the stacking interaction with the loop of H47 is conserved. The
expansion segment F524% is the extension of H59. The loop of ES24% is a tetraloop of unknown

structure in S. cerevisiae and a pentaloop in 7. aestivum, respectively.
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10. Molecular interpretation of functional sites of the eukaryotic 80S ribosome

Figure 10.3.1.: Visualization of the eukaryotic ribosomal exit tunnel. (A) Bottom view of the S. cere-
visiae cryo-EM map at 6.1 A with highlighted rRNA (blue) and r-proteins (yellow, orange and
brown, respectively). The asterisk indicates the tunnel exit. (B) Same as in (A), showing the
molecular models for rRNA helices (blue) H6, H7, H24, H50 and H59 as well as r-proteins
L4e, L29p and L19e (in yellow), L22p, L23p and L24p (in orange) and L31e and L39e (in
brown). The r-proteins are named by their family name. The figures were taken from [141].

10.3.1. Interaction of the protein-conducting channel and the tunnel exit site

One of the main interaction partners with the ribosomal exit site is the the protein-conducting
channel (PCC) studied in this work [141]. The PCC of the canonical secretory pathway is formed
in all cells by the Sec61/SecY complex. The PCC enables post- and co-translational translocation
of secretory proteins into the membrane of the endoplasmic reticulum in eukaryotes and plasma
membrane of bacteria [190, 191].

On the basis of the molecular model it was possible to characterize the interactions between

eukaryotic actively translating ribosomes and the PCC [14]].

Sample 80S ribosomes of T. aestivum and S. cerevisiae were programmed with a truncated
mRNA coding for the first 120 amino acids of DPAP-B (DP120) carrying a signal sequence for
co-translational protein translocation. These RNCs were in wvitro reconstituted with purified
Sshlp or mammalian Sec61 (mSec61) complexes embedded in a detergent micelle. Cryo-EM
structures of the T. aestivum DP120-RNC-mSec61 complex and the S. cerevisiae DP120-RNC-
Sshlp complex were obtained at 6.5 A and 6.1 A, respectively. At this resolution, the extended
NC could be visualized from the PTC to the tunnel exit site for the first time. Moreover, for the
mammalian Sec61 complex most of the transmembrane helices could be resolved and assigned.
On this basis, a single Sec61 heterotrimer surrounded by a mixed detergent/lipid micelle was
identified. This could also be shown for the Sshlp and allowed the interpretation of the ribosome-
PCC interaction on a molecular level. The S. cerevisiae RNC-Ssh1l complex was prepared by Dr.
Thomas Becker (RNCs) and Dr. Elisabeth Menden (Sshlp) and the T. aestivurn RNC-mSec61
complex was prepared by Dr. Shashi Bhushan (RNCs) and Dr. Soledad Funes (mSec61). The
processing was done by Dr. Thomas Becker. The model of the PCC was constructed by Dr.

Thomas Becker. The models for the r-proteins were constructed by J.-P. Armache.
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10. Molecular interpretation of functional sites of the eukaryotic 80S ribosome

Interactions of the PCC with the ribosome Both the Sshlp and mSec61 monomers use the
universal ribosomal adapter site as a main contact. The main connections are established by
the cytoplasmic loops L6 and L8 (FigureA). In Sshlp, loop L6 directly interacts with the
loop of H7 (backbone). The loop L8 interacts with the loop of H6 (backbone) and H50 (minor
groove and backbone). L8 is also stabilized by r-proteins L23p (rpL25) and L29p (rpL35).
Two additional connections are established between i) the loop of the eukaryote-specific RNA
expansion segment FS24% (H59), which interacts with the N-terminus of Sshlp, and ii) H24
together with L24p (rpL26) stabilizing the C-terminus of Sshlp (Figure A, B).

L29p (pL35)%

Figure 10.3.2.: Interaction of Sshlp with the ribosome. (A and B) S. cerevisiae 80S ribosome (Thumb-
nail insets). (A) Molecular models for rRNA (blue) and r-proteins L23p (orange), L29p
(yellow) and L39e (brown). The cytosolic half of the Sshlp and Sssl model is shown in
red and magenta, respectively. The positions of the conserved R278 and R411 are indicated
(green). (B) Bottom view. The red line indicates the shape of the Sshlp. The density for
the nascent chain in the tunnel exit site is shown in green. The figures were taken from [141].
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10. Molecular interpretation of functional sites of the eukaryotic 80S ribosome

The connections between the 80S ribosome and the mammalian Sec61 complex are similar to
those of Sshlp. Hereby, loop L6 interacts with the loop of H6, H50, L29p (rpL35) and L39e
(rpL39). Loop L8 contacts L23p (rpL25), H50 and also H53. As in the Sshlp homolog the
N-terminus of mSec61 interacts with the loop of TRNA expansion segment FS247, while the
C-terminus is stabilized by H24 together with L24p (rpL26) (Figure A).

A

Figure 10.3.3.: Interaction of mammalian Sec61 (mSec61) with the 80S ribosome. (A) Side view of
the T. aestivum 80S ribosome bound to the mSec61 complex. Molecular models for rRNA
(blue) and r-proteins L23p (yellow) and L39e (brown). The mSec61 complex is shown in red.
Loop L6 interacts with H6, H50, L29p and L39e. Loop L8 interacts with H50 and L23p. The
figure was taken from [141].

10.4. Canonical Translation factor binding site

Translational stalling can result from mRNAs forming a stable stem loop or pseudoknot [192].
These stalled ribosomes are rescued by a process called No-Go mRNA decay (NGD), involving
the factors Dom34 and Hbsl [193]. Both factors are homologous to the eukaryotic release factors
(Dom34 to eRF1; Hbsl to eRF3) suggesting that these factors directly interact with the canonical
translation factor binding site. Our model was used to analyze the canonical translation factor

binding site in eukaryotes.

Sample NGD-intermediates were generated by using ribosomes, which are stalled by a stable
stem-loop (SL) structure and subjected to cryo-EM and single particle analysis.

The model of the S. cerevisiae 80S ribosome was used for the molecular interpretation of a SL-
RNC-Dom34-Hbs1 complex cryo-EM structure at 9.5 A resolution (Figure A) [181]. The
homology models for Dom34 and Hbsl were generated based on existing crystal structures of

Dom34, Hbsl and eRF3 [194] 195] 196, 197] by J.-P. Armache. (Figure [10.4.1] A). The samples

were prepared by Dr. Thomas Becker and Heidemarie Sieber.

123



10. Molecular interpretation of functional sites of the eukaryotic 80S ribosome
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Figure 10.4.1.: Interaction of Dom34/Hbsl with the S. cerevisiae 80S ribosome.(A) Cryo-EM recon-
struction of stem-loop-RNC-Dom34/Hbs1 complex at 9.4 A. The small subunit is colored
in yellow, the large subunit in gray and the P-site tRNA in green. Additional densities in
the canonical factor binding site and near the mRNA entry site were assigned to Dom34
(blue) and Hbsl (orange). (B) Schematic secondary structure of the ribosomal 5S, 18S and
5.85/25S rRNA. The protein-RNA interactions are highlighted in the colors for the individual
domains of Dom34 and Hbsl, respectively. The color code is given by the schematic repre-
sentation of the domain organization below. (C) Interactions of Dom34 (blue; color code as
in B) and Hbsl (orange; color code as in B) with the 40S subunit (yellow). Thumbnail of
the ribosome (bottom). (D) Interactions of Dom34 (blue) and Hbsl (orange) with the 60S
subunit (gray). Thumbnail of the ribosome (bottom). The figures were adapted from [181].

Interactions of Dom34 with the 80S ribosome The N-terminal domain of Dom34 (Dom34-
NTD) reaches deeply into the A-site decoding center of the 40S subunit and forms several contacts
with the rTRNA helix 18 (h18 or G530 loop), h30, h31, h34 and h44 as well as with r-proteins
pS23 (Figure B, C). In addition, the NTD of Dom34 interacts with the newly identified
eukaryote-specific r-protein rpS31 and the N-terminal extension of rpS30 [20]. In eukaryotes,
the N-terminus of rpS30 is in close proximity to the functionally important TRNA nucleotides
A1492/A1755 and A1493/A1756 (E. coli and S. cerevisiae numbering, respectively) of h44 (18S
rRNA) and the tip of H69 of the 285 rRNA (Figure B, C). The central domain of Dom34

forms only minor contacts with the ribosome.The C-terminal domain of Dom34 (Dom34-CTD)
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10. Molecular interpretation of functional sites of the eukaryotic 80S ribosome

interacts with the stalk base (H43/H44 and rpL12) of the large subunit (Figure[10.4.1]B, D). The
binding of the Dom34 /Hbs1 complex causes an inward rotation by ~ 20° of the stalk base relative
to H42 (Figure A). This inward rotation can be observed in a difference map between the
Dom34/Hbs1-SL-RNC and the SL-RNC without factors bound (Figure A-C). A detailed
interaction table of Dom34 and the ribosome is summarized in table

A

Figure 10.4.2.: Movement of the stalk base upon binding of Dom34/Hbsl. (A) Rotation of the stalk
base (H43-H44) relative to H42. The stalk base conformation observed in T. aestivum 80S
ribosome is colored in orange, the stalk base conformation observed in S. cerevisiae 80S
ribosome bound to Dom34/Hbs1 is colored in blue.

A B C
+RNA +tRNA difference

+Dom34/Hbs1 -Dom34/Hbs1

Figure 10.4.3.: Movement of the stalk base. Cryo-EM maps of the (A) SL-RNC-Dom34/Hbs1 complex,
(B) the control SL-RNC, and (C) the difference map (side and top views) overlayed upon
the control SL-RNC map. The stalk base (sb) moves inwards upon Dom34 /Hbs1 binding as
observed also for the eEF2 binding to 80S ribosomes [67]. The figure was taken from [I81].

125



10. Molecular interpretation of functional sites of the eukaryotic 80S ribosome

Interactions of Hbsl with the 80S ribosome The C-terminal domain of Hbsl (Hbs1-CTD)
interacts with the ribosome in a similar fashion as EF-Tu in a ternary EF-Tu/tRNA/GTP
complex. The N-terminal domain of Hbsl (Hbs1-NTD) was assigned to the additional density
bridging rRNA helix 16 (SSU) and rpS3 at the mRNA entry site (Figure[10.4.1|B, C). The Hbsl-
NTD interacts with h16 and rpS3 (Figure B, C). Helix 16 adapts a different conformation
compared to h16 in bacteria (see also section which provides space for Hbsl to bind
between h16 and rpS3 (Figure B, C). The G-domain of Hbsl contacts both the loop of
h14 of the 40S subunit and the Sarcin-Ricin-Loop (SRL; H95) of the 60S subunit. The interaction
between Hbsl and the SRL is mediated by the highly conserved E-loop motif (or S-turn, Sarcin-
Ricin-Loop) [198], 199, 200]. The G-domain forms multiple contacts with the central domain of
Dom34 (Dom-ce). Domain II of Hbsl is oriented towards the small subunit and interacts with
the rRNA helices h5, h15, the r-protein rpS23 (S12p) and the central domain of Dom34. The
Hbsl domain III interacts with the central domain and the CTD of Dom34 and rpL12 at the
stalk base of the 60S subunit (Figure B, D). A detailed interaction table of Hbsl and the

ribosome is summarized in table [[0.3]
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Ribosomal | Ribosomal Residue of Domain of Residue of
subunit protein ribosomal protein Dom34 Dom34
pS3 145146 Dom34-N 53-54
(S3p)
45-46 Dom34-ce 201
55-59 Dom34-N 46, 49, 58, 80
rpS23 167-171, 187,
. Dom34-
SSu (S12p) 85-87 om34-ce 190, 104
134 Dom34-ce 11
143-145 Dom34-ce 151, 169-174
rpS31 38-40, 68,
77-87 Dom34-
(S27ae) omad-ce 86-92, 120
rps30 21, 44, 73-82,
1-13 Dom34-N
(S30e) om 108-114
rpL12 311-313,
L 24-2 Dom34-
SU (L11p) 0 om34-C 374-379
rpL23
72 D 4- 232
(L14p) om34-ce 3
Ribosomal | Ribosomal S ce;r::;s:ae E. coli rRNA DoDma|;|4of Residue of
subunit RNA r . numbering om Dom34
numbering
h5 432 360 Dom34-ce 183
47-50, 82
hi 4- 17-51 - L
8 564-566 517-519 Dom34-N 103-106
47-52, 58, 100
- 28-531 0o
575-578 528-53 103-104
1179 954 94
SSuU h30/h31 1182-1183 957-958 Dom34-N 10-12
1187-1190 062-965 90-93
50-51, 89,
h34 1271-1274 1051-1054 Dom34-N 100-102
1427 1196 50-54, 57
h28 1634-1635 1397-1398 Dom34-N 55-58
h44 1756 1493 Dom34-N 46, 113
312, 345
H4 1242 1067-1 Dom34- Dl
3 067-1068 om34-ce 373.374
LSU H44 1270 1095-1096 Dom34-C 373-375
H69 2256-2257 1913-1914 Dom34-N 62, 112
H95 3029 2662 Dom34-ce 218

Table 10.2.: Interactions between r-proteins and rRNA and Dom34. The tables was taken from [181].
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Ribosomal | Ribosomal Residue of Domain of Residue of
subunit protein ribosomal protein Hbs1 Hbs1
52-56 28, 31, 37-40
90-91 29-32, 35, 37
94 29
rpS3
108 Hbs1-N 24
(S3p)
117 20-21
SSuU 124-125 25
109 Hbs1-11 484
408-409,
rpS23 416-417,
130-14 Hbs1-11
(S12p) 30-145 > 439-442,
483-490
531-532
Hbs1-111 '
bs 574-576
rpS30
54 Hbs1-N 22
(S30e) >
rpL23
L 127-131 Hbs1- 205-211
SuU (L14p) 3 s1-G 05

Ribosomal | Ribosomal S- ciﬁl\:sme E. coli rRNA Domain of Residue of
subunit RNA ’ . numbering Hbsl Hbs1
numbering
h14 414-417 342-345 Hbs1-G 197-198, 201
h5 430-432 358-360 Hbs1-I1 412-413,
SSuU h15 439-440 367-368 Hbs1-I1 413, 460, 463
h16 487-489 408-410 Hbs1-N 79-84
492-495 75-81
LSU H95 3022 2655 Hbs1-G 211, 222, 225,
354
3026-3028 2659-2661 176_127875; 281,

Table 10.3.: Interactions between r-proteins and rRNA and Hbs1. The tables was taken from [I81].
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11. Pipeline for modeling and fitting RNA

In section [§] a novel approach for modeling and fitting RNA was presented. This approach
provides a new workflow starting from the primary sequence of an RNA molecule up to the
refinement and flexible fitting of the 3D model into an electron density. The workflow can
be applied to all kinds of structured RNA and is in general independent from the input size.
This approach is built in a modular way, meaning that each step can be applied separately
and independently from each other. Moreover, these modules can be extended or replaced by
other more accurate modules or algorithms, which can be easily implemented within the current
framework. In conclusion, the current workflow is more user-friendly, however, expert knowledge

of RNA chemistry is still indispensable.

Manual alignment vs. automated alignment The workflow includes several manual steps and
decisions. The manual construction of the structure-based sequence alignment with S2S ensures
an accurate alignment which, in contrast to a simple sequence alignment tool like ClustalW?E
[201], reflects also the structural constraints as well as non-Watson-Crick base pair interactions.
An example for the requirement of a highly accurate alignment is rRNA helix 24 (H24) on the
large subunit. The model was built based on two different multiple sequence alignments (MSA)
between the template of H. marismortus and the target sequences of D. melanogaster, S. cere-
visiae and T. aestivum. The first one is an alignment generated automatically by ClustalW2
[201] (Figure A). The second alignment is constructed manually with S2SE| [135] (Figure
).

There are two significant differences in the alignments highlighted with red squares (Figure
A, B). |ClustalW2 aligns the target sequences to the pentaloop (alignment position 727-
731) present in the template structure. Thereby, the adenine residues get aligned to the last
adenine residue in the template (alignment position 731). At the second position (alignment
position 737) a gap is introduced in the target sequences while a guanosine, involved in a U°G
base pair, is present in the template. Based on this alignment the generated model contains
a pentaloop with the clearly visible bulged-out adenine; and a gap in a helical region of H24
(Figure C).

In the manual alignment the tetraloop (target sequence) is not aligned to the pentaloop (tem-
plate) since the GAAA sequence forms a GNRA-tetraloop, resulting in a different conformation
and sequence length (Figure B). The tetra-loop was was folded separately since the struc-
tural motif changes (see also Figure B). Moreover, the adenine being misaligned to the
A731 by Clustal W2, is aligned to base pair with the U (alignment position 726) which leads to
an isosteric base pair substitution from U°G to U — A.Consequently, the U°G (c(WW) base pair

"http://wuw.ebi.ac.uk/Tools/msa/clustalw2/
Zhttp://www.bioinformatics.org/S2S/
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11. Pipeline for modeling and fitting RNA

get aligned to an A°G (tHS) non-Watson-Crick base pair which is not isosteric, but does not
disturb the 3-dimensional structure. Based on the manual alignment with S2S the generated
model contains a GNRA-tetraloop and a non-Watson-Crick A°G (tHS) base pair (Figure
E). The differences between the models are evident and visible by superpositioning the two mod-
els (Figure D).

Both models can be judged by the recently published low-resolution crystal structure of the S.
cerevisiae 808 ribosome at 4.5 A resolution [I9]. The high structural similarity between the $2S-
model and the X-ray structure become evident by superpositioning both of them (right panel
of Figure F) and support the manual alignment to be correct. On the other hand the
superpositioning of the ClustalW2-model and the crystal structure reveals the structural errors
of the model resulting from the automated alignment (left panel of Figure F).

This comparison demonstrates that the automated alignment generation only partially works,
and deducing models from these alignments leads only to rough approximations. As a conse-
quence, the resulting model shows significant errors in the loop region and the helical region. In
contrast, the structural-based sequence alignment with S2S, which allows a manual alignment
and thus the incorporation of expert knowledge, leads to a correct model (middle panel of Figure
F). This is an tremendous advantage over simple sequence alignment tools, since they
only use sequence information and consequently do not incorporate any knowledge of structural

motifs.
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Automated sequence alignment Manual structure-based sequence
of H24 with ClustalW alignment of H24 with S2S

ANGAACTUT GrESAR

D. melanogaster RAESIEAALEE
g.ﬂ GEACUUL GrYN:

H24 homology model based on H24 homology model based on
ClustalW alignment manual alignment with S28

) ) 2O
Overlay of H24 homology model H24 crystal structure Overlay of H24 homology model
and H24 crystal structure and H24 crystal structure

Figure 11.0.1.: Comparison between manual and automated alignment.(A) Automated sequence align-
ment of H24 with ClustalW2 and (B) manual structure-based sequence alignment of H24 with
S2S of the target sequences from D. melanogaster, S. cerevisiae and T. aestivum are aligned
to the template sequence from H. marismortui. The alignment differences are highlighted by
a red square.(C) Homology model of H24 deduced from the template H. marismortui which
results from the sequence alignment by ClustalW2.(D) Superpositioning of the models from
(C) and (E). (E) Homology model of H24 deduced from the template H. marismortui which
results from the structure-based sequence alignment by S2S. The loop was adapted separately
using Assemble. (F) Superpositioning of the model from (C) and the crystal structure (left
panel), the X-ray structure itself, and the superpositioning of the model from (E) and the
crystal structure.

Homology modeling of RNA with S2S and Assemble Building RNA homology models based
on structure-based sequence alignments was presented in section [8:I] and is performed semi
automatically using S2S and Assemble. The resulting model not only includes accurate canonical
Watson-Crick base pairs but also non-Watson-Crick interactions involved in structural motifs and
tertiary interactions. The refinement includes all 96 observed base pair combinations (according
to the geometric nomenclature [85], [I73]) which ensures the correct hydrogen bonding between
the bases.
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De novo modeling of RNA Currently, algorithms predicting the entire 3-dimensional struc-
ture of an RNA molecule from its primary sequence are restricted by the input size and limits
are already reached by molecules larger than 30 nts [125, [132]. RNA structure predictions with
MC-fold and MC-Sym are able to fold human precursor microRNAs (50-70 nts), however, the
lowest free-energy states determined by MC-fold often differ from the active or experimental
states [126].

The de novo modeling approach presented in this work is able to build large RNA models (i.e.
~ 200 nts for ESTY in T. aestivum; ~ 150 nts for £S27% in S. cerevisiae). RNA models can be
freely adjusted with respect to base pairing in the 2D map and the 3D model.

As prominent new features empirical data (i.e. cryo-EM density maps) and templates for struc-
tural RNA motifs (i.e. kink-turn motifs and loop motifs) can be incorporated while model
building. However, manual construction of models requires time and expert knowledge but leads

to more reliable RNA models based on empirical data.

Flexible fitting of RNA Because common methods for RNA modeling are, to date, not capable
of incorporating electron density data we developed a new approach (section that combines
refinement and flexible fitting of RNA models. This approach incorporates the geometric opti-
mization of distances between RNA residues according to the isostericity class, and provides a
new flexible fitting method into EM densities. In addition to RNA refinement, the new approach
is able to refine and fit RNA and proteins together, which leads to more accurate models as
compared to rigid body fitting of RNA models used in previous studies [22] 21].

Because the MD simulations are performed without water and ions, the RNA secondary structure

and base pairing have to be restrained manually.

MDFF simulations on the 80S ribosome and RNA restraints We performed an all-atom
MDFF simulation for both the T. aestivum and S. cerevisiae 80S ribosome models into the
cryo-EM density maps. Both all-atom simulations were performed with hydrogens leading to
an input size of 349824 atoms for the 7. aestivum 80S ribosome and 343881 atoms for the S.
cerevisiae 80S ribosome, respectively. The calculation time for each ribosome model was ~ 166
hours and was performed on 8 CPU cores with 24GB of RAM summing up to ~ 1300 CPU-hours.
For all calculations water molecules and ions were excluded, however, the calculation time is in
principle feasible. Due to the exclusion of water and ions, we improved the RNA restraints used
in the MDFF simulations by introducing all hydrogen bonding schemes of all Watson-Crick and
non-Watson-Crick base pairs.

The two MDFF simulations on 80S ribosomes including hydrogens are proof that large-scale
flexible fitting is feasible for huge RNA-protein complexes. Compared to the MDFF simulations
of bacterial 70S ribosomes [168] 202], the simulations we presented, consist of an additional
~ 1000 nts and 20 proteins.
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Modeling effort for the ribosomal RNA Modeling the eukaryotic rRNA has a total input size
of about 5500 nts (120 nts 5S rRNA, ~ 1800 nts 185 rRNA and ~ 3500 nts 28S rRNA). The
majority of the rRNA (~ 65%) was modeled based on homology to the bacterial 16S rRNA
and the archaeal 23S rRNA templates. The remaining parts (~ 35%) of the rRNA comprising
structurally VR and ES were modeled de novo. Only ~ 2.2% of the rRNA were not modeled.
Compared to other structured RNAs, i.e. the let-7 miRNA (33 nts), the Asp-tRNA (76 nts),
the TPP riboswitch (80 nts) and to the mammalian SRP (108 nts) the input size is significantly
larger (50-fold compared to mammalian SRP, 71-fold compared to Asp-tRNA /TPP-riboswitch,
and 166-fold compared to the let-7 miRNA) for a eukaryotic ribosome (Figure [12.0.1)).

#»

let-7 miRNA Asp tRNA TPP-riboswitch mammalian SRP eukaryotic 18S rRNA  eukaryotic 5S/28S rRNA
PDB: 2JXV PDB: 3TRA PDB: 2GDI PDB: 2J37 PDB: 3217 PDB: 3129
33 nts 76 nts 80 nts 108 nts 1810 nts 3675 nts

Figure 12.0.1.: Size comparison of structured RNAs. Size comparison (side and top views, rotated by
90°) between the let-7 miRNA (orange, 33nts), the Asp-tRNA (green, 76 nts), the TPP-
riboswitch (red, 80 nts) and the mammalian SRP (blue, 108 nts) with our rRNA model
consisting of the 18S rRNA (yellow, 1810 nts) and the 55/28S rRNA (gray, 3675 nts).
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12.1. Evaluation of RNA models for the eukaryotic ribosome

The molecular models for both the T. aestivum and S. cerevisiae 80S ribosomes are presented
in this work. Based on the two cryo-EM reconstructions it was possible to model ~ 98% of the
rRNA and ~ 93% of the ribosomal proteins.

To evaluate the quality of our RNA model, we compare it to previously published cryo-EM

models [21], 22], and two very recent crystal structures [19] 20].

12.1.1. Comparison to the RNA model of the mammalian 80S ribosome

A cryo-EM reconstruction at 8.7 A of a canine ribosome was used for building a model of
the canine 80S ribosome [2I]. In this study the 16S rRNA from the crystal structures of 7.
thermophilus [3] and the 5S/23S rRNA from the H. marismortui [7] were fitted into the density
as rigid bodies. Some non-fitting parts were moved as rigid bodies relative to the rest. Based on
tracing the electron density ~ 50% of the expansion segments were modeled by fitting of A-form
helices into ES densities [21].

The models presented in our work are superior compared to the models of the canine 80S ribosome
in terms of completeness, accuracy and reliability. Regarding the ribosomal core, the canine
model does not reflect the sequence of the ribosomal core. The RNA expansion segments were
modeled as A-form helices fitted roughly into the electron density. The ES are not connected to
the core model which leads to an inaccurate placement of the RNA parts. Moreover, most single
stranded parts of the ES are not modeled, which partly results from ambiguous or non-existing
electron density and limited by the resolution (8.7 A). Highly flexible ES like £S27" could not
be modeled due to non-existing density; and intermolecular contacts between £S3° and ES6°,
as suggested by Alkemar & Nygéard [28], were not modeled. In addition, at the given resolution

identification of eukaryote-specific ribosomal proteins was not possible.

12.1.2. Comparison to the RNA model of the Thermomyces lanuginosus 80S
ribosome

A more comprehensive model for S. cerevisiae was built and fitted into a 8.9 A cryo-EM re-
construction of the thermophilic fungus Thermomyces lanuginosus [22]. This fungus shares an
rRNA sequence identity of only ~ 85% with S. cerevisiae. The model of the thermophilic fun-
gus included all ES and VR except for ES10%, ES27" and the tip of £S15%. The modeling
effort was more complete, however, several significant differences in the structure between the
S. cerevisiae model presented by Taylor et al. [22] and the S. cerevisiae model presented in this
work are evident. (Figure A-E). For example, in our model the r-protein S7e was assigned
to a density close to expansion segment ES6° (Figure A right panel), where Taylor et
al. modeled a small helix of £S6° in the same density (Figure A left panel). Moreover,
we assigned a rod-like density for r-protein L19e close ES6° whereas another loop of ES6° is
assigned to this density in the other model.

In our model the variable region of H16-H18 and expansion segment F.S5” were entirely fitted
and we identified the eukaryote-specific r-protein L13e (Figure B right panel). In the
model by Taylor et al. neither the model of ES5” is fitted to the corresponding density, nor the
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r-protein L13e was identified. Further, the VR H18 was not fitted correctly. Expansion segment
ES12% was modeled similar, however, the connecting single stranded region to H38 and ES9”
were modeled differently. We modeled the single stranded region along the unoccupied density
between FS12F and r-protein L21le, whereas the model by Taylor et al. is not fitted into any
density (Figure C).

In our model the GNRA-tetraloop of E£S20% was modeled to interact with the minor groove of
H58 and the eukaryote-specific r-protein L34e (Figure D right panel). In contrast, the
model by Taylor et al. ES20" was modeled to interact with a single stranded part of H58.
Further, the five nucleotides corresponding to E.526% were modeled as helical parts and placed
out of density (Figure D left panel).

Another result of our model is the identification of the eukaryote-specific r-protein which was
assigned in the vicinity of FS39%. Helix £S39%a was fitted into the corresponding density,
whereas the model by Taylor et al. does not fit. Moreover, the single stranded region between
ES39%a and ES39%b was not placed in any density (Figure E left panel).

We further provided models for £S10%, ES15% and ES27" which we modeled in their entirety.
In addition, we modeled the interaction between ES3° and ES6° as suggested by Alkemar &

Nygard [28].
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T. lanuginosus map T. lanuginosus map S. cerevisiae map
PDBs 3JYV, 3JYW, 3JYX S. cerevisiae 80S model S. cerevisiae 80S model

Figure 12.1.1.: Comparison of S. cerevisiae model and fit in T. lanuginosus and S. cerevisiae 80S
cryo-EM maps. (Left column) PDB 3JYV, 3JYW and 3JYX in the associated cryo-EM
map of T. lanuginosus 80S ribosome from [22]]. (Middle Column) The fit of the S. cerevisiae
model of this work into the cryo-EM map of T. lanuginosus 80S ribosome and into the S.
cerevisiae 80S ribosome reconstruction (Right column). (A-E) Molecular models of rRNA
(blue) and r-proteins (orange and yellow, respectively). The figure was taken from [182]
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12.1.3. Comparison to the X-ray structure of the S. cerevisiae 80S ribosome at
4.5 A

During the writing of this manuscript a crystal structure of the S. cerevisiae 80S ribosome at
4.5 A [19] (PDB: 3022ﬂ 303qﬂ 3058E| and 305HH) and a crystal structure of the Tetrahymena
thermophila 40S ribosomal subunit in complex with eukaryotic initiation factor 1 (eIF1) at a
resolution of 3.9 A (PDB: 2XZME| and 2XZNE|) [20] were published. Our models for the expansion
segments and variable regions are mainly confirmed by these X-ray structures. For example our
model for the S. cerevisiae EST" (Figure A) is extremely similar compared to the X-ray
structure at 4.5 A (FigureB, C). Beyond that, we provide a more complete model of ES7"
by modeling the highly flexible helix FS7%a which was not observed in the X-ray structure. Our
model for £S31% (Figure D) is in good agreement with the X-ray structure (Figure
B, C), however we could not model the single stranded RNA region (13 nts) between the helices
ES31%b and ES31%¢ due to unambiguous density. The adjacent expansion segments ES3"
and ES4" (Figure G) also show the high quality of our model. Compared to the X-ray
structure our model has a small deviation at the end of ES3% which can be explained by the
flexibility of the helical end. Another small conformational deviation is observed at our model
of ES4% which adopts a slightly different conformation as compared to the X-ray structure.

On the small subunit we observe differences in h17, which mainly consists of non-Watson-Crick
interactions; the order of helices in ES6° (see section ; and in the single stranded parts
of the VR h33. On the large subunit differences are observed at the loop of ES15%, which is not
resolved in our cryo-EM maps; and single stranded parts of £S539”, which are also not resolved

in our cryo-EM maps.

"http://www.pdb.org/pdb/explore/explore.do?structureId=302Z
Zhttp://www.pdb.org/pdb/explore/explore.do?structureId=3030
®http://www.pdb.org/pdb/explore/explore.do?structureIld=3058
*http://www.pdb.org/pdb/explore/explore.do?structureId=305H
Shttp://www.pdb.org/pdb/explore/explore.do?structureId=2XZM
Shttp://www.pdb.org/pdb/explore/explore.do?structureId=2XZN
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ES3L/ES4L model ES3L/ESAL crystal structure 4 Overlay

Figure 12.1.2.: Comparison of S. cerevisiae RNA model and crystal structure. Comparison of ES7%
of (A) the model this work, (B) the X-ray structure of ES7% and (C) the overlay of both
structures.

Comparison of ES31L of (D) the model of this work, (E) the X-ray structure of ES31L and
(F) the overlay of both structures.

Comparison of ES3L/ES4L of (G) the model of this work, (H) the X-ray structure and (1)
the overlay of both structures. The coordinates from the crystal structure are taken from

PDB: 305H [19].

In general, our model of the S. cerevisiae 80S ribosome and the crystal structure are extremely
similar. Small structural deviations are evident, but expected at our resolution between 5.5 A
- 6.1 A. For example, in some parts of the structure we observe a register shift by half of a
nucleotide or one nucleotide, respectively, which was expected due to fact that we could not
discriminate two adjacent bases in the cryo-EM density (Figure .

Nevertheless, for some parts of the RNA our model is better than the crystal structure. For
example we provide molecular models for £527" and ES7"a which have functional implications
(see section and references [33] [34]) but are not resolved in the crystal structure.

Taken together, modeling of RNA based on high-resolution cryo-EM maps leads to highly accu-
rate models which are comparable to crystal structures. Yet, only modeling of single stranded

RNA regions and junctions between RNA helices are still limited.
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12.2. The ribosomal expansion segments and variable regions

With this work we provide models for all expansion segments and variable regions of the fungal
and plant ribosome which are based on a 6.1 A and 5.5 A cryo-EM map. For each expansion
segment we provide the secondary structure, a molecular model and the interacting r-proteins
(see section which can be used as an inventory for studying the eukaryote-specific expansion
segments.

By comparing each ES in both species we can conclude that all expansion segments, except for
ESTL, ES27F and ES39%, are very similar regarding to size and fold.

In addition to the ES, we also provide molecular models for the structurally variable regions
(VR) in the ribosome. We also adapt the secondary structure maps according to our models of
ES and VR (Figures|9.2.3}9.2.4} [9.2.5} [9.2.6] 9.2.7| and [9.2.8)).

In general, the biological function of all ES is unknown, however, there are functional implications
for ESTF and ES27% [33] 134].

12.2.1. Interaction between ES3°% and ES6°

Originating from cryo-EM studies in 2001, expansion segments £S3° and ES6° on the 40S
subunit are suggested to interact with each other (see C) [16]. Moreover, in 2003 sequence
studies of £93% and ES6° from more than 2900 discrete eukaryotic species were analyzed for a
possible sequence complementarity between the two ES, suggesting that £S3° and ES6° could
interact by forming a helix consisting of seven to nine base pairs [28]. A particular region between
ES3%b and ES3°c which has been suggested to be involved in forming the hybrid helix with
ES6°, was falsely predicted to base pair with another region of £S3° by the CRW databaseﬂ
[27]. Although the ES3°/FES6° interaction seems to be conserved, no such interaction between
the two ES has been modeled in in the fungal or canine 80S ribosomes [21], 22].

In this work we present the first molecular model of the interaction between the £S3° and ES6°
which is observed in both cryo-EM density maps of the T. aestivum and the S. cerevisiae 80S
reconstructions [I82] (Figure A). Our model presents a new pseudoknot which is formed
by the internal loop between ES3°b and ES3°¢ and the loop of ES6°d, as predicted before [28].
This model and the type of interaction is largely confirmed by the recently published crystal
structure of the 40S subunit at a resolution of 3.9 A [20] (Figure B, C).

"http://www.rna.ccbb.utexas.edu/
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Figure 12.2.1.: Comparison of interaction between ES3S and ES6S. (A) Cryo-EM model of the interac-
tion between £53% and ES6°d. (B) Crystal structure of the interaction between £S3° and
ES6°d in S. cerevisiae (PDB: 2XZM) [20]. (C) Overlay of cryo-EM model and the X-ray
structure.

12.2.2. Expansion segment ES6°

Unlike most of the expansion segments, F.S6° is present in all eukaryotic 16S-like rRNAs, sug-
gesting that it may have a functional role [203]. E£S6° has an average length of ~ 250 nts, but
can contain up to 800 nts in protists and insects [204, 205, 206]. ES6° can be divided in two
halves, being different in sequence variability characteristics. Secondary structure predictions
from the CRW databaseﬁ, which are based on covariation analysis, predict two helices for the 5’-
half [27]. The 3™-half of FS6° is relatively invariable and makes secondary structure predictions
based on covariation challenging. Several secondary structure predictions were suggested with
5 — 8 helices [207, 208, 209, 210, 211]. ITn 2001, ES6° was observed to emerge at the solvent side
of the platform and appearing to branch into two irregular helices (see C) [16].

In our T. aestivum and the S. cerevisiae 80S cryo-EM reconstructions we observe densities ac-
counting for only four helices. Therefore we built a 3D model, which was based on secondary
structure predictions with RNAshapes that were constrained to contain only four helices. This
model was fit into the density in a way that the pseudoknot with ES3° could be established
(Figure A). The placement of remaining three helices, however was difficult, since in the
cryo-EM densities no connections between the four helices were resolved, which made it impos-
sible to assign the order of the helices. Moreover, we were not able to identify the helix which
corresponds to the h21 counterpart in bacteria. We therefore assigned the helix £S6%a at the
5-end to be the h21 counterpart, and ES6°b and ES6°c were placed arbitrarily into the EM
map.

Compared to the X-ray structure of the 40S subunit at 3.9 A [20] we correctly assigned the helices
ES65b and ES6°d at the 3-end of the expansion segment, however, helices ES6°a and ES6°¢
were switched due to the absence of density in the helix connecting regions (Figure B, C).
It turned out that ES6°c is the eukaryotic counterpart of h21 but contains an additional small
helix located perpendicular to the h21 analogous part of ES6° resulting in a new three-way
junction (indicated by an asterisk in Figure B, C). This three-way junction has not been

predicted by any secondary structure prediction program and thus could not be modeled.

8http://www.rna.ccbb.utexas.edu/
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ES6Sa  ES6Sb  ES6°c  ES65d

5 ES6%a ES6°b ES6Sc ES6°d 3 5 ES6°a ES6b ES6°c  ES6Sd 3

ES6Sc ES6b ES6%a ES6%d

Figure 12.2.2.: Order of the helices in ES6S.(A) Order of the £S6°d helices in the cryo-EM model. (B)
Order of the FS6°d helices in the X-ray structure in S. cerevisiae (PDB: 2XZM) [20]. (C)
Overlay of ES6°d cryo-EM model and the £56°d X-ray structure.

12.2.3. Expansion segment ES7"

In sections [9.2.2.12 and [9.2.2.13| we present two models for expansion segment ESTE (for T.
aestivum and S. cerevisiae) and made a comparison (see section [9.3.2.2). In both models we

observe a new kink-turn motif in ES7”, which is stabilized in case of T. aestivum by L28e.

However, it is not possible to relate this kink-turn motif to a known one, since our resolution
does not allow base pair assignments.

In a comparison between the two species we identified the presence of a 3-helix bundle comprised
of ES7TFc — e arranged in a three-way junction in 7. aestivum. By tracing the density for the
N-terminus of r-protein L6e we suggest that the N-terminal helix inserts through the three-way
junction of ES7L (Figure C). To our knowledge, this kind of RNA-protein interaction has

not been reported previously.

12.2.4. Expansion segment ES27"

In our work we present the first molecular model for the highly flexible expansion segment £S27%.
ES275, and ES275

out wnt (See

The models are presented in three distinct conformations, ES27Z-I;1,

section[9.2.2.20] 19.2.2.21)). We suggest a continuous motion of £S27% relative to H63 between the
two positions £S275 and ES27%, (Figure [9.3.3]A, B). This motion involves a ~ 110° rotation
and is mediated by the single stranded region located at the 3’-end of ES27% as well as the RNA
three-way junction.

The model of ES27F in the ES27L , conformation also confirms that the position of ES27% is

close to the tunnel exit. Although it has been suggested that ES27" can directly interact with

the nascent chain [17], we do not observe a direct connection. However, our model is in good

agreement with this suggestion since the loop of ES27L b reaches to the tunnel exit (Figure

223 A).

Previously, the ESQ?Z»Ln conformation (L1 position) was only observed in reconstructions of
ribosome-channel complexes [17]. With our models of ES27% in the ES27L , position (towards
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the tunnel exit) and the model of the Sec61/Sshl translocon we can indeed observe an interfer-

ence between helix £527"b and the PCC and the membrane (Figure [12.2.3| B). Consequently,
we can also conclude that £S527" does not adopt the ES27L . position while being bound to the

out

PCC, but rather adopts the ES27Z-];1 position as suggested by Beckmann et al. [17].

Y
k2] 285 IRNA

Figure 12.2.3.: Model of ES27L in the tunnel exit conformation. (A) Cross section of the S. cerevisiae
50S subunit with the 28S rRNA in blue, the P-tRNA in green and the nascent chain as
surface representation in green. Expansion segment ES27” is shown in the tunnel exit

position (E5270Lut)) and reaches until the tunnel exit site. The asterisk indicates the tunnel

exit site. (B) View of the S. cerevisiae 50S subunit in overlay with the position of the
PCC. The 28S rRNA in colored in blue, the r-proteins of the tunnel exit site in gold and the
mSec61 in red. Expansion segment ES27 is shown in the tunnel exit position (ES27L )

out)
and interferes with the PCC.

It has been also suggested that £.S27% may play a role in coordinating access of non-ribosomal
factors, such as chaperones, modifying enzymes or the Signal Recognition Particle (SRP) to the
exit site [I7], however, with our model we can not deduce any functional role of £S27". Since
ES27" is essential and the deletion or substitution of ES27" in the T. thermophila 26S TRNA
with an unrelated sequence of similar length is lethal [33], a functional role of FS27% in important

cellular processes seems very likely.

12.3. Functional sites on the 80S ribosome

12.3.1. The decoding site and the PTC

Although the rRNA of the PTC and the decoding site are highly conserved, the r-proteins are
different.

The decoding site Compared to bacteria, eukaryotes contain two additional r-proteins, S25e
and S30e, at the decoding site of the 40S subunit (see section [L0.1.1| and Figure [10.1.1] A).
The localization of S30e is consistent with crosslinking experiments of S30e to the 4-thiouridine

containing UGA stop codon of the mRNA positioned at the A-site of the human 80S ribosome
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[212]. The extension of S4p is relocated in eukaryotes. Thus, together with the extensions and
loops of the eukaryotic homologous to the bacterial S7, S9, S11, S12, and S13 r-proteins, at least

seven different r-proteins can interact and modulate the binding of tRNAs to the 40S subunit

[14] 213] (Figure A).

The PTC The loop of L.10e has been observed to interact with the CCA-end of the P-site tRNA
(see section and Figure A). This loop is disordered and not modeled in the X-ray
structure of the archaeal 50S subunit [7] and is absent in the bacterial homolog L16. Instead,
the N-terminal extension of the r-protein L27 occupies a similar but not distinct position in
bacterial ribosomes [214] 215]. The loop of L10e is highly conserved and mutations or deletions
in this loop are lethal [216], suggesting that it may play an important role in tRNA positioning,
as proposed for the N-terminus of L27 [214], 215].

12.3.2. The eukaryotic ribosomal tunnel

We present here the first molecular model of the eukaryotic ribosomal tunnel and the tunnel exit
site. The given resolution of between 5.5 A and 7.1 A allowed us to build this model, which
enabled us to distinguish between density corresponding to the ribosomal tunnel and the density
corresponding to the nascent polypeptide chain. Indeed, we observe that the architecture and
molecular environment of the tunnel is highly conserved. Interestingly, we could also visualize
almost the entire nascent chain for the yeast DP120 RNC. On basis of this observation, we set
out to investigated o-helix formation of the NC, which has been previously suggested by FRET
studies, indicating a compaction of a transmembrane sequence as it travels through the tunnel
[52]. However, we choose a very hydrophilic sequence with high helical propensity and placed
it at different positions at the tunnel. We show that this o-helix can form in the lower region,
but not in the central tunnel region (constriction) (Figure A). This is consistent with
biochemical studies that identified specific regions, called folding zones, within the tunnel that
promote compaction [54]. The fact that a-helix formation within the tunnel is indeed possible
in distinct regions raises the question of what functional significance this observation has. First,
one can speculate if the promotion of a-helix formation in the tunnel has an impact on protein
folding whereas B-sheet formation is not possible. This would imply that o-helix formation would
occur first wherever possible and so result in a hierarchy of secondary structure formation. By
assuming this scenario, the complexity of the theoretical conformational space that must have
been sampled before in order to adopt the correct conformation, would be significantly reduced.
Indeed, the tertiary structure formation, i.e. a- and B-hairpins, has already been observed to occur
near the tunnel exit, where the tunnel widens substantially to form a vestibule (Figure
A) [3], 217]. Second, o-helix formation in the tunnel has an influence for proteins containing a
membrane insertion domain, and indeed, compaction of transmembrane domains in the ribosomal
tunnel has been reported [52] 55]. Co-translational targeting by SRP may be promoted, as (i) the
presence of a signal-anchor sequence within the tunnel promotes binding of SRP to the ribosome
[218] and (ii) a-helicity of the signal sequence is important for its recognition by SRP (Figure
B) [219]. A compaction of the signal-anchor sequence has been observed by cryo-EM to

bind in the vestibule at the end of the ribosomal tunnel on E. coli ribosomes [58].
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Recently we have shown that secondary structure formation in the tunnel may play a role in
regulation of eukaryotic gene expression. Based on our tunnel model we provided the structural
basis for studying direct interactions of eukaryotic leader peptides with the ribosomal tunnel
and thereby causing translational arrest, i.e. the arginine attenuator peptide (AAP), which
stalls in the presence of arginine; or the human cytomegalovirus (hCMV) gp48 upstream open
reading frame 2 (UORF2) [49]. Also here, regions of compaction within the stalling sequence and
direct interactions between the NC and components of the tunnel (i.e. r-protein L17) could be
identified, leading to a rearrangement of the PTC which results in stalling of translation [49].

Taken together, we show that the tunnel provides more than only a passive conduit for nascent
chains to pass through the ribosome. Our studies directly show that nascent chains can directly
interact with components of the tunnel, presumably via side chain interactions with tunnel
components. We showed that A2062 (E. coli numbering) interacts with the nascent chain in the
upper part of the tunnel. Nucleotide A2062 is known to be flexible, adopting a position flat to
the tunnel wall, as in the H. marismortui apo-50S X-ray structure [7], or protruding into the
tunnel lumen when P-site tRNA mimics are bound [189]. Deeper in the tunnel we observed an
interaction between the NC and adenine A751. Insertions at A751 have been reported in the
literature to eliminate tryptophan induction associated with TnaC-mediated translational stalling
[220]. Additional contacts between the NC and L17 have been observed at the constriction. In
E. coli, mutations within this region of L22 (L17 is the homolog of L22) can relieve TnaC-
and SecM stalling [47, 220]. Moreover, compacted transmembrane containing nascent chain
photo-cross-links to L17 [52]. The contacts observed in the two 80S-helix RNCs are non stalling
sequences but are nevertheless similar in location to those predicted for some of the known
stalling leader peptides. Thus, this region of the tunnel seems to represent a functional hot spot
for tunnel-nascent chain interaction. A very important region is the narrow constriction formed
by the proteins L4 and 117, which has been previously shown to play an important role for SecM
stalling [56, 221]. In the lower region we identified the conserved H50 as a general interaction site
for all nascent chains. Chemical properties of nascent chains, like regions for a-helix formation or
specific stalling sequences could be probed by the tunnel wall. Therefore, the tunnel most likely
plays an active role in protein folding and gene regulation, compared to the previously suggested

passive role of the tunnel, which has been described as “ an inert Teflon wall” [§].
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Figure 12.3.1.: Implications for helix formation within the ribosomal tunnel. (A) Schematic representa-
tion of the cross section of the 80S-helix] RNC showing the regions where a-helix formation
and tertiary structure formation is observed. (B)Schematic representation of the cross sec-
tion of the 80S-helix]1 RNC. The contact sites between the tunnel components and the NC
(gold) are indicated: 28S rRNA nucleotides A2062, A751 (blue), r-proteins L4 (green), L17
(dark blue) and L39 (magenta).The helix forms interactions with H50 (blue) and L39. Helix
formation may assist membrane insertion, as shown for the SRP-dependent pathway, and/or
may promote correct or more efficient folding of cytoplasmic proteins with/without the aid
of chaperones like the heat shock protein 70 (HSP70). The figure was adapted from [188].

12.3.3. The eukaryotic tunnel exit site

The tunnel exit site (TE) is the site, where the nascent polypeptide chain emerges from the
ribosome and thus has a particular functional relevance. Here, events like co-translational protein
folding or protein sorting and translocation take place. The eukaryotic TE is mostly conserved,
however, shows some important differences to prokaryotes, especially for the rRNA (H7, H24
and H59). In this work we provide the first molecular model of the eukaryotic tunnel exit site.

In eukaryotes H7 interacts with H6 via a new kink-turn motif and is stabilized by the eukaryote-
specific r-protein L39e. We identify H7 as being part of the main interaction site of the PCC.

In contrast to the bacterial pentaloop of H24, the fungal and plant H24 have a GNRA-tetraloop.
Based on molecular dynamics simulations the loop of H24 has been suggested to act like gate,
in which the last residue of the H24-pentaloop (A497) is supposed to block the tunnel exit in
prokaryotes [222]. In our two models we only observed the GNRA-tetraloop, which is known to
fold into a compact and stable structure. We therefore do not observe the adenine A497 acting
like a gate, because it is absent in the fungal and plant ribosome (see Figure ; Figure .
Further, the last adenine residue of the GNRA-tetraloop is not bulged out, but interacts with the
guanosine via a tHS interaction. Moreover, the last adenine is stabilized by stacking interactions
with surrounding residues. Therefore, the last adenine residue is also not able to act like a gate.
In eukaryotes, H59 is an expansion segment, called £S524%. In low-resolution cryo-EM maps of
80S-Sec61-complexes, H59 has been suggested to interact with the PCC [59] 223] 224]. High-
resolution cryo-EM structures, however, show that this interaction is established between H59
and the micelle around the PCC, but not the PCC itself [I41]. Also in the bacterial system, the
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H59-lipid interaction is observed in a cryo-EM reconstruction of the SecYEG-complex embedded
in a native membrane environment (nanodisc) bound to a translating 70S ribosome [225]. Here,
H59 is supposed to attract lipids and thus establishes another binding and interaction site between
the ribosome and a PCC embedded in a nanodisc.

In this work we used the model of the tunnel exit for a detailed description of the PCC-ribosome
interaction. Both, mSec61 and Sshl interact with the first universal adapter (L23/L29) site
involving a newly identified interaction with H7 and L39e. At subnanometer resolution we
could identify most of the mSec61 transmembrane a-helices and unambiguously determine the
oligomeric state of the PCC as a monomer [I4I]. This monomer is surrounded by a mixed
detergent lipid micelle which makes the complex to appear larger at lower resolution. This might

explain the misassignment of the PCC-oligomeric state in previous publications [224] 226].

12.3.4. Canonical translation factor binding site

The canonical translation factor binding site is an important interaction platform for initia-
tion, elongation and termination factors. This site is mainly conserved between eukaryotes
and prokaryotes, however detailed interactions between translation factors and the ribosome are
mainly described for the prokaryotic system (see section . We determined the structure of
the ribosome bound Dom34/Hbsl complex, which is a complex homologous to the eukaryotic
release factors eRF1/eRF3 [I81]. As expected for a translational GTPase, Hbsl shows the same
pattern of interactions with the ribosome as other GTPases, involving the E-loop motif of the
SRL and the stalk base. This is similar to eEF2 [67] and EF-G [66] indicating a conserved mode
of binding of translational GTPases in prokaryotes and eukaryotes. As for eEF2, we also observe
an inward movement of the stalk base with Dom34/Hbsl. We modeled the stalk base in both
conformations; one observed in the translating 7. aestivum 80S ribosome reconstruction, and
the other conformation observed with an 20° inward rotation relative to H42 in the S. cerevisiae
80S ribosome in complex with the Dom34/Hbsl complex (see section , and Figure .

12.4. Co-evolution

The eukaryotic 80S ribosome is significantly larger than its bacterial counterpart. The addi-
tional mass corresponds to the RNA expansion segments, the N- and C-terminal extensions of
homologous r-proteins and eukaryote-specific r-proteins, which form an intricate layer of addi-
tional RNA-protein mass. This additional layer is predominantly located on the solvent surface
of the ribosome (Figure A; green and gold parts). The eukaryote-specific RNA expan-
sion segments can be seen as elements that have been gradually added to the evolving ribosome
structure (see section and [81]). The additional ES are intertwined with eukaryote-specific
r-proteins and protein extensions and support the idea that they are co-evolving together [227].
For example the large additional mass found on the back of the 60S subunit comprises of ESTE,
ES39Y and five eukaryote-specific r-proteins L6e, Ll4e, L18ae, L28e and L35ae (Figure
B). L27e is sandwiched between H55, which is the adjacent helix of £S20"/ES26%, and H58
which adopts a slightly different conformation in eukaryotes. L27e and L34e overlap with the

position of H58 in the E. coli ribosome and emphasizes the rearrangement of H58 in eukaryotes.
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Interestingly, the loop of H57 which interacts with the eukaryote-specific r-protein L22e is longer

and conserved in eukaryotes, but not in bacteria, which lack this r-protein.

Figure 12.4.1.: Co-evolution of rRNA expansion segments and r-proteins in the 80S ribosome. (A)
Cryo-EM map of the T. aestivum 80S ribosome, with rRNA ES and VR colored green and
eukaryote-specific r-proteins and protein extensions colored gold. (B) View of the highly
intertwined region of ES7% (dark blue) and ES39% (light blue), with core r-proteins (gray),
eukaryote-specific r-proteins (L6e, orange; Ll4e, red; L18ae, yellow; L28e, magenta;L35ae
dark green) and r-protein extensions (pale green) highlighted. The figure was taken from

185,

12.5. Evolution of ribosomes

Comparing the genomic sequences from diverse organisms, ranging from bacteria to mammals,
indicates that the additional mass increases with the complexity of the organism (Figure
A-D). However, the composition of mammalian ribosomes, such as from human, is surprisingly
similar to those of other eukaryotes , such as yeast and plants described in this work. Human
80S ribosomes share the same 80 r-proteins that are found in 7. aestivum ribosomes. Regarding
the ribosomal RNA, only four ES differ significantly in length, namely ES7L, ES15%, ES27F
and ES39%. These ES are longer in human (~ 850 nts, ~ 180 nts, ~ 700 nts and ~ 220 nts)
than in T. aestivum (~ 200 nts, ~ 20 nts, ~ 150 nts and ~ 120 nts). Cryo-EM reconstructions
of mammalian ribosomes (|15}, 21], 228] 229]) show that the longer ES are generally more flexible
and therefore little to no density is visible (Figure D). Thus, evolution has favored the
development of two apparently distinct layers of mass gain for the ribosome: the first layer of
rigidly positioned ES which tightly intertwined with r-proteins on the ribosomal surface and the
additional second layer comprising of a few drastically extended and highly flexible expansion
segments with hitherto unknown function [I82] [I85]. One can only speculate about a possible
function of the ES. For example, the event of initiation is much more complex in eukaryotes
involving more than a dozen initiation factors, which have to be coordinated and orchestrated
during the assembly of the pre-initiation complex. It appears likely that also ES play a role here,
but so far no experiments have been done to examine this. Another possible role might be that
ES provide an interaction platform for regulatory factors associated with the ribosome. In order
to find out more about the functional and possible interaction partner, ES could be expressed

and immobilized in order to perform pullouts with whole cell extracts.
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12. Molecular model of the 80S ribosome

N

X% 5l
a0s L

E. coli (5.8 A) S. cerevisiae (6.1 A) T. aestivum (5.5 A) H. sapiens (18.3 A)

Figure 12.5.1.: Cryo-EM reconstructions of ribosomes of (A) the eubacterium E. coli [230] (B) the
fungus S. cerevisiae [141], (C) the wheat germ T. aestivum (this work), and (D) Homo
sapiens [229]. The figure was taken from [182].

This second layer of drastically extended ES is in good agreement with the hypothesis by

Bokov & Steinberg [81]. These ES emerge from only the last three layers that have been added
to the 23S rRNA (see also Figure A, B).

149



13. Summary

In this dissertation we present a new approach for modeling and fitting large structured RNAs
into cryo-EM density maps. Our homology modeling approach lead to highly accurate models of
the common ribosomal core structure. Combined with cryo-EM and single particle analysis we
were able to build de novo molecular models for the eukaryotic RNA expansion segments. The
models are very similar compared to the recently published crystal structure at 4.5 A resolution
(see section , see Figure , however, structural differences are evident (see section
, which were expected at our resolution of 5.5 A. Some of our models, like the highly
flexible ESTY and ES27L, are even more complete than the recent crystal structure, but need
to be further validated by future high-resolution crystal structures or cryo-EM maps. Taken
together, this approach of de novo and homology RNA modeling combined with cryo-EM data is
extremely valid for further modeling, for example the few drastically extended and highly flexible
expansion segments in Drosophila melanogaster or Homo sapiens, which certainly will not be
crystallized in the near future. Moreover, the modeling approach can be applied to other large

RNA complexes.

Based on the our cryo-EM reconstruction at 5.5 A and 6.1 A resolution, respectively, we provide
models for T. aestivum and S. cerevisiae 80S ribosomes. Based on our RNA homology model
of the common ribosomal core we could assign the structural similarities between bacteria and
eukaryotes. In addition we modeled all the eukaryote-specific RNA expansion segments and
variable regions leading to a ~ 98% completeness of the rRNA. Together with the 27 eukaryote-
specific r-proteins that we localized, we provide the most complete model of a eukaryotic 80S
ribosome which has been published to date (see Figure . This work provides a structural
inventory for all eukaryote-specific RNA expansion segments and variable regions. The analysis
of the expansion segments and variable regions in 7. aestivum and S. cerevisiae revealed a very
high similarity between both species, except for ES7", ES27" and ES39~.

The model was used for the molecular interpretation of the functionally important regions of the

eukaryotic 808 ribosome and translation factors (see sections [10.2} [10.3| and [10.4]) . Moreover,

the models were used to interpret the movement of the highly flexible expansion segments.
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